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Abstract: Based on the pinch theory and energy cascade utilization principle, the performance of a multi-effect 
shipboard climbing film evaporation desalination system combined thermal vapour compression (TVC) with 
different preheating configuration has been analysed. The mathematical model was established for thermodynamic 
simulation, in which various thermodynamic losses caused by boiling point elevation and pressure drop were 
considered, and the effective heat transfer temperature difference and temperature difference of the hot side were 
used to analyse the influences of the heating steam temperature, the final effect evaporation temperature, and the 
concentration ratio on the thermal performance including gained output ratio, specific heat transfer area for different 
preheating process. The results showed that the internal average effective heat transfer temperature difference 
determined the characteristics of the multi-effect evaporating system, while for the system with the similar average 
effective heat transfer temperature, the temperature difference of the hot side was the controlling parameter. The 
energy cascade utilization principle showed the controlling attribute in the multi-effect evaporating thermodynamic 
system, as the gained output ratio was improved mainly due to utilization of the secondary energy and residual 
energy of the heating steam for the preheating process.  
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1. INTRODUCTION  

The energy crisis combined with the environmental problems such as climate change and global warming, issues 
caused by greenhouse gas emission (Coyle, 2014), together with the freshwater crisis means that more than 1.2 
billion people, or about one-fifth of the world’s population, live in areas of physical scarcity, meanwhile  another 1.6 
billion people, or almost one quarter of the world’s population, will face economic water shortages by the year 2030 
(UNDESA, 2014). Seawater desalination, as an energy-consuming process, should combine with renewable 
energy, nuclear energy and waste heat energy extensively for sustainable development in the future, to help the 
water-scarce countries and regions surviving the freshwater crisis in the history of “Carbon Peak” and “Carbon 
Neutrality” (IEA, 2021; Shahzad et al., 2017; Avrin et al., 2015; Elsaid et al. 2020). 

The two main types of modern desalination techniques adopted around the world are thermal and membrane 
technologies. Many early desalination projects developed in the 1940s used thermal desalination, mainly including 
Multi-Stage Flash (MSF) and Multi-Effect Distillation (MED), and are still the dominant desalination technologies in 
the Middle East. Membrane technologies were developed in the 1960s, among which Reverse Osmosis (RO) is by 
far the most dominant process, and at present constitutes 84% of the total number of operational desalination 
plants, producing 69% of total global desalinated water (Jones et al., 2019). Among various seawater desalination 

technologies, MED operating at low temperature, especially large capacity units combined with thermal vapour 
compression (TVC),  shows strong competitiveness and has had a sharp increase in the market in terms of 
contracted capacities in Gulf countries and South-East Asia, occupying about 35.9% of total capacity and 9.4% 
portion of plant number in china (Ruan, 2021). 

Among three common forms of multi-effect evaporators are: vertical tube climbing film evaporator; vertical tube 
falling film evaporator; and horizontal tube falling film evaporator, the first type being widely used as shipboard 
desalination plants (Adamson et al., 1976) as it is suitable for the utilization of small and medium capacity low-
grade waste heat. Swing and rocking shipboard have little effect on the formation of liquid film and heat transfer 
characteristics in the climbing film evaporator. It has remarkable stability and reliability because there is no need 
for liquid distributor, low requirements for manufacturing and installation, high convenience for operation and 
control, which are suitable for complex marine environment. The local heat transfer coefficient between the feed 
seawater and the evaporator surface can reach more than 6000 w/(m2·°C) (Yang, 2010). The scaling phenomenon 
can be effectively controlled because of high speed scouring inside two-phase flow, especially under low 
evaporation temperature conditions. Generally, the climbing film evaporator is the lowest cost desalination plant in 
unit volume so far. The climbing film evaporator shows wide application prospects in the shipboard desalination 
field with the advantages of distillate product quality which can meet the boiler feed water requirements with no 
effect from the seawater quality, especially when waste heat is available on board.  

In this paper, based on the pinch theory and energy cascade utilization principle, a multi-effect shipboard rising film 
evaporation desalination system in vertical tube with thermal vapour compression is proposed. The mathematical 
model was established for thermal characteristics analysis, in which various thermodynamic losses caused by 
boiling point elevation and vapour pressure drop were considered. Based on temperature difference analysis 
method, the influence of the heating steam temperature, the evaporation temperature and concentration ratio on 
the thermal performance of system including gained output ratio (GOR), specific heat transfer area were analysed 
and the influences of different preheating configurations were compared.  

2. MATHEMATICAL MODELLING FOR CLIMBING FILM EVAPORATION DESALINATION 
SYSTEM WITH THERMAL VAPOR COMPRESSION 

2.1. Analysis model of the system  

Figure 1 shows the schematic diagram of a climbing film evaporation desalination system with thermal vapour 
compression and two-stage preheating process. As shown in the figure, the system is mainly composed of 
evaporator, condenser, thermal vapour compressor, desuperheater and preheater. Three climbing film evaporators 
are connected in forward feed configuration. After the fresh seawater is preheated and partially degassed in the 
condenser, some enters two-stage preheaters as feed seawater, preheated by the condensate and secondary 
steam of the first effect evaporator to a temperature near boiling point, and then enters the first effect evaporator. 
The excess cooling seawater is discharged from the device. The preheated feed seawater is further heated by the 
discharging steam form TVC and evaporates in the vertical tube to generate secondary steam for the next effect 
evaporator. The concentrated seawater enters the next effect evaporator under the pressure difference between 
effects for continuous evaporation until discharged from the device in the last effect evaporator. The high-pressure 
primary steam enters the TVC device, recycling part of the secondary steam of the last effect evaporator and then 
heats the feed seawater in the first effect evaporator. After the heating steam condenses in the first effect 
evaporator, part of the condensate is sent to the desuperheater and the rest enters first preheater as heat source. 
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The other effect evaporators are heated by the secondary steam generated by the former effect, which contains 
part of flashing brine steam.  
 

 
 

Figure 1: Schematic diagram of climbing film evaporation desalination 
system with TVC and two-stage preheating configuration 

Figure 2: Mathematical model of the i-th 
effect evaporator 

 
Each effect climbing film evaporator is composed of a group of vertical tubes. The feed seawater enters from the 
bottom of the evaporator, heated by the condensing steam. The secondary steam generates high-speed updraft 
inside the vertical tube, which drives the evaporated seawater to climb up along the tube wall in film shape thus 
the evaporator is named as climbing film or rising film evaporator. The secondary steam and concentrated seawater 
are separated by gravity and the demister on the top of the evaporator and the concentrated seawater is converged 
through the central down tube, which leads to the next effect evaporator.  

2.2. Mathematical model of the system  

The mass balance model and energy balance model of the evaporator are as follows:  

                                                           (1) 

                                                       (2) 

                       (3) 

Where: 

 i = number of evaporator effect  

 = mass flow rate of feed seawater of i-th effect (kg/s)    

 = mass flow rate of concentrate brine of i-th effect (kg/s)    

 = mass flow rate of concentrate brine of i-1-th effect (kg/s)    

 = mass flow rate of heating steam of i-th effect (kg/s)    

 = mass flow rate of secondary steam of i-1-th effect (kg/s)    

 = mass flow rate of secondary steam of i-th effect (kg/s)    

 = seawater salinity of feed seawater of i-th effect (g/kg)   

 = seawater salinity of concentrate brine of i-th effect (g/kg)   
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 = enthalpy of heating steam of i-th effect (kg/s)    

 = enthalpy of secondary steam of i-th effect (kg/s)    

 = enthalpy of feed seawater of i-th effect (kg/s)    

 = enthalpy of concentrate brine of i-th effect (kg/s) 

 = enthalpy of distillate product of i-th effect (kg/s) 

In the heat transfer model, the effective heat transfer temperature difference  is employed to calculate the heat 

transfer area of the evaporator. As the first effect evaporator contains both preheating and evaporating portion, so 
the heat transfer in it should be calculated respectively as follows: 

    
             (4) 

Where: 

 = temperature of heating steam of i-th effect (°C)   

 = temperature of concentrate brine of i-th effect (°C)   

 =heat transfer coefficient of preheating section of first effect (W/m2·°C) 

 =heat transfer coefficient of evaporating section of first effect (W/m2·°C) 

 =heat transfer area of preheating section of first effect (m2) 

 =heat transfer area of evaporating section of first effect (m2) 

 = effective heat transfer temperature different of i-th effect (°C) 

To calculate the effective heat transfer temperature difference , the temperature of condensing vapour and 

concentrate brine should be definite firstly and can be calculated as follows: 

                                                              (5) 

                                                  (6) 

Where: 

 = temperature of heating steam of i+1-th effect (°C)   

 = temperature of second steam of i-th effect (°C)   

 BPEi= boiling point elevation of seawater (°C) 

 =thermal loss caused by hydrostatic head in tube (°C) 

 =thermal loss caused by transmission tube of steam（°C） 

 =thermal loss caused by demister（°C） 

The heat transfer model includes convective heat transfer model for preheating portion in single phase by Hausen 
and evaporating portion in two-phase by Coulson and Mcnelly (Coulson et al., 1956), as shown in Equations (7) 
and (8). 
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 = Pr number of brine for preheating portion in tube 

 = inside diameter of climbing film evaporator (m) 

 =length of tube for preheating portion of first effect evaporator (m) 

 =dynamic viscosity of brine (Pa·s) 

 = dynamic viscosity of brine at temperature of wall (Pa·s) 

         

                                (8) 

 

 

Where: 

 = Nu number of evaporating portion of i-th effect evaporator in tube 

 =Re number of brine for evaporating portion of i-th effect evaporator in tube 

 =Re number of secondary steam for evaporating portion of i-th effect evaporator in tube 

 = Pr number of brine for evaporating portion of i-th effect evaporator in tube 

 =density of brine for evaporating portion of i-th effect evaporator in tube (kg/m3) 

 = density of secondary steam for evaporating portion of i-th effect evaporator in tube (kg/m3) 

 = dynamic viscosity of secondary steam of i-th effect evaporator in tube (Pa·s) 

 = dynamic viscosity of brine for evaporating portion of i-th effect evaporator in tube (Pa·s) 

The convective heat transfer model for condensation outside of the tube is as shown in Equation (9) by Nusselt. 
As the preheating portion is at the bottom of the first effect evaporator, so the condensation heat transfer model 
should combine with Equation (10). 

                                        

 (9) 

Where: 

 = condensation heat transfer coefficient of outside of tube for of i-th effect evaporator (W/(m2·°C)) 

 = gravitational acceleration (m/s2) 

 = dynamic viscosity of distillate liquid of i-th effect evaporator outside of tube (Pa·s) 

 = latent heat of condensation of i-th effect evaporator outside of tube (J/kg) 

 = thermal conductivity of distillate liquid of i-th effect evaporator outside of tube (W/(m·°C)) 

 = density of distillate liquid of i-th effect evaporator outside of tube (kg/m3) 

 =tube length of the i-th effect evaporator(m) 

 = temperature of tube wall of i-th effect evaporator (°C) 

                                       (10) 

Where: 
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  = total tube length of the evaporator with preheating portion (m) 

 = tube length of evaporating portion of the evaporator (m) 

To calculate the performance of the climbing film evaporation desalination system with thermal vapour compression 
(TVC) and two-stage preheating process, the performance of the two-stage preheaters and TVC should be 
calculated at the same time. The heat transfer model for preheater and condenser followed the recommendation 
by EI-dessouky (EI-dessouky et al., 2002) and the TVC model was based on the aerodynamic theory of Sokolov 
(Sokolov et al., 1970). 

2.3. Calculation method for variable condition characteristics of climbing film evaporation 
desalination system   

 

Figure 3: Calculation flow chart of Multi-effect climbing film evaporation desalination system 

Based on the mathematical model built in sections 2.1 and 2.2, the performance of the climbing film evaporation 
desalination system can be calculated based on equal area design principle, in which the different evaporators 
have the same heat transfer area (Liu et al., 2005). Figure 3 shows the calculation flow chart of variable condition 
characteristics of the system, such as different operating temperatures of the first effect evaporator or last effect 
evaporator and different concentration ratio R (Ratio of seawater salinity of concentrated brine from the last effect 
to the feed seawater). To calculate the performance of the system, the total fresh water product Mz, number of 

effect of evaporator N, seawater salinity of the feed seawater , the temperature of heat steam of the first effect 

evaporator , the evaporation temperature of last effect , the temperature of feed seawater of the first effect 

evaporator  which determined the capacity of the two-stage preheaters, and the concentration ratio R should 

be set first. Based on the given parameters, the mass flow rate of feed seawater can be calculated. And then the 

initial value of effective heat transfer temperature different  can be determined. Based on the assumed 

gained output ratio (GOR) which was associated with the entrainment ratio of TVC, the mass flow rate of secondary 
steam of every effect evaporator can be calculated based on the internal parameters for the secondary steam, the 
concentrate brine, the thermal losses of every effect evaporator, and based on the iterative loop of the total product 
of the secondary steam Mzf, the accurate value of GOR can be matched. To keep every effect evaporator at the 
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same heat transfer area, each effective heat transfer temperature difference should be matched with the 

mass flow rate of secondary steam and heat transfer area of each effect evaporator. Finally, the condenser 
parameters and thermal characters of the system can be calculated.  

3. PERFORMANCE OPTIMIZATION ANALYSIS OF CLIMBING FILM EVAPORATION 
DESALINATION SYSTEM WITH PREHEATING PROCESS 

3.1. Optimization analysis of preheating process base on pinch theory and energy cascade 
utilization principle 

Based on the thermodynamic analysis model proposed above, the climbing film evaporation desalination system 
with TVC were analysed. The performance of the system without preheating process, with one-stage preheating 
configuration by secondary steam of the first effect evaporator, with two-stage preheating configuration by 
secondary steam of first effect evaporator and distillate product of first effect evaporator were compared 
respectively. The basic operating condition of the system is as shown in Table 1.  

Table 1: Basic operating condition of the desalination system  

Total fresh water production Mz 60t/d 

Effect Number of evaporator N 3 

Concentrate Ratio R 1.5 

Pressure of primary flow for TVC Pm 0.3MPa 

Temperature of primary flow for TVC Tm 150°C 

Temperature of heating steam for first effect evaporator  76°C 

 Last effect evaporation temperature  44°C 

Temperature of feed seawater  20°C 

Salinity of feed seawater  35g/kg  

Figures 4 and 5 show the effect of the preheating process on the GOR under different temperatures of steam heat 
for first effect evaporator and last effect evaporation temperature. As shown in Figure 4 and Figure 5, the preheating 
process can improve the GOR significantly. The system with two-stage preheating configuration had the highest 
GOR under different operating temperature, and the system without preheating process had the lowest GOR. As 
the preheater can increase the temperature of the inlet seawater of the first effect evaporator, the amount of steam 
for preheating seawater in first effect evaporator would reduce, which reduced the steam consumption of the first 
effect evaporator, so the GOR of the system increased. 

  
Figure 4: Effect of temperature of the heating steam of first 

effect evaporator on GOR 
Figure 5: Effect of evaporation temperature of final effect 

evaporator on GOR 

Based on the energy cascade utilization principle (Wu, 1988) and pinch theory (Linnhoff, 1982), when the 
secondary steam is used for preheating, the energy grade of preheated steam is lower than the heating steam of 
the first effect evaporator, reducing the heat transfer temperature difference within the thermodynamic system, so 
the performance ratio of system is improved. When the second preheater is introduced, the distillate product of first 
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effect evaporator is used to preheat the feed seawater, which means the residual heat of the condensate is further 
utilized to reduce the invalid discharge of the thermodynamic system, at the same time the temperature difference 
of the cold side is reduced, so the utility consumption of the system drops obviously. Therefore, the performance 
ratio of the system is improved further and the GOR is highest when the two-stage preheating configuration is used.  

As shown in the Figure 4, whether there is a preheating process or not, the GOR decreased with the increasing of 
the temperature of the heating temperature of first effect evaporator. As with the increase of the temperature of the 
heating steam, the latent heat of condensation decreased, and the temperature of secondary steam increased 
which meant the preheating load of the first effect increased, so the amount of the heating steam required for the 
first effect increased. At the same time, as shown in Figure 6(a), the heat transfer temperature difference of the 
evaporation system increased, so the performance or GOR of the system decreased based on the pinch theory. 
As show in Figure 6(a), with the heat temperature of first effect evaporator increasing from 64°C to 80°C, the total 
heat transfer temperature difference of the evaporator increased from 20°C to 36°C,  and the average effective 

heat transfer temperature difference ( where  ) increased correspondingly, so the GOR for 

the system without preheating, with secondary steam preheating and with secondary steam and condensate two-
stage preheating reduced by 32.9%, 30.3% and 29% respectively. 

As shown in Figure 5, with the increase of the final effect evaporation temperature, the GOR of the system for three 
different procedure all increased. As with the heating capacity of the condenser increase, the preheating load of 
the seawater decreased in the first effect evaporator which meant the steam consumption decreased. At the same 
time, based on the pinch theory, the heat transfer temperature difference within the evaporation system decreased, 
so the performance ratio of the system was improved. Meanwhile, with the final effect evaporation temperature 
increasing, the suction pressure of the TVC rose and the entrainment ratio increased, so the GOR of the system 
increased. However, the temperature of cooling seawater discharged from the system increased, which meant the 
invalid discharge of the system increased, so the increasing trend of GOR slowed down compared with the 
influence of the heating steam temperature. As shown in Figure 6(b), with the final effect evaporation temperature 
increase from 40°C to 50°C, the total heat transfer temperature difference of the evaporator reduced from 36°C to 

26°C, and the average effective heat transfer temperature difference  decreased commensurably, so the GOR 

for the system without preheating, with secondary steam preheating and with secondary steam and condensate 
two-stage preheating increased by 29.2%, 20.7% and 19.3% respectively. 

Figure 6 (a) and (b) also shows the effect of the temperature difference of hot side ( where  ,  is 

the mean temperature of the fresh seawater of the first effect evaporator) on the performance of the system. As is 
shown in Figure 7, in the forward feed configuration of the desalination system, as the concentrate ratio of the 
system for different preheating presses were all 1.5, the total heat transfer temperature difference of the 

evaporating system was the same and the total thermal losses caused by BPE et al was near equal, so the 

average effective heat transfer temperature difference for different preheating presses was nearly the same. 

In this condition, based on the pinch theory, the temperature difference of hot side   of the evaporating system 

played a key role to determine the performance ratio of the desalination system.  

(a)                                                                                   (b) 

  
Figure 6: Effect of preheating configuration on temperature difference 

eff,a
t = N

eff,a eff,i
t t 

eff,a
t

hs
t = -in in

hs v,1 b,1
t t t in

b,1
t

total
t

eff,a
t

hs
t

64 68 72 76 80

5

10

15

20

25

30

35

40

45

 Temperature of the heating steam of first effect evaporator /℃ 

T
em

p
er

at
u
re

 d
if

fe
re

n
ce

 /
℃

 

 △ T
eff ,a

(Without Preheating) 

 △ T
eff ,a

(Secodary Steam Preheating)

 △ T
eff ,a

 (Two-Stage Preheating)

△ T
hs

 (Without Preheating) 

 △ T
hs 

(Secodary Steam Preheating) 

 △ T
hs

 (Two-Stage Preheating)

40 42 44 46 48 50

5

10

15

20

25

30

35

40

45

  Evaporation temperature of final effect evaporator/℃ 

T
em

p
er

at
u
re

 d
if

fe
re

n
ce

 /
℃

 

 △ T
eff ,a

(Without Preheating) 

 △ T
eff ,a

(Secodary Steam Preheating)

 △ T
eff ,a

 (Two-Stage Preheating)

 △ T
hs

 (Without Preheating) 

 △ T
hs 

(Secodary Steam Preheating) 

 △ T
hs

 (Two-Stage Preheating)



9 

 

 

Figure 7: Temperature difference distribution of Multi-effect distillation system with forward feed configuration 

3.2. Universality of pinch theory and energy cascade utilization principle in multi-effect 
distillation system   

Figure 8 shows the effect of concentration ratio R on the GOR with different preheating configurations. As shown 
in the figure, with the increasing of the concentration ratio R, the feed seawater flow rate gradually reduced which 
meant the preheating load of the system decreased correspondingly, so the GOR increased commensurably with 
different preheating configurations. When the concentration ratio rose from 1.2 to 2, the GOR for the system without 
preheating, secondary steam preheating and two-stage preheating increased by 22.8%, 15.1% and 15.3% 
respectively, meanwhile, as shown in Figure 9 and Figure 10, the total effective heat transfer temperature difference 

 and  the average effective heat transfer temperature difference  decreased. The results showed the 

universality and decisiveness of pinch theory, which meant the internal temperature difference determined the 
performance ratio of the thermodynamic system, based on which an inference might be obtained that the internal 

average effective heat transfer temperature difference determined the characteristics of the multi-effect 

evaporating system. While for the multi-effect evaporating system with the same , the temperature difference 

of hot side was the controlling parameter. As shown in Figures 8 and 9, the GOR for system with two-stage 

preheating configuration was always the highest corresponding to the minimum temperature difference of hot side 

 with similar average effective heat transfer temperature difference . 

Figure 11 shows the effect of concentration ratio R on the specific heat transfer area (SHTA, ratio of total heat 
transfer area including evaporator, preheater and condenser to total fresh water product). As shown in the figure, 
for the system without preheating configuration, the specific heat transfer area decreased first and then increased 
gradually with the increase of concentration ratio. As with the increasing of concentration ratio, the need for feed 
seawater reduced and the preheating load decreased correspondingly, so the heat exchange area for preheating 
portion reduced, meanwhile the amount of flashing steam decreased with the feed seawater reducing which led to 
the reduction of load and condensing heat transfer area of the condenser.  However, as shown in Figure 10, with 
the increase of concentration ratio, the salinity of the brine in the evaporator increased, the temperature different 
losses caused by the BPE increased which meant the effective heat transfer temperature difference decreased, so 
the specific heat transfer area increased commensurably. Under the superposition of the two effects, the specific 
heat transfer area had a local optimal value with the concentration ratio. The design optimal value of the GOR for 
the climbing film evaporation desalination system with TVC was 1.4. 

Under the preheating configuration, the influence trend of the concentration ratio on the specific heat transfer area 
changed. As shown in Figure 11, the specific heat transfer area increased with the concentration ratio for one-
stage and two-stage preheating. As the preheater increased the feed seawater temperature, reducing the influence 
of the effect of heat exchange area for preheating portion in the first effect evaporator and the evaporating load 
increased which neutralized the effect of flashing process on the specific heat transfer area, so the specific heat 
transfer area increased with the concentration ratio. But when the concentration ratio was reduced to 1.3, the 
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benefit of reducing the concentration ratio was attenuated and the specific heat transfer area nearly kept a constant 
value. 

Generally, the energy cascade utilization principle showed the controlling attribute in the multi-effect evaporating 
thermodynamic system. The GOR was improved mainly due to utilization of the secondary energy and residual 
energy of the heating steam for preheating process. When the residual energy of the heating steam was not used, 
the specific heat transfer area could keep the minimum value, as the heat transfer coefficient of the concentrate 
preheater was lower than the steam preheater.  

  

Figure 8: Effect of concentration ratio on GOR  Figure 9: Effect of concentration ratio on temperature 
difference  

  

Figure 10: Effect of concentration ratio on total effective heat 
transfer temperature difference 

Figure 11: Effect of concentration ratio on specific heat 
transfer area  

4. CONCLUSIONS 

Based on the pinch theory and energy cascade utilization principle, the performance of a multi-effect shipboard 
climbing film evaporation desalination system combined TVC with different preheating configurations were 
analysed. The mathematical model was established for thermodynamic simulation, in which various 
thermodynamic losses caused by boiling point elevation and pressure drop were considered, and the effective heat 
transfer temperature difference and temperature difference of hot side were used to analyse the influences of the 
heating steam temperature, the final effect evaporation temperature, and the concentration ratio on the thermal 
performance including GOR, specific heat transfer area for different preheating process. The main conclusions 
obtained are as follows:  

(1) The GOR of the multi-effect evaporation desalination system could be improved by the preheating process, 
the system with two-stage preheating configuration having the best performance, as the secondary energy and 
residual energy of the heating steam was utilized for preheating process. 
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 (2) The internal average effective heat transfer temperature difference determined the characteristics of 

the multi-effect evaporating system, the GOR increased with the decreasing of . 

 (3) For the multi-effect evaporating system with the similar , the temperature difference of hot side  was 

the controlling parameter. The GOR increased with the decreasing of . 

      (4) The influence of the concentration ratio on the specific heat transfer was different for multi-effect evaporation 
desalination system with different preheating process. The specific heat transfer area decreased firstly and then 
increased gradually with the increase of concentration ratio for the system without preheater. While for system with 
preheating configuration by secondary steam of first effect evaporator or two-stage preheating combined with the 
distillate product of first effect evaporator, the specific heat transfer area increased with the concentration ratio. 
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Abstract: After the IMO (International maritime organization) announced GHG (green-house-gas) reduction plans, 
marine engine makers were confronted with serious challenges on their future business. According to the Plan, 
every ship in operation in the sea must reduce its GHG emissions by 50%. Thus, a radical fuel transition would be 
inevitable from residual oils into gas fuels, which will eventually mean hydrogen or ammonia rather than other low 
carbon fuel. Between the zero carbon fuels, ammonia is in the spotlight as a candidate to abate GHG emission 
from ships. However, burning ammonia still emits both unburned ammonia and nitric oxides in the real tail pipe and 
this can raise another emission issue. In this study, many low flashpoint fuels such as LPG, CNG, and hydrogen 
in addition to ammonia were investigated to draw a feasible option for the low GHG emissions from the internal 
combustion engine. As a result, ammonia was easily supplied into the diesel engine and it substituted some diesel 
so that the amount of carbon dioxide emissions were reduced from the test engine without any significant increase 
of NOx emission. Not only ammonia but also different low flash fuel mixes showed better combustion characteristics 
to reduce engine emissions than just the ammonia-diesel example. 
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1. INTRODUCTION  

Among various pollution source, up to 11% of SOx are ascribed to ships as well as up to 10% of PM (Particulate 
matter) emissions in the nationwide pollutant assessment. Resultantly, major harbours in the country suffer from 
elevated levels of these emissions. From 2019, IMO mandated fuel’s sulphur content regulation in the marine fuels 
should be limited to 0.1 percent of weight. This would necessitate low sulphur fuel oil being supplied or alternatively 
a SOx scrubber being installed in the exhaust pipes. In 2020, the more stringent Tier III regulation was mandated 
and NOx must be reduced by 77% more compared to the previous permitted level. Ship builders confronted with 
the after-treatment systems for exhaust gases such as NOx scrubber or SCR (Selective catalytic reduction). GHG 
(Green-house gas) regulations have greater impact on the ship builders since it includes 40% reduction in carbon 
dioxide emissions by 2030 and 70% by 2050 compared to 2008 and 50% annual reduction in the GHG emissions 
from international shipping by 2050 compared to 2008. It ultimately requires even fuel decarbonisation which 
means a fuel switch form the conventional fuel oil into a low or zero carbon fuel. In this study, many low flash point 
fuels such as LPG, CNG, and hydrogen in addition to ammonia were investigated to reduce GHG emissions from 
the marine engine. Both port fuel supply and direct injection were considered to have an appropriate fuel mix for 
low emissions.  

2. METHODOLOGY AND THE EXPERIMENTAL SETUP  

Figure 1 shows the schematic of the test engine and its specification. For port fuel supply, LPG, CNG and ammonia 
was introduced through the fuel flow controller and fuel valve while diesel was directly injected into the cylinder to 
ignite gaseous fuel and air mixture. The main engine operation was conducted at 1600 rpm and full load condition. 
The same power output was maintained while the fuel ratio between gaseous fuel and diesel changed. In the 
exhaust port, the gas analyser was installed to measure the hazardous emissions. 

Figure 2 shows the schematic of the test engine with direct injection of low flash point fuel. Since the test engine 
had only one injector in the cylinder head, low flash point fuel was mixed with DME (Dimethyl-ether) to the extent 
that the mixed fuel had proper ignition quality. For the direct injection experiments, the mixing ratios between DME 
and the specific low flash point fuel were varied by up to 50 weight percent.  

 

Figure 1: Schematic diagram for port fuel supply case and specification of the test engine  
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Figure 2: Schematic diagram of the test engine for direct injection case  

3. RESULTS AND DISCUSSIONS 

Figure 3 shows the performance results of the baseline diesel only combustion. As the load increased, specific fuel 
consumption improved to have about 200 g/kWh at best. For the emissions, NOx and CO2 showed 150-700 ppm, 
3-9.5%, respectively.  

 

Figure 3: Torque output, fuel consumption, and emissions from baseline diesel only combustion  

For the LPG-diesel dual fuel combustion, both fuel showed better fuel consumption with bigger fuel mix ratio at 
around 200 g/kWh. Both NOx and CO2 showed similar values compared to the baseline. However, hydrocarbon 
emissions increased with the LPG content in the fuel and this grew worse with low load conditions. At half load 
condition, THC showed a big increase to more than 10,000 ppm. This was because low fuel to air ratio usually 
leads to flame quenching or incomplete combustion at the end gas region like crevice volume and this generated 
a high value of unburned fuel emissions. 
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Figure 4: Torque output, fuel consumption, and emissions from LPG-diesel dual fuel combustion  

For ammonia and diesel combustion, CO2 emissions decreased with the ammonia mixing ratio. When 50% of the 
diesel was substituted with ammonia, the CO2 measured only 3.5%. The bigger fuel mix ratio, the better the fuel 
consumption for each fuel. The best fuel consumption showed 200 g/kWh for diesel and 400g/kWh for ammonia. 
With low ammonia use, ammonia consumption grew worse and showed more than 700 g/kWh at 25% ammonia 
mix case. Unburned ammonia was slipped out in the tail pipe which was more than 5,000 ppm at low ammonia mix 
ratio. 
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Figure 5: Torque output, fuel consumption, and emissions from ammonia-diesel dual fuel combustion  

For the case of CNG-diesel combustion, diesel showed slightly better fuel consumption than CNG. CO2 showed a 
slight decrease with CNG addition but methane slip grew worse with low CNG mix ratio.  

 

Figure 6: Torque output, fuel consumption, and emissions from CNG-diesel dual fuel combustion  

For the triple fuel combustion, in which both natural gas and ammonia were supplied in the intake port and diesel 
was injected directly into the cylinder, different mixing rates showed variations in the fuel consumption and the 
higher mixing rate showed better fuel consumption. Especially, natural gas addition led to better ammonia-diesel 
combustion and to a lower fuel consumption and emissions. However, both methane and ammonia slips appeared 
at light load condition and this was mitigated with an even mix ratio for both natural gas and ammonia compared 
to the uneven ratio case. 
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Figure 7: Torque output, fuel consumption, and emissions from CND-ammonia-diesel triple fuel combustion  

For the direct injection of low flash point fuel, LPG and DME was blended with different mix ratios (10, 30 percent 
weight mixing to the base DME fuel) and supplied to the single direct injector which showed proper fuel mixing 
instead of diesel. DME is well known as an alternative fuel for the compression ignition engine and it was used as 
the baseline fuel.   

With increasing LPG content from 10 to 30 percent weight, brake specific fuel consumption was improved as 300, 
257, g/kWh, respectively. This was because LPG had a higher heating value than DME. For the emissions, NOx, 
THC, CO showed a slight increase. 

When it came to the reactivity for the compression ignition, LPG showed low reactivity and the ignition delay 
became larger for the higher LPG content. MBT injection timing showed 16 BTDC for 10% LPG and it was 
advanced to 18 BTDC with 30% LPG contents. 
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Figure 8: Emissions and fuel consumption from LPG(10%)-DME(90%) dual fuel combustion  

 

Figure 9: Emissions and fuel consumption from LPG(30%)-DME(70%) dual fuel combustion  

Figure 10: Emissions and fuel consumption from LPG(50%)-DME(50%) dual fuel combustion  
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4. CONCLUSION  

To mitigate GHG emissions, various low flash point fuels and ammonia were considered to replace some of the 
diesel; both intake port fuel supply and direct injection were investigated in the test engine and the results can be 
summarised as follows: 

1. Through the substitution of the conventional diesel fuel with low flash point fuel, CO2 emission could be  
reduced according to the fuel mix ratio.  

2. The intake port supply case showed high hydrocarbon emissions at light load condition and this should be  
considered and avoided with different fuel mix ratios.  

3. For the better triple fuel combustion, even quantities of the 3 fuels showed better brake specific fuel  
consumption 

4. With blended fuel direct injection, better emissions could be drawn than the low pressure intake supply case. 
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Abstract: The energy demand of a greenhouse is an important issue that needs to be addressed due to the high 
heat loss from its facades. Therefore, in every greenhouse building plan, calculating the heat loss of the building 
in advance based on the facade thermal transmittance is important to know the best U-value that must be used. In 
this study, a simple analytical investigation of energy consumption based on the facades U-value and its effort to 
maintain the energy sustainability by applying Photovoltaic (PV) panels to the surrounding greenhouse was 
presented. For the proposed greenhouse built in Loughborough, United Kingdom was found that the power 
generated by the PVs could cover the energy demand for a year with a façade U-value of 2 W/m2K to maintain the 
indoor temperature at 15°C whereas the monthly ambient temperature was no less than 4°C. 
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1. INTRODUCTION  

Global energy demand increased by 2.2 percent in 2017 (B. Petroleum, 2018) and is predicted to increase by 30% 
between now and 2040 under the New Policies Scenario (IEA, 2017), in which the heating, cooling, and 
transportation sectors account for approximately 80% of total global final energy demand (REN21, 2018). 
Meanwhile, buildings contribute 30% of greenhouse gas emissions and consume up to 40% of total world energy 
(Lemmet, 2013). The most significant source of energy loss is through the building's windows and roof, which 
account for approximately 20%-40% of total energy loss (Hee et al., 2015). 

Energy loss has worsened as commercial greenhouses worldwide continue to use conventional facades, growing 
up to 1.1 million acres of greenhouses (Cuesta Roble Greenhouse Vegetable Consulting, 2016). The most 
frequently used cover materials for greenhouses are glass (Benli, 2011; Joudi & Farhan, 2014), plastic/polyethylene 
(Cossu et al., 2014; Mongkon et al., 2014), semi-rigid plastic (Esen & Yuksel, 2013), and plastic film (Sonneveld et 
al., 2010; Marucci et al., 2012). Simultaneously, these materials have a high heat transfer coefficient which allows 
them to easily release heat into the environment (Ghoshal & Neogi, 2014). As a result, nearly all of the energy 
consumed in the greenhouse is used for heating (Santamouris et al., 1994). In this sense, definitive measures to 
reduce global energy consumption and to seriously mitigate carbon emissions are required. 

Some researchers (Cuce et al., 2016; Harjunowibowo et al., 2016) have said that in mitigating the greenhouse 
energy consumption from fossil fuel, some techniques exploiting the environmental potential, advanced technology, 
and applying closed greenhouse concept could be utilised, hence producing energy savings of 80%. Solar and 
wind could be converted into electrical power (Harjunowibowo et al., 2018) utilising photovoltaic (PV) (Ezzaeri et 
al., 2018) and wind turbine (Shahbazi et al., 2019), additionally soil (Tong et al., 2012), rock (Nisha et al., 2006; 
Sanaye & Niroomand, 2010), and water (Zhang et al., 2015) could be used for energy storage. For example, 
technologies could be combined, such as heat pump and soil thermal storage (Harjunowibowo et al., 2021) to 
provide and save energy and, therefore, reduce the fossil-based energy demand by 25% (Harjunowibowo et al., 
2018).  

Numerous factors must be considered when planning a greenhouse structure, including the greenhouse's size, the 
thermal resistance of the cladding, and the site's location. These factors are critical in predicting the greenhouse's 
energy consumption. Thus, in this study, a straightforward calculation of energy demand was performed. The 
purpose of this study was to substantively calculate the heating-cooling load and energy demand for a proposed 
greenhouse. 

2. METHODOLOGY 

The aim of the research was to determine the monthly heating-cooling energy demand of the greenhouse. The 
overall heat transfer coefficient and the temperature difference between outdoor and indoor greenhouse were 
independent variables in this analysis. The greenhouse interior was divided into two scenarios: a high-temperature 
set point (20°C) as the worst-case scenario, while a low-temperature set point (15°C) as the best-case scenario. 
The methodology has determined the specific size of the greenhouse, as illustrated in Figure 1. The heating and 
cooling energy requirements will be met by an electric water heater that was powered by solar photovoltaic panels 
mounted on the building's facades. 

The energy demand was determined by calculating the heat loss (U-value) based on the main governing Equation 
1: 

Equation 1: Heat loss main governing equation Q = UA∆T 

Where:  

 ∆𝑇 = 𝑇𝑓 − 𝑇𝑖,  

 𝑇𝑖 = initial indoor temperature,  

 𝑇𝑓 = the final indoor temperature (oC),  

 Q = heat loss of the greenhouse in W,  

 U = overall heat transfer coefficient of claddings in W/m2K,  

 A = cladding’s surface area in m2,  

 ∆𝑇 = temperature difference between indoor and outdoor the greenhouse in oC.  

To simplify the calculation, some assumptions were used: 

i. Air infiltration was neglected  
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ii. Surface area = 47 m2 
iii. Walls area = 98 m2 
iv. Roofs area = 77 m2 
v. The roof angle = 27.1o 
vi. U-value for all facades were made to be similar (vary from 1 to 5 W/m2K) 

The U-value was varied to investigate its effect to the energy demand needed by the greenhouse. The previous 
review revealed that a commercial greenhouse commonly used facade materials with U-values varying from 1 to 
5 W/m2K for polycarbonate to plastic film. Thereby in this investigation, the heat loss from the facades was 
calculated by varying the U-value at these ranges. The results shall be used to determine the type of facades 
materials available and affordable in the market. 

Since the greenhouse was located in a rural area near Loughborough close to Nottingham, UK, a place that has 
abundant enough solar irradiance in summer, the solar power generated by PV panels can be calculated by 
Equation 2 (Chen et al., 2012; Nguyen et al., 2014). 

Equation 2: Solar power generated by PV panels Pp,t
s = ηpSpΦt

s(1 − 0.005(Tt
s,a − 25)) 

Where:  

 𝑃𝑝,𝑡
𝑠  is rated PV power in kW,  

 𝛷𝑡
𝑠 = solar irradiance in kW/m2,  

 𝑇𝑡
𝑠,𝑎 = outdoor temp oC at time t in ambient temperature  

 𝑎, 𝜂𝑝 = PV efficiency in percentage.  

This measurement was assumed being conducted under ambient temperature of 25°C. Some assumptions were 
made to simplify the calculation: 

1. Solar energy was obtained from the solar irradiance in Nottingham and calculated per month, 
2. The electric water heater efficiency 𝜂𝑤ℎ was 90%, 
3. The heat source was from the electric water heater and the power was from the PV panel with 15% efficiency 

(𝜂𝑝), 

4. The solar power was calculated per square meter of PV panel and exposed by the sunlight perpendicularly.  

3. RESULTS AND DISCUSSION  

In the assumption that the proposed greenhouse was built with an area limit of 47m2 in a rural area in 
Loughborough, UK, energy sustainability must be taken into consideration. Hence, to support the UK government 
to cut the greenhouse gas emissions, solar power was chosen and became the most appropriate one. Besides the 
renewable energy, the need for sophisticated technology is inevitable. 

Heating-cooling energy demand 

In the present study, preliminary research to predict the heating cooling energy demand was carried out based on 
thermal transmittance of the claddings. By assuming that the U-value of the greenhouse claddings and floor were 
the same, the energy demand could be calculated. Moreover, by utilising PV panels surrounding the greenhouse 
facades, the monthly power needed by the two scenarios of worst and best conditions for the indoor temperature 
could be predicted. However, the power generated by the PV’s was based on assumption as has been 
aforementioned.  
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Figure 1: The greenhouse design in 3D; typical and proposed system 

With respect to the heating and cooling load, the energy demand of the greenhouse in various thermal 
transmittances was calculated analytically. Figure 2 and Figure 3 show the heating and cooling energy demand for 
different temperature targets for the inside of the greenhouse at 20°C and 15°C, respectively.  Obviously, it can be 
seen that for the highest expected indoor temperature, all of the energy was used for heating. While for the lower 
indoor temperature, the energy was predominantly used for heating and the rest was for cooling.  

 

Figure 2: Monthly Heat loss for 20°C as the target indoor temperature (worse case) 

 

Figure 3:  Annual Heat loss prediction for 15°C as the target indoor temperature (best case) 
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Figure 4 shows the typical greenhouse average annual energy demand for heating and cooling purposes. The 
temperature difference and overall heat transfer coefficient between indoor and outdoor environments were 
considered to be independent variables in the analysis. The yearly total energy demand depended on the 
aforementioned independent variables. It showed the annual average heat loss from the facades including floor, 
rooftop, and walls of the design greenhouse for the varying U-value of 1-5 W/m2K whereas indoor temperature 
target was set on 20°C (worst case) and 15°C (best case), respectively.  

 

Figure 4: Annual Energy building load prediction for best and worst case 

The potential of solar power 

Figure 5 shows the monthly temperature for a year in Nottingham, UK, averaged for the past 30 years which was 
used as the ambient temperature and solar irradiance in 2015, respectively. Burnett et al. said that solar energy 
resources in the UK offered a huge potential, especially in the south of England and Wales. The average daily solar 
irradiance was often in excess of 130 W/m2 due to climate change (Burnett et al., 2014). 

 

Figure 5: The average ambient temperature for Nottingham in 1985-2015 (Timeanddate, 2016) 

Figure 6 shows the monthly average solar irradiance which has potential to be used as a power source generated 
by solar photovoltaic or even used directly as a heat source and natural light simultaneously in the greenhouse. 
The solar irradiance achieved the highest peak power in June and lowest in December. Hence, it would lead to 
high soil temperature in June and build a soil-based seasonal heat storage that would be better at that time. 
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Figure 6: The average solar irradiance for Nottingham in 2015 (Nasa, 2016)  

Solar PV power generated 

Figure 7 shows the monthly average solar energy generated by the solar PV panel per square meter. The solar 
power was calculated based on the assumptions made. By utilising PV panels surrounding the greenhouse 
facades, the monthly power needed by the best scenario conditions for the indoor temperature could evidently be 
covered.  However, the power generated by the PV’s were assumed as previously mentioned.  

 

Figure 7: Monthly average solar energy prediction generated by the PV panels 

Based on solar power calculations, the annual average electric power generated by solar PV was 0.6 GJ/m2 
(166.67 kWh/m2), which was remarkable and sufficient to cover the best case’s energy demand for U-value by 2 
W/m2K, as can be seen in Figure 4. Obviously it can be seen that the higher the U-value, the higher heating-cooling 
demand.  

4. CONCLUSION  

In summary, based on building heat loss and solar power annual calculation, the electric power generated by the 
solar PV was sufficient to cover the best case energy demand with U-value of 2 W/m2K. To create a bigger picture 
regarding the amount of energy that could be stored in the soil beneath the building, an energy calculation should 
be conducted by varying the soil volume. Later, the information could be used to determine how deep the pipe heat 
exchanger and the insulation should be. 
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Abstract: Due to its inherent intermittency and fluctuation, solar energy is not friendly to the power distribution 
network and its connection to the grid. Steam accumulators are the only commercial solution for heat storage in 
direct steam generation (DSG) solar thermal power plants. Current accumulators have low storage capacity as the 
turbine suffers from inefficient off-design operation during heat discharge, thereby restricting the development of 
DSG technology. The cascade Rankine cycle solar power station equipped with thermal energy storage can 
effectively compensate for the instability and periodic fluctuation of solar energy, and a reasonable operation control 
strategy is essential for its peak-regulating operation mode. A solar thermal power generation system using 
cascade steam-organic Rankine cycle and steam storage has been proposed. This system offers a significantly 
higher heat storage capacity than a single heat storage DSG solar power system. The system consists of PTCs, 
high temperature tank, steam turbine and intermediate heat exchanger in the first cycle. The second coupling cycle 
consists of ORC turbine, valves, condenser, low temperature tank and pump. Thermodynamic performance of the 
system was investigated under typical climate conditions. Overall, the proposed solution improved the cost-
effectiveness of the DSG system. The exhaust steam from the direct steam generation cycle was used to drive the 
ORC and it had a direct effect on the thermal efficiency of ORC and the power output.  The results of this study 
indicated that a direct steam generation system could generate up to 160 kW while the maximum power output 
ORC was 35 kW under a clear climate condition day. The maximum thermal efficiency of the system was 0.17. 
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1. INTRODUCTION  

The direct steam generation solar power system is considered to be a friendly, economic and promising technology 
nowadays. There are many operational plants around the world (Ehtiwesh and Su, 2021) and these systems have 
been considered as commercial solar power plants and several more are under development. Concentrating solar 
field types such as central towers, parabolic trough and linear Fresnel collectors are widely used in direct steam 
generation solar power systems. Compared with other commercial solar thermal power systems, the direct steam 
generation solar power system is of a very simple configuration, thus, there is no need for oil-steam heat 
exchangers or more control valves, and has pumps between two cycles which makes it more environmentally 
friendly (Li et al., 2016). 

In Spain, a solar direct steam generation project powered by parabolic trough collectors PTCs has been 
established.  Abengoa have built a concentrating solar plant in USA powered by sun energy and by PTCs as well 
(Li et al., 2019). Another solar direct steam generation plant in Thailand is powered by PTCs with 5MW (Willwerth 
et al., 2018). Linear Fresnel collectors (LFCs) are linear concentrators using linear receivers and reflectors. They 
are widely used in concentrating solar plants especially in DSG systems due to their relatively low-cost. In this type 
of solar collector, the receiver is fixed upon the mirrors and no ball joints are needed. LFCs can provide high 
temperatures up to 250°C. A central tower with Heliostats solar field has the ability to supply high temperatures 
reaching up to 550°C which increases thermal efficiency of the system. Furthermore, this type of solar collectors 
has more flexibility in terms of solar thermal plant construction, where heliostats can be installed on different surface 
areas such as mountains or hills (Guédez et al., 2017). 

The important part in solar thermal power systems is heat storage. In direct steam generation solar power systems 
there are several methods to store the heat such as molten salt tank storage, concrete and phase change materials 
(PCM). When phase change materials are put in containers of water, a sufficient heat transfer can be achieved 
between the water and PCM, thereby leading to steam generation and a constant pressure (Steinmann and Eck, 
2006). By this integration, the volumetric storage capacity will be increased and superheated steam at the exit will 
be reached. In superheated state, the integrated systems between PCM and a concrete or a steam accumulator 
as well as concrete are more advantageous. These integration systems are attracting a considerable amount of 
interest in solar thermal plants. Furthermore, by these integration systems, pressure drop will be reduced in charge 
and discharge methods (Pirasaci and Goswami, 2016).  

It has been reported that steam accumulators are a commercial heat storage method for direct steam generation 
solar power plants (Laing et al., 2011). Steam accumulator have fast reactions between condensation water or the 

steam and fast flashing, thereby making it a promising technology for solar thermal plants to overcome the 
fluctuating irradiance on systems. The integration of steam accumulator and solar power plants can be acheived 
in several ways including storage at sliding pressure, nearly constant and constant pressure. Flashing occurs inside 
the steam cylinder for the sliding pressure storage. Steam accumulators have been installed in many solar power 
plants such as Planta Solar 10, Planta Solar 20 plants, Puerto Errado 2, Puerto Errado 1 and in TSE1 solar thermal 
power plant as a steam drum. In Planta Solar 10, steam accumulators are used to cover the heat requirement 
during times of limited insolation; the steam is produced from 4MPa to the minimum pressure controlled to operate 
the turbine at 50% partial load. Saturated steam can be generated to the Rankine cycle using steam accumulators 
avoiding superheated region. Consequently, no two-phase fluid undergoes to the steam turbine which causes 
issues on Turbine’s blades (Laing et al., 2011).  

A combination between two cycles, a steam Rankine cycle and an organic Rankine cycle, has many benefits (Li et 
al., 2016). By using integrated ORC system with the steam Rankine cycle, the overall pressure ratio of the steam 
turbine will decrease when the system is operating. In solar steam Rankine cycles, there are usually two steam 
turbines, high pressure turbine and low-pressure turbine (Li et al., 2019). In some cycles, there is a reheater 

between two turbines which is used to heat up the steam again before it goes into the low pressure turbine. It is 
possible to replace the low-pressure turbine by the ORC. Increasing the ORC evaporator operating temperature 
will increase the outlet steam quality of high-pressure turbine. Also, an organic working fluid goes into a 
superheated state when expanding from a saturated vapour state, which makes highly efficient expansion. In 
addition, a dry organic fluid does not need superheating into ORC turbine, and up to 90% of an isentropic efficiency 
can be achieved. The ORC turbine can achieve higher efficiency than the wet steam turbine.  Finally, the ORC 
systems have become more interesting systems, widely used in renewable energy sectors especially in solar 
thermal energy. Several studies have investigated ORC systems powered by solar thermal applications in terms 
of configuration, dynamic behaviour and the system cost (Li et al., 2017).  In this paper, an integrated ORC cycle 
with a direct steam generation solar power is proposed. To the authors’ best knowledge, this is the first time that 
the control system of the cascade steam-organic Rankine cycle and steam accumulators have been evaluated. A 
unique design is proposed to guarantee the stability of solar power generation. 
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2. SYSTEM DESCRIPTION AND OPERATION MODE 

A schematic view of the solar cascade DSG-ORC system in Simscape software is illustrated in Figure 1a and a 
solar power system using cascade steam-organic Rankine cycle with parabolic trough collectors is shown in Figure 
1b. The first cycle is the steam Rankine cycle comprising of PTCs, steam storage, steam turbine, heat exchanger, 
control valve and water pump. The heat exchanger serves as the evaporator for ORC cycle. The second cycle 
consists of ORC turbine, condenser, ORC pump and control valve. 

 

Figure 8: Schematic view of the solar cascade DSG-ORC a) system in Simscape software, b) T-s diagram of cascade proposed 
system 

Steam was generated directly in PTCs solar field, the valve opened when solar irradiance >350 W/m2, the steam 

went to steam storage, and the storage tank would be fully charged. The pressure control valve would open if 

steam live pressure was > 0.99 MPa, otherwise it was fully closed to protect the steam turbine as a pressure control 

strategy in this system. The steam went into the turbine, exporting power during expansion. The exhaust steam 

was usually up to 0.7% and it was condensed to saturation liquid in the heat exchanger, where it was pressurized 

and sent back by the water pump to the solar field to be heated up again. In this system, heat rejected by the heat 

exchanger was used heat up the working fluid in the ORC cycle. The calculation method of the degree of 

superheating of organic working fluids was used as a control strategy in the ORC cycle. Regarding the properties 

of common organic fluids, the turbine was a better option in the ORC system. The vapour organic fluid goes into 

the ORC turbine, exporting power during expansion from the second cycle. The exhaust organic fluid was 

condensed to saturation liquid state by the ORC condenser and pressurized and sent back by the ORC pump to 

the heat exchanger to heat up again and the cycle was repeated. R 134a was used as the ORC fluid cycle in this 

study.  

3. MATHEMATICAL MODELS  

3.1. Solar collector model   

The solar heat collection was simulated by the MATLAB Simulink code software. IST-PTC solar collector type 
installed in the USA with up to 2700 m2 of aperture area was used here in this study. The performance formula of 
a single PTC provided by the manufacturer is demonstrated in Equation (1), and the value of solar energy effectively 
captured by the solar field is defined by Equation (2) (Li et al., 2016).  

𝜂𝑃𝑇𝐶(𝑇) = 0.762 − 0.2125 × 
(𝑇𝑖𝑛−𝑇𝑎𝑚)

𝐺
− 0.001672 × 

(𝑇𝑖𝑛−𝑇𝑎𝑚)
2

𝐺
                               (1) 

         �̇�𝑠𝑜𝑙𝑎𝑟 = 𝐺 ∙ 𝐴𝑃𝑇𝐶 ∙ 𝜂𝑃𝑇𝐶(𝑇)                                                                                                 (2) 

Where;  

 𝐺 = beam solar radiation,  

 𝑇𝑖𝑛 = collector inlet temperature,  

 𝑇𝑎𝑚 = ambient temperature  

 𝐴𝑃𝑇𝐶 = solar collector area.  
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In solar electricity generation systems, hundreds of collectors are needed for heat collection. The temperature 

difference between neighbouring PTCs is supposed to be small.   

3.2. Steam accumulator model  

In this study, the steam tank was placed between the solar field and the steam turbine and it acted as a steam                          

accumulator. Vapour connections to the tank were made at ports A and B. The mixture fluid was separated in the 

tank where the saturated vapour was at the top because it was less dense than the liquid state, while the liquid 

collected at the bottom of the tank. Its energy capacity, which was related to its volume, determined the energy 

storage level in the system (Li et al., 2017). The volume of steam accumulator can be calculated by Equation (3).  

                                              𝑉𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑜𝑟 =
3600𝑡𝐻∙�̇�𝑛𝑒𝑡

𝜌𝑠𝑡𝑒𝑎𝑚 ∙𝜂𝑆𝑅𝐶∙𝐶𝑝𝑠𝑡𝑒𝑎𝑚∙∆𝑇
                                                                      (3) 

Where:  

 𝑡𝐻 = storage time in hours,  

 �̇�𝑛𝑒𝑡 = net power output,  

 𝐶𝑝𝑤𝑎𝑡𝑒𝑟 = heat capacity of Steam,  

 𝜌𝑠𝑡𝑒𝑎𝑚 = density of Steam  

 ∆𝑇 = temperature drop in discharge process. 

3.3. Steam and ORC Turbines model  

The work produced by the steam and ORC turbines is calculated by Equation (4) and Equation (5):   

                                     �̇�𝐷𝑆𝐺𝑡𝑢𝑟𝑏𝑖𝑛𝑒 = �̇�𝑅𝐶  ∙ (ℎ4 − ℎ5) = �̇�𝑅𝐶  ∙ (ℎ4 − ℎ5𝑠) 𝜀𝑇𝑢𝑟𝑏𝑖𝑛𝑒                        (4) 

                                   �̇�𝑂𝑅𝐶𝑡𝑢𝑟𝑏𝑖𝑛𝑒 = �̇�𝑂𝑅𝐶  ∙ (ℎ6 − ℎ7) =  �̇�𝑂𝑅𝐶  ∙ (ℎ6 − ℎ7𝑠) 𝜀𝑂𝑅𝐶𝑡𝑢𝑟𝑏𝑖𝑛𝑒               (5) 

Where 𝜀𝑇𝑢𝑟𝑏𝑖𝑛𝑒 and 𝜀𝑂𝑅𝐶𝑡𝑢𝑟𝑏𝑖𝑛𝑒are the isentropic efficiencies of the steam turbine and ORC turbine, 

respectively.  

 3.4. Heat exchanger model  

The heat balance in the heat exchanger in the nominal working conditions is calculated by Equation (6):  

                                                                �̇�𝐻𝑋 = �̇�𝑅𝐶  ∙ (ℎ5 − ℎ1) =  �̇�𝑂𝑅𝐶   ∙ (ℎ6 − ℎ9)                        (6) 

In this study, a double pipe heat exchanger was chosen to model the heat transfer between the direct steam 

generation solar power and ORC. The effectiveness-NTU method was selected to model this heat exchanger, 

which the mathematical equations as follows (Li et al., 2016). The maximum possible heat transfer which occurred 

in the heat exchanger is expressed by Equation (7)   

                                                                              �̇�𝑀𝐴𝑋,𝐻𝑋 = 𝐶𝑀𝑖𝑛 ∙ (𝑇ℎ5 − 𝑇𝑐9)                                         (7) 

Where the subscript c, h refers to cold stream and hot stream respectively. The actual heat transfer rate in the heat 

exchanger is calculated by Equation (8) 

                                                           �̇�𝐻𝑋 = 𝜀𝐻𝑋  ∙ 𝐶𝑀𝑖𝑛  ∙ (𝑇ℎ5 − 𝑇𝑐9)                                                 (8) 

Where  𝜀𝐻𝑋 is the effectiveness of the heat exchanger. The number of the transfer unit for analysis of the heat 

exchanger is defined by Equation (9) 

                                                                                𝑁𝑇𝑈𝐻𝑋 = 
𝑈𝐻𝑋 ∙𝐴𝐻𝑋

𝐶𝑀𝑖𝑛
                                                              (9) 

The relation between the effectiveness and NTU of the counter-flow heat exchanger is determined by Equation 

(10) 
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                            𝜀𝐻𝑋 = 
1−exp [−𝑁𝑇𝑈𝐻𝑋 ∙(1−𝐶𝑟)]

1−𝐶𝑟 exp [−𝑁𝑇𝑈𝐻𝑋  ∙(1−𝐶𝑟)]
                                                                 (10) 

Where  𝐶𝑟 is the heat capacity ratio, which is denoted in Equation (11)  

                                                                                  𝐶𝑟 = 
𝐶𝑀𝑖𝑛

𝐶𝑀𝑎𝑥
                                                                 (11) 

3.5. ORC condenser model 

In the ORC condenser, the mass flow rate of cooling water can be controlled to guarantee a constant condensation 
temperature. It is supposed that exhaust working fluid should be in saturated liquid level under different operation 
conditions (Li et al., 2019). The heat balance in rated condition is calculated by Equation (12):  

                                     �̇�𝑂𝑅𝐶𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 = �̇�𝑂𝑅𝐶   ∙ (ℎ7 − ℎ8)                                             (12) 

3.6. Pumps Model  

The work desired by water pump and ORC pump in the DSG-ORC is calculated by Equations (13) and (14):  

                                               �̇�𝐷𝑆𝐺𝑝𝑢𝑚𝑝 = �̇�𝑅𝐶   ∙ (ℎ1 − ℎ2)                                                 (13) 

                                               �̇�𝑂𝑅𝐶𝑝𝑢𝑚𝑝 = �̇�𝑂𝑅𝐶   ∙ (ℎ8 − ℎ9)                                                 (14) 

3.7. Thermal efficiency of the system model 

The total thermal efficiency of system is obtained by the following relation in Equation (15)  

                   𝜂𝑡ℎ = 
�̇�𝐷𝑆𝐺𝑝𝑢𝑚𝑝+�̇�𝐷𝑆𝐺𝑡𝑢𝑟𝑏𝑖𝑛𝑒+�̇�𝑂𝑅𝐶𝑝𝑢𝑚𝑝+�̇�𝑂𝑅𝐶𝑡𝑢𝑟𝑏𝑖𝑛𝑒

�̇�𝑠𝑜𝑙𝑎𝑟
                                       (15) 

4.  CONTROL STRATEGY FOR THE SYSTEM  

The main aim of this paper focused on the application of the control strategies for solar cascade Rankine cycle. 

Three control strategies have been applied in this study as shown in Figure 2. Firstly, the control strategy for liquid 

volume level in the boiler region to guarantee only the saturation steam goes into steam turbine to maintain the life 

stance of the steam turbine. Secondly, a suitable range of pressure control strategy for inlet pressure turbine which 

is >2 MPa for the steam turbine (Willwerth et al., 2018). Finally, ORC pressure control for ORC inlet pressure 

turbine.  

 

Figure 9: diagram strategies system a) Liquid in boiler region, b) ORC mass flow rate, c) Pressure control  
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5. RESULTS AND DISCUSSIONS  

In this study, three typical climate condition days in Libya were selected to simulate the system in order to get 

dynamic response results for the solar cascade Rankine cycle. Relevant parameters such as ambient temperature 

and solar irradiance data were obtained from EnergyPlus weather data. Figure 3 shows the used weather data 

which were three statistical days in May in Libya.  

  

Figure 10: Weather data for three typical days in May 

From Figure 3, it can noticed that each day has its own fluctuating level of solar irradiance, which will reflect on the 

performance of the system. Specific parameters of the system and their values are listed in Table 1. R-134a was 

selected as working fluid for the ORC. Subcritical cycles were considered for both ORC and SRC. The steam and 

ORC turbines have a constant isentropic efficiency in this study. 

Table 1: Fixed parameters for the proposed cascade system. 

Term  Value  

Steam turbine isentropic efficiency 0.75 

ORC turbine isentropic efficiency 0.75 

Generator efficiency 0.95 

Condenser temperature 30 ℃ 

Capacity of heat storage  51 m3 

Solar collection area  1320 m2 

Pinch-point temperature difference  14 ℃ 

 

Figure 4 shows the heat collection efficiencies of boiler and superheater regions in solar field and the cascade 

cycle efficiency varying with the time for three typical days under different the beam solar radiation. It can be clearly 

seeing that boiler region has a higher thermal efficiency that superheated region. The boiler region market by red 

line and it is up to 0.70 while, superheated region marketed by blue line and researched up to 0.65 in the peak of 

solar irradiance level which is 1000 W/m2. Figure 4b shows the thermal efficiency solar cascade system which is 

0.17 when irradiance reached up 1000 W/m2. The jumping line at the first six hours for each day when the system 

start up is caused by dynamic response area of pressure control valve. So, thermal efficiency of the system is rising 

by increase solar irradiance for each day.    

 
Figure 11: Variations a) the solar collectors efficiency b) cascade cycle efficiency for three typical days 
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From Figure 5 It can be observed that the cascade system has two power output, one from the steam turbine up 

to 165 kW and second from ORC turbine up to 30 kW. The steam cycle has higher output than ORC due to a much 

more energy had collected by solar field. ORC turbine output based on the heat reject from steam cycle, and it can 

be notice that ORC turbine has not more fluctuating output like steam turbine. The reason behind that heat exhaust 

flow rate from DSG system nearly the same level during operation    

 

Figure 12: Variations of power output system for three days   

 

Figure 13: Variations a) temperatures in the heat exchanger between DSG and ORC b) mass flow rate  

From Figure 6a we can see variations of temperatures for each side in the heat exchanger. The Pinch point different 

temperature assumed to be 14 ℃ in this study. Hot side which is DSG exhaust steam from point 5 is about 95 ℃ 

in the peak of solar irradiance time, this temperature effect directly by solar irradiance level.  By selected R134a in 

ORC, it is clear to see blue line which means ORC side reached to 80 ℃ in the peak time. Figure 6b. shows mass 
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flow rate for DSG and ORC. The mass flow rate of ORC is fluctuating from 0 to maximum valve 4 kg/s, and the 

jumping line caused by response of area in control pressure valve when it is started to open. In DSG, mass flow 

rate is from 0 to 0.33 kg/s it is controlled based on setpoint level of the liquid in boiler region collectors to grantee 

no to phase-fluid goes to the steam turbine.     

Variations of fluid quality in cascade system is shown in Figure 7. From Figure 7, it is clear to see that ORC vapor 

quality has reached to 1 due it controls degree of superheated has been applied in the ORC.   The steam exhaust 

quality at the point 5 which is exit from the steam turbine and it is ranged between 0.90 to 0.0028 which means 

fluid is in liquid state.   

 

Figure 14: Variations of fluid quality in cascade system a) ORC vapor side, b) steam exhaust 

Figure 8 shows variations response of pressure in cascade solar power system. As pressure control strategy is 

used for both turbines in the system, we can see that the degree valve of pressure goes into the turbine. In DSG 

system, a steam turbine recommended by MAN power manufacturing to work with level of pressure from (0.99MPa 

or above). In this study, the inlet-pressure steam turbine is assumed to be 2 MPa. In ORC, we set up the pressure 

point for inlet turbine to be 1.1 or above range operating pressure in ORC turbines.  

 

 

Figure 15: Variations of control pressure valves in the cascade solar power system 
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Figure 16: Dynamic response of areas for pressure control valves a) SDG, b) ORC valve 

Dynamic response of areas for pressure control valves is shown in Figure 9 a, b. for both cycles solar direct steam 

generation system and organic Rankine cycle for typical three days. It is clear to see how these position areas are 

movement and response according to the setpoint inlet-pressure of turbine. Figure 9.a, b. shows a well responses 

of pressure control strategy for both cycles. The steam turbine recommended to operating in suitable pressure 

range. This control will protect the steam turbine from several issues if it works in unsuitable pressure. 

6. CONCLUSION  

The control of DSG solar thermal power system using cascade Rankine cycle is modelled and simulated for three 

typical days by using Simscape in MATLAB. The principle is illustrated. By controlling the steam turbine and ORC 

turbine inlet-pressure, a close view to the performance of the proposed system can be brought and parametrical 

operational can be executed in order to overcome issues caused by the fluctuation of solar irradiance in solar 

thermal power systems. PTCs with 1320 m2 has been selected in this study to absorbing solar energy. Based on 

the modelling simulation results, the following epilogues are derived:  

 The overall thermal efficiency of the proposed system is about 0.17. PTC thermal efficiency for boiler and 
superheated region are 0.72 and 0.65 in typical clear climate condition. 

 The maximum steam cycle power output is 165 kW, and the maximum ORC power output is 35 kW in the 
first day. 
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Sustainable development is a concept that has gained weight since the 1990s and is discussed based on the 
acceptance that growth has not only economic but also ecological and social consequences. Discussions 
emphasise the importance of using production resources such as raw materials, energy, and labour force within 
the needs of societies and individuals, but without harming the ecological whole for the continuation of the system. 
For this purpose, sustainable development goals were determined by the United Nations, and it was emphasised 
that it would be necessary for countries to transform their production and consumption structures within the 
framework of these goals. The reflection of sustainable development goals on the production area is directly related 
to the industrialisation goals of the countries. Export-led industrialisation practices constitute the main development 
strategy of the Turkish economy, especially since the 1980s. In this sense, one of the most important sectors in 
the manufacturing industry is the textile sector. The dependency on imported inputs, which dominates the Turkish 
economy in general, is also a rule for the textile sector. Despite the sustainable development goals, the changes 
of the basic input used in the textile sector to technology-intensive polyester, especially since the 1990s, have 
changed the input dependency. Today, the main condition for Turkey to compete with the world market in the textile 
sector is to increase the production of polyester. However, the technology-intensive structure of polyester 
production appears to be problematic for the development of the textile industry in Turkey, which is mostly based 
on the labour force. In addition, polyester, a product of the chemical industry, is a material that has both high energy 
consumption and more difficult waste management compared to natural fibres in ecological terms. In this sense, 
ecological and sustainable textile production emerges as a controversial area in the short term for Turkey, which 
has focused its main target on producing more polyester in the textile sector and thus on integration with global 
textile production. This study aims to discuss to what extent Turkey's development and growth strategies can be 
compatible with sustainable development goals. By examining the 11th Development Plan, the reports of the capital 
organisations, the statements of the manufacturers, and the reports of the Supreme Council, it will be argued that 
the reflection of sustainable textile production in Turkey is in contradiction with the current development strategies. 
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1. INTRODUCTION 

In the early stages of capital accumulation, the basic condition for countries to achieve economic growth was the 
transition from agriculture to industry. At this transitional stage, labour power, capital, and value were transferred 
from agriculture to industry, and social production gained a new form (Todaro and Smith, 2015: 16). The 
development of technical knowledge of the production process, the participation of labour power and capital in the 
production, with technological innovations of high efficiency, have been the main factors that accelerated the 
accumulation of capital. In this sense, technology has had a different meaning in growth and development 
strategies as it increased the amount of production output and shortened production times. 

It is one of the basic assumptions of mainstream economics that economic growth will increase social welfare 
under all circumstances. Therefore, the main issue is how the growth will take place. In this sense, industrialisation 
strategies are the basis of development. Societies that have not abandoned their industrialisation focus since the 
Industrial Revolution have had to discuss the limits and problems created by the idea of unconditional 
industrialisation. Especially since the 1990s, one of the most burning problems in the academic, political, and social 
fields has been the ecological destruction caused by industrialisation. Of course, although this situation has been 
interpreted in different ways in different ideologies, social classes, and regions, the statement of the known facts 
has come true, and it has been accepted that we cannot continue with the current production structure. 

The relationship that capitalism established with nature in the production process has been one of the main 
concerns of economists in terms of limited resources (Stanford, 2008: 174). No matter how much the factors of 
production develop, the physical possibilities of production are limited to our planet. Therefore, the fact that 
unlimited capital accumulation cannot be achieved with limited natural resources has made some transformations 
necessary even in mainstream analyses. The concept of sustainability can be seen as a functional tool at this point. 
In contrast to the unconditional industrialisation emphasis of traditional development strategies, sustainable 
development accepts ecological limits and makes policy recommendations pointing to the transformation within the 
structure. 

The industrialisation process did not occur simultaneously and in a similar way in all countries. The 
conceptualisations of developed-developing-underdeveloped countries, late capitalism, or centre-periphery 
countries emerged from this point. But industrialisation should not be understood as a moment, a step, or a level. 
It tells us about a process, a continuum that we can understand with a comparative perspective. Therefore, how to 
implement sustainable development policies, especially in developing countries, is a separate study. At this point, 
this study aims to discuss the possibilities and limits of sustainable textiles in Turkey within the dilemma of 
development strategies and sustainable development policies. 

2. LITERATURE REVIEW 

Development has emerged as an important concept for underdeveloped and developing countries, especially in 
the period when Keynesian economics dominated after World War II. The main problem has been how capital 
accumulation and economic growth will occur in underdeveloped countries, similar to those in developed countries. 
In this sense, growth has been used with reference to a quantitative scale, focusing on the industrialisation 
processes of underdeveloped and developing countries (Sen, 1988: 12). One of the most important criticisms 
regarding development theories has been the point of linking the development problems of underdeveloped 
countries to the lack of resources from the perspective of industrialised countries. At this point, it was stated that 
underdeveloped countries could not develop because they did not have sufficient labour power and capital 
resources. Another criticism was that the transition from agriculture to industry could not be realised because they 
were integrated into the international division of labour through raw material production, exporting raw materials, 
and importing finished goods (Syrquin, 1988: 217-218).  

Although the criticisms were very diverse, they mostly focused on the industrialisation processes of the countries. 
Despite this, fossil fuels that have been used extensively since the Industrial Revolution and the ecological 
destruction they cause—shrinking rural areas against expanding urban areas; extinction of forest lands; extinction 
of biological species; agricultural lands squeezed into monoculture; water access restrictions; polluted seas and 
rivers by industrial waste; the global impact of greenhouse gases—were not included in these criticisms until 
recently. There are also critical arguments for this field, apart from the mainstream economic theories that centre 
people in production and consumption relations and development economics with an industrialisation perspective. 
For instance, environmental economists argue that natural resources in the production process should also be 
included in the analysis with the modelling method of microeconomics. Their main focus is on environmental 
externalities (Harris and Roach, 2018). However, ecological economics tries to understand the ecological whole by 
breaking the human-centred perspective in production and consumption relations. Likewise, degrowth debates 
question the nature and limits of growth from a similar perspective (D’Alisa, Demaria and Kallis, 2014). Sustainable 
development is a concept that has been discussed since the 1990s and attracts a lot of attention today, at the point 
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where all these theoretical discussions and facts meet. It can be thought of as a re-discussion of growth and 
development goals within ecological limits, taking into account the production and consumption relations of future 
generations. It proceeds through the sustainability of industrialisation and growth targets. In this sense, the way 
the concept is generally used in the literature is as defined by the Brundtland Commission in 1987: “Sustainable 
development is development that meets the needs of the present without compromising the ability of future 
generations to meet their own needs” (WCED, 1987, 41). It can be foreseen that a new integration process, which 
can be called green growth and creates employment, especially for developing countries, will be moved with the 
idea of continuity of development. “Green growth means fostering economic growth and development while 
ensuring that natural assets continue to provide the resources and environmental services on which our well-being 
relies” (OECD, 2011:4). 

Aiming to activate green economies and green industrial policies in order to ensure sustainable development, EU 
countries have started to regulate their production and consumption processes according to these policies. The 
most important agreement in this regard is the European Green Deal (EGD). The European Commission 
announced the EGD in the fight against climate change in 2019. "It is a new growth strategy that aims to transform 
the EU into a fair and prosperous society with a modern, resource-efficient, and competitive economy where there 
are no net emissions of greenhouse gases in 2050 and where economic growth is decoupled from resource use" 
(European Commission, 2019: 2). This deal has brought some regulations to the countries with which it has 
economic relations to develop policies to reduce greenhouse gas emissions against climate change. At this point, 
one of the growth-oriented criticisms brought to the understanding of sustainable development is the lack of an 
economic structure that can keep up with the necessary change, especially in the poor southern countries that aim 
to develop and grow. It is claimed that sustainable development and green economy policies, which are thought to 
slow down growth and employment, hinder development in these countries (Mustunsir, 2015: 313). 

3. SUSTAINABLE TEXTILE DISCUSSION IN TURKEY 

Turkey is a country that started its industrialisation process late but has a significant share in its economy, especially 
in the manufacturing industry. It can be said that the textile sector is one of the dominant sectors in the 
manufacturing industry. Green growth and sustainable growth discussions are very important for Turkey, which 
carried out its industrialisation policy within the framework of an export-based industrialisation strategy in the 1980s. 
In particular, the products produced in the textile sector are exported mostly to EU countries. It is clear that 
sustainable green economic policies will force change in the manufacturing industry within the framework of the 
EGD in Turkey. On the other hand, it is seen that the material-oriented structural change of the sector contradicts 
EGD, which aims to transition to a green and circular industry (European Commission, 2019: 3). What is important 
at this point is whether Turkey, which aims to transform its industrialisation policy from low value-added product 
production to high value-added product production, has the opportunity to realise this green transition process in 
the short-medium term.  

 

Figure 17: Leading countries importing chemical filament fibres worldwide in 2021(in billion U.S. dollars) 
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Source: Stastista (2022a) 

The material transformation seen in the textile industry today is important in determining the profit from production. 
Turkey is import-dependent in terms of textile materials, as illustrated in Figure 1. Most of the human-made 
(synthetic, chemical) fibre used in textiles is imported. For countries like Turkey, it has come to the limit of making 
big profits in textiles with only low labour costs, logistics advantages, and raw material trade, which consists of 
labour-intensive production processes such as cotton. Adapting to the change in the sector is the main goal of 
producers, associations and capital organisations in this field. In this sense, the determination of the chemical 
industry as the priority sector in the 11th Development Plan seems to be in line with industrial policies including 
changes in textiles, technology-intensive production targets, and articulation in accordance with competitive 
conditions in international trade. In addition, the expenditures of large scale-capital on polyester production in the 
textile sector can also be read as a reflection of the growth-oriented preference. 

Today, the textile sector is one of the main production fields that causes ecological destruction in terms of dyestuffs 
used in production, use of human-made fibres such as polyester, and production waste (Quantis, 2018: 31). It 
involves actors from agricultural, natural and chemical fibres, dyes and chemical manufacturing, textile and apparel 
industry, highly complex retail and service sector, water usage, waste treatment. As production possibilities 
developed, there was a disengagement with traditional production, and the variety of products and materials 
increased with the effect of fashion trends. Today, the production of finished goods in the textile sector has reached 
significant levels globally and has become one of the dominant sectors in many underdeveloped and developing 
countries. An increasing volume of production also means increased ecological destruction in production, 
consumption, and circulation of commodities. Therefore, the emergence of local, fair, and clean production in 
textiles as a necessity is important to determining today's policies when we take into account the global ecological 
struggles. In this sense, sustainability practice in textiles means efforts to use natural fibres such as linen and wool, 
clean clothes, better cotton practices, reuse, and recycling processes. Although recycling practices are given 
importance in textiles, this field emerges as a separate industry. Increasing the use of natural fibre, putting on the 
market the finished goods produced from recycled materials, need-oriented production, and supporting local, clean 
and fair production against the fast-fashion trend in fashion seem to be practices that will increase sustainability in 
textiles. 

The linear flows of capital accumulation and growth processes that we see in the development literature are 
replaced by circular economies in the sustainable development process. At this point, many features, such as the 
use of clean, renewable energy instead of fossil fuels, the intensification of upcycling and recycling processes, and 
resource-efficient production can be mentioned in circular economies. "Sustainable manufacturing is defined as 
the creation of manufactured products that use processes that are non-polluting; conserve energy and natural 
resources; are economically sound and safe for employees, communities, and consumers" (Curteza, 2011:5). 

 

Figure 2:  Production of polyester fibres worldwide from 1975 to 2020 

Source: Stastista (2022b) 

The textile industry has undergone significant changes in terms of material content, especially since the 1990s with 
polyester, a petrochemical product, taking the place of cotton, which is the most commonly used natural fibre in 
textiles (Figure 2). The increased production of polyester means the production of a high-tech, chemical-
industrialised material as it is obtained from petroleum melted. It must go through technological processes in order 
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to become a fibre. It can be produced faster and therefore cheaper, whereas natural fibres are dependent on 
nature. However, it is a very difficult and costly material to recycle. While it is clear that polyester is not an 
ecologically clean or sustainable material, the rate of chemicals used in the production of natural fibres such as 
cotton has increased over time. Apart from material production, textiles have become one of the most chemical-
intensive industries in the world, especially due to dyeing and finishing processes. More than 8000 different 
chemicals are used in the textile industry today. These chemicals harm human health and the environment directly 
or indirectly (Kant, 2012:23). Since all the chemicals used are applied to the textile products with water baths, textile 
production is one of the industries that consumes the most water and pollutes it (Shaikh, 2009: 48). It is supported 
by studies indicating that recycling textile wastes generated as a result of production and consumption have an 
important economic power (Altun, 2016: 17-18). In this sense, effective waste management is considered very 
important in terms of sustainability. However, the attitude to be taken against the ecological crisis we are 
experiencing today should be not to create waste beyond effective waste management. In this respect, in a 
production environment where industrialisation continues unabated, sustainable development discourses only 
mean postponing the crisis. 

4. CONCLUSIONS 

While industrial policies for developing countries such as Turkey maintain their importance today in terms of the 
continuity of capital accumulation, whether it is at a level to focus on ecological limits points to a contradictory area. 
A critical perspective on this issue should go beyond the concept of sustainability and focus on the deep 
relationships of the production structure. All the specific characteristics of the capitalist production structure, which 
we define as the capital accumulation process, are important determinants of industrialisation policies. Materials 
and products that will ensure the continuity of the accumulation and that will be produced and circulated rapidly are 
used in the production and consumption process regardless of their ecological effects. From this point of view, it is 
contradictory how much the sustainability policies, which are trying to be institutionalised by the EU, will work at 
the macro scale. 

Textile production in Turkey has been significantly affected by the structural transformation in the sector, especially 
in terms of material supply. The polyester fibre used in textiles is an important import item, therefore, Turkey is 
dependent on imported inputs in terms of materials in textile production. As the amount of human-made and 
synthetic materials used in the sector increased, Turkey lost its position in textiles as an important cotton producer. 
However, cotton cultivation areas and cotton production have decreased over the years due to development 
strategies. The decrease in cotton cultivation areas is related to Turkey's economic transformation from agriculture 
to industry and industrialisation strategies. On the other hand, the fact that it is an importer of polyester can be 
associated with its lack of capital accumulation to make the necessary technological breakthrough in production. 
In this sense, one of the main contradictions of developing countries is also seen in the example of Turkey. Turkey 
has given up on agricultural areas that will produce sustainable materials, but it has not been able to obtain the 
capital accumulation to produce materials with high added value. 
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Abstract: Energy-efficient cooling and ventilation is critical to reduce carbon emissions and cut energy bills, 
especially for traditional data centres, which use around 20% of global data centre energy demand. This paper 
presents the latest deployment demonstration projects using the super performance dew point cooling technology 
in real life data centre businesses. With over 15-years’ continuous endeavour, the researchers at the University of 
Hull have developed a specialised indirect evaporative cooler which has achieved a COP of 52.5 in the laboratory 
setting. With the super performance cooler tested in laboratory in 2021, the authors have applied and demonstrated 
the technology in two real-life data centres to meet the peak cooling demand of up to 100 kW. This was the first 
project which applied the technology to real-world business in a relatively large scale, which has generated 
surprising results that were highly valuable and interesting to share with peers working in the field of low carbon 
technologies, especially the sustainable heating and cooling area. This paper covers the latest findings from the 
project, including the innovations, the project, the demonstration system, energy performance, real life data and 
results, as well as the project learnings.  
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1. INTRODUCTION 

Digitalisation is everywhere, from video streaming or video conference to automated customer service and the 
increasing number of smart devices. As a result, enormous amounts of data are being processed by servers in 
data centres and there is a growing amount of energy being used to control the temperature and the humidity of 
the data centres. Today, data centres are using around 200 terawatt hours (TWh) each year, according to the 
International Energy Agency (IEA 2021). The European Union is expecting the energy consumption of data centres 
to rise from 2.7% of the electricity demand in 2018 to 3.2% by 2030 (European Commission 2020). While traditional 
data centres are being moved to energy-efficient hyperscale data centres, the number of the remaining traditional 
data centres are enormous and are taking a significant 20% of the world’s data centre energy consumption (IEA 
2021). To tackle the essential requirement of data centre decarbonisation and energy saving, it requires the 
application of cutting-edge clean technological and practical innovations to optimise the energy consumption of the 
old cooling technologically equipped data centres.  

With over 15-years’ continuous endeavour, researchers at the University of Hull have developed a super 
performance dew point cooler which, having a COP of 52.5, could achieve around 90% and 50% savings in 
electricity consumption compared to traditional mechanical vapour compression and evaporative cooling systems 
respectively. This paper presents two real-world data centre cooling projects where a series of innovations were 
applied to provide the cooling and ventilation by using the super performance indirect evaporative cooling, i.e. the 
dew point coolers developed at the University of Hull.  

2. THE DEW POINT COOLING TECHNOLOGY AND THE INNOVATIONS 

The dew point cooling technology is a type of indirect evaporative cooling technology as shown in Figure 18(a). The 
product air for air supply is cooled by the water evaporation effect of the adjacent wet channel, which reduces the 
product air temperature without changing the moisture content (Glanville, Kozlov and Maisotsenko, 2011). 
Meanwhile the working air of the wet channel becomes humid and leaves the system. The minimum product air 
temperature in theory of this configuration is the wet-bulb temperature of the working air. To maximise the 
temperature reduction effect, a dew point cooling principle was proposed as shown in Figure 18(b), where a part of 
the product air was extracted to the entrance of the wet channel as the working air. The partial extraction, water 
evaporation, and air flow sensibly cooled the working air before it entered the wet channel. The arrangement 
enabled the product air to be cooled to a sub-wet-bulb temperature of the ambient intake. Under ideal conditions, 
the product air could be cooled to the dew point of the incoming ambient. The air treatment process is shown in 
Figure 19.   

 

Figure 18: The air flow arrangements: (a) indirect evaporative cooling, (b) dew point cooling  
(Glanville, Kozlov and Maisotsenko, 2011) 
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Figure 19: Air treatment process for supply air to the data centre and exhaust air to the external environment 

With over 15-years’ continuous endeavour by the researchers at the University of Hull, a super performance dew 
point cooler was developed as shown in Figure 20, which was innovative in terms of the four perspectives: (1) a 
complex heat and mass exchanger, (2) a high-performance wet agent, (3) an enhanced control strategy, and (4) 
an optimised fan configuration. The complex heat and mass exchanger was comprised of numerous sheets which 
were perforated on one side for working air extraction and the sheets were also corrugated to increase the heat 
transfer area. Comparing to a conventional flat plate heat exchanger, the complex heat and mass exchanger 
increased the heat transfer area by around 40%. It also removed the triangular air guides and thereby reduced the 
air flow resistance across the channels by around 50-56% (Xu et al. 2016). For the wet agent, a series of 
investigations were carried out to select the optimal wet agent for the water absorption, diffusivity, fast evaporation, 
strong binding to the heat exchanger sheet, and anti-bacteria capability. Additionally, optimisations were conducted 
to an extensive level by minimising the moving parts and improving the control strategy, which included the best 
fan configuration, as well as the enhanced dynamic control of water supply and fan power.  
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Figure 20: The heat and mass exchanger of the dew point cooling technology (Xu et al. 2017) 

A series of prototypes have been developed by the researchers who has conducted several projects to demonstrate 
the performance, overcome innovation challenges and lift the Technology Readiness Level (TRL). Particularly, the 
prototype of a 4 kW cooling capacity achieved a super performance of 52.5 under the ASHRAE Standard 143 and 
it has been tested thoroughly under a list of climate conditions (ASHRAE 2015; Xu et al. 2017). Apart from the tests 
in laboratory, a large scale 20 kW cooling prototype has been built, installed, and field-tested in a factory workshop 
of Sinogreen Ltd. The prototype proven in laboratory test conditions and large scale proven in the factory workshop 
have brought the innovation to TRL 6. To facilitate a continuous development of the innovation, recently, the authors 
have overcome more innovation challenges and raised the innovation from the level of proven prototype to the 
level of deployment by demonstrating the technology in live data centres of real-world business, lifting the TRL 
from 6 to 8. The following section presents two deployment demonstration projects of the technology, one at the 
Aura Innovation Centre and the other at the Maritime Data Centre, both located in Hull, the UK.  

3. DEPLOYMENT AND DEMONSTRATION OF THE TECHNOLOGY 

The dew point cooling technology was demonstrated at two live businesses and generated significant value by 
controlling the indoor environment energy-efficiently. The two demonstration sites were the server room of Aura 
Innovation Centre and the data centre room of the Maritime Data Centre.  

3.1 Aura Innovation Centre 

The server room of Aura Innovation Centre, located in Hull, UK, was a 20 m2 server room with a maximum cooling 
load of around 6kW. In June 2021, the authors completed the installation and undertook testing of the dew point 
cooling system for the server room. Two 4kW rated dew point coolers were installed in a steel container located 
externally to the server room, as shown in Figure 21. Supply and return ducts were designed and installed to provide 
the cool product air supply and warn return air extraction. The system has been in operation since its commission 
in June 2021 since when the authors have been continuously monitoring the system performance and the results 
are presented in the Section 4.   
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Figure 21: The dew point cooling system for the server room at Aura Innovation Centre at Hull, the UK 

3.2 Maritime Data Centre 

In addition to the small-scale application, the technology was applied to a relatively large-scale data centre room 
at the Maritime Data Centre in Hull. With the funding and support from The BEIS Industrial Energy Efficiency 
Accelerator (IEEA) (GOV.UK 2021), the authors from the University of Hull worked with industrial partners (NPS 
Humber, EPS, and AIRCO) and Hull City Council to design, construct, install, and demonstrate ten 10kW rated 
modular units (total 100 kW) at the Maritime Data Centre. The cooling units were installed externally next to the 
data centre room, as shown in Figure 22. Because of the limited indoor space and with the indoor space being using 
as offices, the authors designed the ducts to connect the data centre room and the cooling units. The design 
allowed the indoor air to be extracted through the existing window to the cooling units for cooling and to be sent 
back into the room. The system operated continuously for six weeks from 17/09/2021 to 31/10/2021. The units 
operated stably without equipment failure that occurred during the monitoring stage.  
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Figure 22: Sketches of the ducting system and the dew point cooling units 

4. THE PERFORMANCE OF THE TECHNOLOGY IN REAL-LIFE DATA CENTRES 

The key performance parameters were cooling capacity and coefficient of performance (COP), which are calcuated 
in the follow Equations (1) and (2).  

𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = �̇�𝑎⏟
𝑎𝑖𝑟 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒

× 𝑐𝑝⏟
𝑎𝑖𝑟 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

× (𝑇𝑟𝑒𝑡𝑢𝑟𝑛 − 𝑇𝑠𝑢𝑝𝑝𝑙𝑦)⏟            
𝑑𝑟𝑦 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒

 (1) 

  

𝐶𝑂𝑃 =
𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑘𝑊)

𝐷𝑃𝐶 𝑝𝑜𝑤𝑒𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (𝑘𝑊)
 

(2) 

4.1 The performance at the Aura Innovation Centre 

With respect to the Aura Innovation Centre’s two units cooling system, Figure 23 presents one of the unit’s 
performance in August/September summer 2021 and October/November winter 2021; the other unit produced 
similar results. Table 2 lists the summary of the cooling capacity, power consumption, and COP. Both cooling units 
operated with average input power of 65W to 90W and produced the cooling capacity of 2kW to 3kW, showing that 
they were highly energy efficient with the average COP above 30.  

 

Figure 23: The cooling capacity and COP of one of cooling units at the Aura Innovation Centre 
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Table 2: The summary of the dew point cooling system performance at Aura Innovation Centre in Summer and Winter 

Summer Aug 2021 – Sept 2021 Winter Oct 2021 – Nov 2021 

Unit 1 Unit 2 Unit 1 Unit 2 
Average 
cooling 
capacity (kW) 

3.1 
Average 
cooling 
capacity (kW) 

2.6 
Average cooling 
capacity (kW) 

2.2 
Average 
cooling 
capacity (kW) 

2.5 

Average 
power (kW) 

0.090 
Average power 
(kW) 

0.056 
Average power 
(kW) 

0.069 
Average power 
(kW) 

0.065 

Average COP 34.4 Average COP 46.6 Average COP 31.9 Average COP 38.5 

4.2 The performance at the Maritime Data Centre 

With respect to the Maritime Data Centre’s 10 unit cooling system, Table 3 presents the summary of the system 
performance during the demonstration period from 17/09/2021 to 31/10/2021. The system was highly energy 
efficient producing an average cooling of 53.5kW with a power input of 1.8kW, achieving the average COP of 29.7. 
The indoor air temperature of the data centre server room was maintained in the range of 18°C to 25°C with the 
air temperature high in the hot aisles (left and right of the room) and lower in the cold aisle (centre of the room), as 
shown in Figure 24. The indoor air relatively humidity was also stable for the units operation, as shown in Figure 25. 
The indoor air temperature and relative humidity range met the recommendations of ASHRAE guidance (ASHRAE 
2016).  

Table 3: The cooling capacity and COP at the Martime Data Centre 

Average cooling 
capacity (kW) 

Average power 
consumption (kW) 

Average COP  
Maximum 
COP 

53.5 1.8 29.7 48.3 

 

Figure 24: Indoor air temperature of Maritime Data Centre server room 
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Figure 25: Indoor air relative humidity of Maritime Data Centre server room 

To measure the impact of the dew point cooling technology application, the authors have monitored the power 
consumption of the existing air-conditioning system at the demonstration site. During the demonstration, the 
existing air-conditioning system was set to cooling mode when the dew point cooling was off, and it was set to 
standby mode when the dew point cooling was on. The existing air conditioning system in cooling mode required 
power of 13kW to 33kW for the chiller and 22kW for the indoor air handling units. Figure 26 shows the average 
power consumption of the chiller onsite from 16/09/2021 to 31/03/2022. The use of the dew point cooling units 
reduced the power consumption of the chiller from 13-33 kW to the standby power consumption of around 5kW. 
The application of the dew point cooling system reduced electricity bills significantly. If the Maritime Data Centre 
operated solely on dew point cooling without using the standby existing air-conditioning system, it could achieve 
95% energy savings by reducing the power consumption from 35.5kW to 1.8kW, which corresponds to electricity 
energy savings of 808kWh per day and 295,197kWh per year along with electricity bill savings of £145 per day and 
£53,135 per year.  

 

Figure 26: Average power consumption of the existing chiller at the Maritime Data Centre 
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5. CONCLUSIONS AND FUTURE WORK 

The authors have been continuously developing the dew point cooling technology to improve the TRL level. This 
paper presented the innovations of the technology and two real-life deployment projects, which lifted TRL from TRL 
6 (proven in laboratory and field-tested at scale in a workshop factory) to TRL 8 (commercial demonstration in live 
data centre server rooms).  

The two deployment demonstration projects have proven the technology can provide the super performance 
energy-efficient cooling for the data centre server rooms. For the Aura Innovation Centre server room, the average 
power consumption of the system was around 150W and the average COP was over 30. For the Maritime Data 
Centre server room, the dew point cooling system achieved an average cooling capacity of 53.5kW, average power 
consumption of 1.8kW, average COP of 29.7, and maximum COP of 48.3. Applying the dew point cooling 
technology could reduce the power consumption of the demonstration site by 90%.  

The promising result from the commercial demonstration is generating a list of ongoing research, development, 
and application of the technology. The projects include carrying out further commercial development of the 
technology, building more demonstration sites and locations, and applying the technology to buildings other than 
data centre server rooms, such as factory warehouse and other non-residential buildings.  
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Abstract: The last hundred years have marked the sustainability of our planet. Today we live in a very interesting 
but also terrifying historical step. This step of the life of the earth is interesting because its destiny is in our hands; 
therefore, what the Earth will be tomorrow depends only on us all. But this historical period is also terrible because 
our generation is the first to have the power to destroy everything in a short time and therefore to compromise 
forever the future of our planet and its immense cultural heritage. Especially in the last century (twentieth century), 
man has perfected his ability to adapt to the different natural environments present on Earth, but to do this he has 
modified the territories in relation to the needs of the communities. All this has been achieved by forgetting the 
principles of sustainability linked to local cultural values. In fact, with our actions, we have destroyed and continue 
to destroy natural environments fundamental to the balance of our planet, consolidated over millions of years of 
evolution. This paper intends to focus attention on the values of the cultural heritage of the planet and how this 
heritage is fundamental to direct our present and future choices in dialogue with the principles of sustainability. For 
these important reasons, it is now essential to activate educational programs on the cultural heritage of the Earth 
and develop projects shared with the local needs of the communities. This paper will also present some application 
cases carried out in different countries of the world, especially in primary education schools. 
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1. INTRODUCTION  

The adoption of the United Nations 2030 Agenda for Sustainable Development and the World Conference on 
Cultural Policies (MondiaCult https://www.unesco.org/en/mondiacult2022) which will be held in Mexico City from 
28 to 30 September 2022, have favored the programming of numerous seminars at a global level with the aim of 
putting the value of culture back at the centre, the integration of cultural aspects through the Sustainable 
Development Goals (SDG) and the participatory sharing of local communities to analyse best practices aimed at 
the sustainability of the Earth. 

In order to enhance the dialogue between culture and sustainable goals in 2021, the report "Culture in the 
Localization of the SDGs: An Analysis of Voluntary Local Reviews" (#culture2030goal, https://culture2030goal.net/, 
Figure 1) was published, which analysed the actions taken by individual states regarding the implementation of the 
SDGs and also provided specific recommendations on how to consciously address this issue structuring specific 
local government policies. 

 
Figure 1: Cover of the report “Culture in the Localization of the SDGs: An Analysis of Voluntary Local Reviews” 

https://culture2030goal.net/ 

In particular, this report aimed to assess the different cultural perspectives of individual states, providing 
suggestions on the implementation of the SDGs and how these should be implemented in the present and near 
future in relation to a program of global democracy. 

Meanwhile, the analysis of the individual geographical contexts has revealed a diversified way of implementing the 
2030 Agenda within development policies and although a good majority - about 54% - of the states worldwide have 
included in their program the implementation of sustainability, substantially this does not find concrete operational 
applications and therefore benefits in favour of local communities are not yet visible. 

There is no doubt that at the government level many states have put in place commissions and good intentions for 
the implementation of "cultural plans" but to date substantial actions are still very scarce. 

The analysis of local policies reveals a framework that is still not sufficiently favorable, so much so that "culture as 
a fourth dimension" finds clear implementation references only in a share equal to 13% of the programs promoted 
at the social, economic, cultural and environmental level in the international arena. Only 5% are actively focused 
on issues related to human rights, knowledge, education and cultural structures, all in favour of a correct 
management of the economy of culture worldwide. 

Although the commitment of local leaders is focused on sustainability and welfare actions, also proudly presenting 
quality programs for the development of territories, we are still far from correct implementation practices focused 
on the concept of "culture" as a determining factor for the development of projects able to focus on citizen 
participation. 

There is no doubt that culture is considered a fundamental element for a conscious approach to the development 
of communities, but the fourth dimension requires the incorporation of the SDGs into short- and long-term urban 
strategies, cultural planning policies and tools, educational and professionalizing programs. 



55 

 

The instruments of “cultural policy” must in fact increasingly address the issues of accessibility to culture, education, 
respect for cultural and human rights, respect for diversity, the enhancement of local heritage, knowledge of 
indigenous culture, interculturality, peace, and therefore all those values that guide society in its evolution. 

Thus, to start implementing cultural policies on the territories, it is essential to put back at the centre the value of 
education and training of communities through projects able to make the local cultural heritage known, favoring its 
conservation, and therefore raising awareness of the behavioral and procedural change of governance towards 
new cultural paradigms respectful of our heritage. 

In fact, there is an increasing need to overcome schemes and methods that have shown that they do not respect 
the common interests and the needs of communities except by favoring only some lobbies, still entrenched in 
defending positions and practices that no longer have any validity in dialogue with the development of human and 
economic capital. 

All this shows that territorial development policies must be increasingly in cohesion with social inclusion projects, 
promote the enhancement of human capital, make culture accessible to all by increasing the standards of quality 
and quantity of educational services. 

Precisely these educational services must be an active part of the strategies related to territorial policies and the 
democratisation of culture for economic development. 

The symbiosis between culture and economy, in fact, cannot pursue positive objectives if the theme of education 
and formation of communities is excluded. 

Even the Tokyo Charter (2021) in Article 2 affirms that: 

Every locality and community in the world have its own culture and heritage that must be preserved, 
protected, shared, and cherished. This gives rise to the rich diversity of cultures and heritages that 
exist throughout the world and in every geographical region of the world. Creating and cultivating the 
proper methodological approaches and techniques to know and understand these cultures and 
heritages is not only the key to respecting and appreciating them as well as their cultural and 
historical differences, but also the solution to achieving “unity in diversity” and respect for the diversity 
of cultural and heritage expressions throughout the world. 

Also, the Charter of Tokyo, in article 3, confirms the responsibility of citizens in confirming the role of culture in 
support of inherited heritage 

Education in cultures and heritages requires going far beyond collecting information about past and 
present accomplishments as well as historical and contemporary realities.  The most important 
objective is to encourage children and young people to joyfully and creatively appreciate their own 
cultures and heritages and those of others, and not just their material, physical, and technological 
manifestations.  This objective, which emanates from knowledge designed to strengthen personal 
responsibilities, values, and ideals, requires a pedagogical commitment to enhancing and enriching 
cultural and heritage education in a conscious, deliberate, and systematic manner.  This is imperative 
in acquiring the knowledge, information, understanding, and insights that are necessary to become 
conscious, humane, responsible, and reliable citizens at the local, regional, national, and 
international level. 

These are all the issues that have also been developed in the most recent document approved on 20 May 2022 by 
the Commission of Ministers at the Council of Europe, Recommendation CM/Rec(2022)15 of the Committee of 
Ministers to member States on the role of culture, cultural heritage and landscape in helping to address global 
challenges (https://search.coe.int/cm/Pages/result_details.aspx?ObjectID=0900001680a67952) which since 
Article 1 consolidated the importance of pursuing actions at government level aimed at further developing a new 
understanding of cultural resources, cultural heritage and landscape – and thus new policies – as strategic 
elements to help address global challenges and as drivers of social transformation, with the aim of creating a 
diverse cultural space and a safe and sustainable environment,  accessible to all, as a basis for democratic 
societies. All this will help foster the promotion of local cultural resources, cultural and landscape heritage and the 
use of traditional knowledge and practices, in order to contribute to the United Nations 2030 Agenda for Sustainable 
Development and the goals of the Paris Agreement, and map the threats implemented by climate change. 
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2. PATHS OF INTEGRAL HUMANIZATION FOR EDUCATION TO CULTURAL HERITAGE 

The goal of “integral humanization”, also elaborated by the German architect Walter Gropius (1883-1969) in many 
of his writings, is aimed at promoting people-centered approaches, on the connections of communities with heritage 
and places, on dialogue and intercultural understanding, on sustainability and well-being, thus addressing local 
policies and practices for the conservation and enhancement of cultural heritage. Only in this way will the 
transmission of cultural heritage to future generations be best achieved in compliance with processes aimed at 
strengthening the development of communities, while promoting a just transition towards a sustainable future 
(Niglio, 2022). 

Meanwhile, analysing the realities of the different countries of the world, from east to west, there is a need to 
activate a new "humanism" and for this reason it is necessary that culture actively participates in its entirety in all 
the design and projection of the new and innovation on which it is important to focus from now on. To do all this, 
however, it is necessary to start from educational programs and the younger generations and thus plant new seeds 
to obtain a good fruit and with it a good harvest soon. Therefore, we must be able to design educational paths that 
can build a better world, an educational environment in which the younger generations not only feel that they are 
implementers of new knowledge, but also assume a creative role, being creators, themselves, of their own 
educational processes and considering the community as a primary source of knowledge in the field of culture and 
heritage. 

In the current context in which humanity lives, positions have finally opened up to real change, in which everyone 
has the opportunity to make innovations, thanks to an interdisciplinary dialogue, in order to overcome those 
ideological obstacles anchored to a past that is no longer working in the best way and above all in synchrony with 
policies aimed at embracing nature and the well-being of all living forms. 

To bring about this important and constructive change, it is important to understand the responsibilities that each 
of us has in implementing our actions and how these will shape the near future. In fact, it is essential to increase 
awareness that only thanks to education in culture is it possible to face a constructive change and thus guide the 
development of the nations of the world to come.  

The Canadian D. Paul Schafer, an expert in the economics of culture and founder and Director of the World Culture 
Project based in Markham, in a last manuscript titled “A tale of two ages and the quest to create a peaceful, 
harmonious, equitable, sustainable, and spiritual world”, affirmed 

[…] It is a well-known fact that the age of economics began with the publication of Adam Smith’s 
book The Wealth of Nations in 1776. This book is predicated on the belief that the creation of goods, 
services, and material and monetary wealth is achieved most effectively when people specialise in 
very specific production functions. When this occurs, Smith believed a tremendous amount of 
material and monetary wealth could be created and everything would work out for the best because 
an “invisible hand” was always at work to ensure that this would happen. It should be noted here that 
Smith made a fundamental distinction between “productive” and “unproductive” labour: productive 
labour was labour that produced material products such as those created by farmers, industrialists, 
factories, and companies; unproductive labour was labour that didn’t produce material products, 
such as the ones created by artists, humanists, intellectuals, and the like that were not material, 
concrete, or durable in nature. 

[…] Given arguments as compelling, pervasive, and prevalent as this, is it any wonder that virtually 
all other interpretations of history and how people’s involvement in the world works ceased and were 
not commenced again except in very esoteric places? This is because the most powerful people, 
organisations, and countries in the world at that time decided that making economics the centrepiece 
and principal preoccupation of societies and countries was the right way to go in the future. As a 
result, developing economics and economies, generating economic growth, and enjoying all the 
profuse benefits that could be derived from this was accorded the highest priority and central place 
in the world, first in the private sector and the western world and much later in the public sector and 
most other parts of the world. When this happened, the entire world and all people and countries in 
the world were totally immersed in the economic age, which is still the case today. 

So if the reality is that today existence has always been attributed to the ability to produce economy, it is also true 
that we are now facing a stage in the history of the world in which we must put back at the centre first of all those 
works that do not produce material products, but rather creativity and therefore we must focus on the cultural 
development of the territories and on the enhancement of local heritage. 



57 

 

There is no doubt that in this historical phase human needs and development needs must be addressed by valuing 
above all social models based on local culture, on the heritage of traditions and on the natural principles that 
regulate individual territories. For this reason, all together we must work to do justice to the laws of nature, and to 
the needs of people. So it is essential to focus our energies on improving the environmental situation, on the use 
of renewable resources, on the enhancement of local resources, on reducing social inequalities and poverty. To 
find the right solutions to these important world problems we must return and reflect on the meaning of the cultural 
heritage of the individual territories, because only through local development policies can we build a better, more 
equitable, supportive and productive world for all. At the base of these aims there are obviously the issues of health, 
education, nutrition and safety. 

Precisely on these purposes in 2020 the pedagogical method "Reconnecting With Your Culture" (Figure 2 and 
Figure 3) was born, active in over 50 countries of the world and which has put the awareness of young people back 
at the center in the construction of the future thanks to the enhancement of their cultural roots. In fact, without 
knowing and preserving our history we cannot build the future (Niglio, 2021a). 

 

Figure 2: Logo of the international pedagogical method “Reconnecting with your culture” 

 

Figure 3: Cover of the accessible guide to the pedagogical method 
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This experience is thus implemented in the context of educational initiatives that schools and universities must 
increasingly implement to promote and encourage active cultural policies centered on local communities. We are 
in fact at the beginning of the last decade of action for the implementation of the United Nations Sustainable 
Development Goals, agreed by the international community as a common roadmap and we must not shirk this 
commitment. 

Indeed, UNESCO invites its Member States and the international community to undertake continuous reflection on 
cultural policies to address global challenges and outline immediate and future priorities. Therefore, the 
pedagogical method "Reconnecting with your culture" intended to lay the foundations for important reflections on 
the role of schools and local institutions in order to encourage and develop local culture also in accordance with 
what the Mexico City Declaration on Cultural Policies World Conference on Cultural Policies (1982) has already 
established in its introductory proposals affirming that it is only culture that gives man the ability to reflect on himself.  

[…] it is culture that gives man the ability to reflect upon himself. It is culture that makes us specifically 
human, rational beings, endowed with a critical judgement and a sense of moral commitment. It is 
through culture that we discern values and make choices. It is through culture that man expresses 
himself, becomes aware of himself, recognises his incompleteness, questions his own 
achievements, seeks untiringly for new meanings and creates works through which he transcends 
his limitations. 

From 2020 to 2022 the results, which the pedagogical method has achieved, have been exciting and have allowed 
all the international committees (RWYC) to experiment and implement the methodology in dialogue with the needs 
of local communities and above all to enhance the natural resources of individual territories in favor of sustainable 
projects useful for local development. Certainly, the pedagogical program applied in schools, from childhood to 
university, has made it possible to put people, creativity and therefore that fundamental intangible product back at 
the center and then build material products but fundamental to local needs. 

Thus, today, exactly after forty years (1982-2022), these aims are once again echoing as topical as ever, which we 
must rework in relation to the contemporary needs of the communities and putting people back at the center and 
their respective cultural, social, economic, and political values fundamental for a correct sustainable development 
of the territories.  These experiences help us understand that talking about sustainability means knowing and 
appreciating the heritage of the Earth that hosts us. It is a complex legacy based on the laws of nature that we 
have forgotten but that it is now essential to regenerate to find the right answers to the future of our common home.  

Even the Stockholm Declaration of 1972, which this year celebrates its 50th anniversary, in the first three articles 
underlines the responsibility of society that has shaped and modified the territories following the laws of 
globalisation with the sad consequence that we are living today in a sick world. 

Art.1. Man is both creature and molder of his environment, which gives him physical sustenance and 
affords him the opportunity for intellectual, moral, social, and spiritual growth. in the long and tortuous 
evolution of the human race on this planet a stage has been reached when, through the rapid 
acceleration of science and technology, man has acquired the power to transform his environment 
in countless ways and on an unprecedented scale. Both aspects of man's environment1 the natural 
and the man-made, are essential to his well-being and to the enjoyment of basic human rights - even 
the right to life itself. 

Art.2. The protection and improvement of the human environment is a major issue that affects the 
well-being of people and economic development throughout the world; it is the urgent desire of the 
peoples of the whole world and the duty of all Governments. 

Art. 3. Man has constantly to sum up experience and go on discovering, inventing, creating, and 
advancing. In our time man's capability to transform his surroundings, if used wisely, can bring to all 
people the benefits of development and the opportunity to enhance the quality of life. Wrongly or 
heedlessly applied, the same power can do incalculable harm to human beings and the human 
environment. We see around us growing evidence of nan-made harm in many regions of the earth: 
dangerous levels of pollution in water, air, earth, and living beings; major and undesirable 
disturbances to the ecological balance of the biosphere; destruction and depletion of irreplaceable 
resources; and gross deficiencies, harmful to the physical, mental and social health of man, in the 
man-made environment, particularly in the living and working environment. 

All this testifies that we must now work to put society back in dialogue with the laws of nature, to which man belongs, 
and therefore enhance local cultures, specific traditions and a truly sustainable world. The search for sustainability, 
in fact, starts from the enhancement of the laws of nature. 
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3. SUSTAINABILTY AND CULTURE 

The importance of environment-human relationships is of undeniable importance to Cultural Heritage but the 
attempts to focus on the interactions as an object of study and to develop concepts and theory have had not yet 
achieved the status what they should have. This resulted in making the discipline of the Cultural Heritage in its 
contents both complex and contested; however, these very facts should be a stimulus rather than a deterrent. 
Approaches from both science and the humanities are required for a full understanding, which demands a team 
approach in cross-cultural and interdisciplinary perspectives. Simplistic models of how the environment affects 
society, and vice versa, have been a subject of contesting struggle in the course of the growth of contemporary 
society where new interpretations on the line of cultural transformations and adaptation of technology are being 
developed (Niglio, 2021b).  

In the different phases of the development of the discipline of Cultural Heritage, instead of recognising the diverse 
and reflexive nature of environment-human interaction, determinism portrayed the environmental relations of 
society in terms of a direct, one-way, causal link,  as exemplarily advocated by Ellsworth Huntington (1876- 1947), 
a professor of geography at Yale University, who propounded the case for climatic determinism, and Ellen Churchill 
Semple (1863-1932), an American geographer and the first female president of the Association of American 
Geographers, who describes man as servitudes to nature. The suggestion allows us to refocus on the meaning of 
two important words: Culture and Sustainability to demonstrate how the answers to sustainability issues have 
important cultural roots (Schafer, 2008). 

After 19 years, on March 2021 at the university of Jena the Canadian and German Commissions for UNESCO, the 
International Council for Philosophy and the Human Sciences, the Social Sciences and Humanities Research 
Council of Canada, the World Academy of Art & Science, The Club of Rome, the Academia Europaea, and the 
International Geographical Union have signed the Jena Declaration “Humanities and Social Sciences for 
Sustainability” where the article 6 declares:  

[…] Cultural, social and natural dimensions of everyday practices are all inherently connected, locally 
embedded, and globally interrelated in specific ways. This insight requires leadership that transcends 
disciplinary silos while benefiting from each discipline’s findings and is supported by new forms of 
research organization […] 

This Transcultural dimension, underlined also from Professor Benno Werlen at Jena University, is an important 
reference if we want to analyse the Cultural Heritage in dialogue with the topics of Sustainability. Only an ethical 
commitment allows us to improve this dialogue between Heritage and Sustainability and for this reason we need 
to strengthen the different cultural paradigms and thus the local culture. 

So, this new cultural perspective helps us to understand that we must valorize the different meanings of the Cultural 
Heritage in the world, observing and respecting diversity and finding opportunities for growth and sustainable 
development precisely in these diversities. 

Now we must reflect on this dialogue between Culture and Sustainability and consider this relationship as the 
“fourth dimension” of our reality. Giving up valorizing this important dimension, we cannot build a better world. 

4. CONCLUSION  

Eleonora Barbieri Masini, Italian sociologist, Emeritus professor at the Pontifical Gregorian University in Rome and 
President of World Futures Studies Federation, located in Paris, wrote many important articles and book that 
allowed us to approach more the role of culture in our life. 

In 1998, during the discussion at the Budapest University for the degree Honoris Causa, Eleonora Barbieri 
introduced important suggestions about the responsibility of the humanity and the environmental sustainability. 

[…] The rapidity and interrelatedness of change in different areas, from the technological to the 
economic, political, cultural and even psychological, are now recognized and are part of every human 
being and every human society. Using the hologram image, we can say with Edgar Morin that: “Not 
only each part of the world is part of the whole world (which we can all recognize in everyday life) 
but that the world as a whole is more and more present in each of its parts”. Morin adds that this is 
true for countries but also for individuals: “each point of the hologram contains the information of the 
whole of which it is part, thus each individual receives and uses the information and the materials of 
the whole universe” (Barbieri Masini, 1998). 
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Meanwhile, the concept of globalization has no longer allowed us to reflect on the diversity of the world and social 
homologation has favored the irreversible loss of cultures that have been fundamental for the sustainability of the 
territories. In truth, the loss of local traditions has produced irreversible damage to the development of societies 
because globalization has not respected the cultural diversities that are fundamental for the correct balance of 
ecosystems. Questions then arise about the environment’s ability to sustain a global population and to have 
sufficient natural resources to meet global needs. Unfortunately, globalization has made us believe that we live on 
an Earth that has no limits. Otherwise, not only the Earth has very important limits (not only geographical) but the 
Earth also has limited resources and for this reason, we must now work to re-enhance the local natural capitals 
and thus reorganize the social systems in dialogue with them (Barbieri Masini, 1998). 

Unfortunately, global society has taken on unsustainable and fragmentary connotations. For this reason, the time 
has come to focus on our present to build the future well within a complex reality that needs to mend this 
fragmentation in respect of local cultures. To do this we need interdisciplinary working and research groups able 
to activate studies on a future no longer based on a global society but on local societies capable of dialogue at a 
global level. This will allow us to put communities, their specific cultural values, traditions back at the center and 
above all to restore the right balance of the natural ecosystem to which we all belong. So for a sustainable world 
we must start from the cultural heritage of the Earth. Only by putting back at the center the legacies that the Earth 
has given to individual territories can we hope for a truly sustainable world.  
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Abstract: In this study, the thermal and flow analysis of a photovoltaic solar thermal collector (PV/T) cooled by 
forced water circulation was carried out by CFD (Computational Fluid Dynamics) analysis. A TINOX-coated 
aluminium absorber plate was used to enhance the thermal efficiency of the PV/T collector. The water circulating 
through the collector was drawn in via a water inlet with a diameter of 18 mm. CFD analysis of the solar PV/T 
collector was performed to examine the impact of water flow on the heat transfer. Optimum operating ranges of the 
system were determined and compared under different radiation and mass flow rates. CFD analysis of the PV/T 
collector with TINOX-coated aluminium absorber was performed under 600 W/m2, 800 W/m2 and 1000 W/m2 
radiation at 0.01–0.03 kg/s mass flow rates. A constant water inlet temperature about 15°C was considered and 
corresponding outlet temperatures of the circulating water were obtained.  
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1. INTRODUCTION 

Ever-increasing energy demand and rapid depletion of conventional energy sources has led to the global crisis of 
greenhouse gas emissions and immediate effects of global warming and climate change. Solar energy has a great 
potential and has emerged as a renewable and sustainable alternative to today’s energy-related problems. To 
utilise this source, solar energy systems are widely used for thermal and electrical energy generation. These 
systems have a relatively simple design and structure (Buker and Riffat, 2015).  

Currently, the electrical efficiency of most PV panels is in the range of 17%-25%. It means that nearly 80% of the 
solar radiation falling onto the panels is either reflected or dissipated as waste heat. The latter causes more 
difficulties leading to a decrease in open-circuit voltage (Voc) and fill factor due to temperature rise, resulting in a 
decrease in the electrical efficiency (Buker et al., 2014). To overcome this phenomenon, among other techniques, 
using water for cooling the panels is proving the most efficient method so far. Hybrid photovoltaic thermal (PV/T) 
systems harvest two forms of renewable solar energy while improving the electrical efficiency through cooling off 
the panels by using water circulation (Dağ and Kocar, 2021).  

There have been many numerical and experimental studies performed to investigate the effect of solar radiation, 
temperature distribution, mass flow rate of the circulating water on the performance of PV/T panels. As these 
studies focused more on the overall system efficiency, several studies have examined the computational fluid 
dynamics (CFD) analysis of PV/T panels considering solar irradiance, heat transfer fluid temperature, temperature 
gradient across the panel and mass flow rate of the cooling medium. To name a few, Salameh et al. (2021) 
developed a three-dimensional numerical model for the PV/T water system and simulated the flow by using the 
standard k- ε model. The thermal efficiency was estimated through the superposition method. Thermal efficiencies 
were found to be 60% at 0.4 L/min and 68% at 5.4 L/min and agreed well with the existing literature. Misha et al. 

(2020) conducted a CFD simulation and experimental validation of a PV/T system under natural Malaysian weather 
conditions. The simulations were carried out under 600, 800, and 1000 W/m2 with the mass flow rates of 2, 4, and 
5 L/m at a constant water inlet temperature of 26°C. It was concluded that the CFD results were experimentally 
validated and in good agreement with the experimental results.  The maximum thermal efficiency of 59.6% was 
achieved. Wu et al. (2021) performed thermal analysis of water-cooled PV cells by CFD and investigated the 
cooling performance of the circulation water. The analyses were carried out under 800, 900, and 1000 W/m2 of 
solar radiation and 25°C of inlet temperature and 52% enhancement in cell efficiency was achieved. Arslan et al. 
(2020) proposed a new type of PV/T system and CFD analysis was performed to investigate the temperature 
gradient across the panel. It was concluded that water cooling for PV cells was beneficial, especially under hot and 
high irradiance locations.  

In this paper, computational fluid dynamics analysis of a PV/T collector is presented. This study was novel in terms 
of the design and physical structure of the PV/T collector. The analysed collector had a unique design which was 
patented by SOLIMPEKS Solar Corp. Flow and thermal analysis of the hybrid PV/T collector was performed using 
ANSYS Fluent. The 3D coupled thermal-optical model was developed. Optical and thermal losses were included 
to evaluate the performance of the PV/T module with a translucent surface. Additionally, all layers of the PV/T 
module, including pc-Si, EVA, and Tedlar, as well as other layers were included in the analysis, and the optical and 
thermal properties of the air gap, absorber plate and pipes were simulated. 

Nomenclature  Abbreviations  
A area, m2 ARC ARC antireflective coating 
D diameter, m DO DO discrete ordinate 
G solar irradiance, W/m2 PCM PCM phase change material 
g gravity, m/s2 RTE RTE radiative transfer equation 
I radiation intensity, W/m2 EVA EVA ethylene-vinyl acetate 
n Refractive index, - PV/T PV/T photovoltaic/thermal 
P pressure drop, pa PV PV photovoltaic 
T temperature, K ARC ARC antireflective coating 
Tref reference temperature DO DO discrete ordinate 
𝑟 position vector PCM PCM phase change material 
ds path length RTE RTE radiative transfer equation 
𝑠 direction vector   
𝑠′  scattering direction vector, -   
u, v, w Cartesian velocity components, m/s   
    
Greek symbols    
βref Reference temperature coefficient, - σs  scattering coefficient, - 
β thermal expansion, - σ  absorption coefficient, 1/m 
η efficiency, - Ω solid angle, - 
μ viscosity, pa.s ρ density, kg/m3 
α absorptance, - ∅ phase function, - 
ε emissivity, -   

https://www.zotero.org/google-docs/?kxo3ES
https://www.zotero.org/google-docs/?lYTOJR
https://www.zotero.org/google-docs/?QvHO0W
https://www.zotero.org/google-docs/?mXZSYN
https://www.zotero.org/google-docs/?mO6zSO
https://www.zotero.org/google-docs/?mO6zSO
https://www.zotero.org/google-docs/?cjIdUW
https://www.zotero.org/google-docs/?dd0gyh
https://www.zotero.org/google-docs/?dd0gyh
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2. MATERIAL AND METHOD 

2.1. Description of the PV/T system 

Solar systems are generally classified as photovoltaic (PV) and thermal (T) collectors. The former is used for 
electricity generation, while the latter is used for hot refrigerant supply. PV/T systems, on the other hand, are hybrid 
systems in which the advantages of both systems are combined. When PV cells are heated under solar radiation, 
their efficiency is significantly reduced. In PV/T systems, the electrical efficiency of the cells is increased by means 
of active cooling through circulating the refrigerant in the heat exchanger mounted under the cell layer. The heat 
generated is also converted into useful thermal energy. Thus, high thermal efficiency and high electrical efficiency 
are obtained from the same device. Since solar systems are generally installed on roofs, they provide a spatial 
advantage and architectural integrity. Moreover, PV/T systems can be integrated with other low carbon systems 
including heat pumps, air conditioning systems, greenhouses and drying applications. 

Although there have been many PCM and nanofluid based PV/T studies, these applications have not achieved 
wide commercial success. Therefore, in this study, a more widely commercialised water-based PV/T system 
(SOLIMPEKS Excel panel) was investigated. 

2.2.  PV/T Layers 

 

Figure 1: Layers of the PV/T collector analysed (Solimpeks Solar Energy Corp., 2019)  

PV/T panel consists of 3.2mm of low iron tempered AR-coated glass, 0.1mm of PV cell layer, 1mm of EVA layer, 
0.5mm of Tedlar, 0.3mm of absorber, 8mm of diameter copper pipes and 7.5mm of glass wool and aluminium 
casing from the top to the bottom. In Table 1, 2, 3 and 4, technical specifications, thermal, optical and radiation 
parameters for each material used in the layers are presented.  

Table 1: Technical specifications of the components (Solimpeks Solar Energy Corp., 2019) 

Component Parameter Value Units 

Glass cover Area 1,60 m2 

 Thickness 3,2 mm 

 Emissivity 0,84  

 Absorptivity 0,04  

 Transmissivity 0,92  

 Reflectivity 0,04  

 Refractive Index 1,4313  

PV cells Area of cell 0,05 mm2 

 Thickness 0.11 mm 
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Copper manifold 

tubes 
Diameter 18 mm 

 Number 2  

Copper collection 

tubes 
Diameter 8 mm 

 Number 7  

Tedlar Thickness 0,5 mm 

Absorber Thickness 0,3 mm 

Glass wool Thickness 7,5 mm 

Table 2: Thermal properties of materials (“ANSYS, Inc. (2015) ANSYS Fluent User’s Guide, Release 16.2.,” n.d.) 

 
Thermal conductivity 

(W/m.K) 

Specific heat 

(J/kg.K)  

Density 

(kg/m3) 

Low iron tempered 

glass 
1,8 500 3000 

PV cell 148 677 2330 

Tedlar 0,15 1250 1200 

Eva 0,311 2090 2330 

Glass wool 0,04 13000 20 

Aluminium 202,4 871 2719 

Copper 387,6 381 8978 

Table 3: Optical properties of materials (For 500 nm wavelength)(“RefractiveIndex.INFO - Refractive index database,” n.d.) 

Component 
Absorption coefficient 

(1/cm-1) 

Refractive 

Index 

Glass cover 0.053533 1.5103 

PV cell 17700 4.2992 

Aluminium 1.5200e6 0.8125 

Copper 6.4622e+5 1.2134 

Water 0.00025133 1.3350 

Table 4: Radiation properties of materials (Solimpeks Solar Energy Corp., 2019) 

 Absorbance Emissivity  

Low iron tempered glass 0,04 0.84 

PV cell 0,88 0,86 

Tedlar 0,13 0,86 

Absorber 0,95 0,05 

Copper 0,18 0,05 

Water 0,45 0,96 

Aluminium 0,1 0,18 

https://www.zotero.org/google-docs/?U0ywv0
https://www.zotero.org/google-docs/?Ozue1f
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2.3. CFD analysis 

Numerical method 

In ANSYS Fluent, heat and flow problems are approximately solved using Navier-Stokes equations with the finite 
volume method. The Navier-Stokes equations consist of continuity, momentum and energy equations. These 
equations in their time-independent form are as follows (“ANSYS, Inc. (2015) ANSYS Fluent User’s Guide, Release 
16.2.,” n.d.). 

 
The continuity equation is as follows:  
 

Equation1: Energy equation           
𝜕(𝜌𝑢)

𝛿𝑥
+
𝛿(𝜌𝑣)

𝛿𝑦
+
𝛿(𝜌𝑤)

𝛿𝑧
  

 
The energy equation is given as:    
 

Equation 2: Energy equation:                            
𝜕(𝜌𝑢𝑇)

𝛿𝑥
+
𝛿(𝜌𝑣𝑇)

𝛿𝑦
+
𝛿(𝜌𝑤𝑇)

𝛿𝑧
=

𝐾

𝑐𝑝
+
𝛿2𝑇

𝛿𝑥2
+
𝛿2𝑇

𝛿𝑦2
+

𝛿2𝑇

𝛿𝑧2
                                                                                   

 
Momentum equations are as follows: 

 
𝜕(𝜌𝑢2)

𝛿𝑥
+
𝛿(𝜌𝑢𝑣)

𝛿𝑦
+
𝛿(𝜌𝑢𝑤)

𝛿𝑧
= −

𝛿𝑃

𝛿𝑥
+ 𝜇

𝛿2𝑢

𝛿𝑥2
+
𝛿2𝑢

𝛿𝑦2
+
𝛿2𝑢

𝛿𝑧2
  

 

Equation 3: Momentum equations:               
𝜕(𝜌𝑢𝑣)

𝛿𝑥
+
𝛿(𝜌𝑣2)

𝛿𝑦
+
𝛿(𝜌𝑣𝑤)

𝛿𝑧
= −

𝛿𝑃

𝛿𝑦
+ 𝜇

𝛿2𝑣

𝛿𝑥2
+
𝛿2𝑣

𝛿𝑦2
+
𝛿2𝑣

𝛿𝑧2
  

 

   
𝜕(𝜌𝑢𝑤)

𝛿𝑥
+
𝛿(𝜌𝑣𝑤)

𝛿𝑦
+
𝛿(𝜌𝑤2)

𝛿𝑧
= −

𝛿𝑃

𝛿𝑧
+ 𝜇

𝛿2𝑤

𝛿𝑥2
+
𝛿2𝑤

𝛿𝑦2
+
𝛿2𝑤

𝛿𝑧2
                                                                           
 
 

In this study, natural convection, which occurs due to heating the air in the thermal collector, was also investigated. 
Values such as specific heat, thermal conductivity and dynamic viscosity of the air inside were taken as constant. 
The Boussinesq approach was used for the density that changes with the warming of the air (Incropera and 
Incropera, 2007). 

 

Equation 4: Boussinesq approximation:                          (𝜌𝑎𝑖𝑟 − 𝜌𝑎𝑚𝑏) ≈ −𝜌𝑎𝑚𝑏𝛽(𝑇 − 𝑇𝑎𝑚𝑏)𝑔                                                                                        

Optical Model 

To observe the radiative effects on the PV/T system, the radiative heat transfer equation (RTE) needed to be 
solved. RTE integrates local absorption from liquid and solid walls into the energy equation (Modest, n.d.).  

 

Equation 5: Radiative heat transfer equation: 
 
 

𝑑𝐼(𝑟,𝑠)

𝑑𝑠
+ (𝑎 + 𝜎𝑠)𝐼(𝑟,⃗⃗⃗ 𝑠) = 𝑎𝑛

2 𝜎𝑇
4

𝜋
+

𝜎𝑠

4𝜋
∫ 𝐼(𝑟,⃗⃗⃗ 𝑠′)∅(𝑠. 𝑠′)𝑑Ω
4𝜋

0
     

                  
Where:  

 𝑟 = position vector 

 𝑠 = direction vector  

 𝑑𝑠 = path length  

 𝑠′ and 𝜎𝑠 = scattering direction vector scatter coefficients,  

https://www.zotero.org/google-docs/?U0ywv0
https://www.zotero.org/google-docs/?U0ywv0
https://www.zotero.org/google-docs/?kwTA07
https://www.zotero.org/google-docs/?kwTA07
https://www.zotero.org/google-docs/?wYUroi
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 a, n, ∅ , Ω = spectral absorption coefficient, refractive index, phase function and solid angle, 
respectively.  

 
The first and second term, on the left, represent the radiation intensity along the mesh element and the radiation 
losses due to absorption and scattering in the environment. On the right hand side, the first and second terms 
represent the absorbed radiation and the radiation scattered through the domain with a solid angle, respectively 
(Maadi et al., 2019). 

Although there are various models available in the literature, the discrete ordinates (DO) model is used for certain 
advantages. The DO model can successfully model semi-transparent materials such as glass. In solution 
procedure, besides calculating the radiation effects on surfaces, optical thickness in liquids and solids is also 
considered. Thus, absorption and diffusion can also be calculated successfully, especially in liquids.  

Numerical Model 

For CFD analysis of the PV/T collector, the basic assumptions underlying the model are as follows; 

1. Data analysed throughout the analysis were time-independent (steady-state). 
2. The incoming solar radiation was always perpendicular to the collector surface. 
3. The wavelength-dependent radiation properties of the materials were neglected and gray body was 

assumed. 
4. In the radiative interaction between the parts, the diffusion values were taken equal to the absorption values. 
5. The air and water flows were laminar. 
6. Thin layers such as PV cells and copper pipes were modelled by the shell conduction method. Thus, only 

two-dimensional heat transfer could be studied on these surfaces. 
7. Similar to the previous studies, copper pipes had good contact with the absorber plate on a flat surface.   
8. The domain has been exposed to convective and radiative outdoor conditions. 
9. The optical properties of the materials were constant for 500 nm wavelengths. 

10. Although the absorption coefficient and refractive index were wavelength-dependent, constant values were 
taken. 

 
Figure 2: Illustration of the meshed geometry 

In the CFD model, 13,631,874 mesh elements and 5,034,695 nodes were used, as shown in Figure 2. The 
skewness was below 0.85 and orthogonal quality was 0.14. As PV cells and EVA layers were very thin, they were 
modelled virtually, and all other layers were modelled physically. The solution was performed using the ANSYS 
Fluent® v16.2 software. The SIMPLE algorithm was used as the numerical procedure. Second-order discretization 
schemes for pressure, momentum and energy terms, and first-order discretization schemes for discrete ordinate 
(DO) terms were applied. Convergence criteria were 1E-6 for the DO equation and 1E-8 for the Energy equation 
(Karaaslan and Menlik, 2021). The hardware features used were as follows; 

 
1. Processor: Intel (R) Xeon (R) W-2245 CPU @ 3.90GHz, 3912 Mhz, 8 Cores, 8 Logical Processors 
2. Physical Memory (RAM): 144 GB 
3. NVIDIA Quadro RTX A4000 16 GB 256Bit GDDR 

Boundary Conditions 

Water was used as the refrigerant and the cooling performances were investigated at flow rates of 0.01 kg/s, 0.02 
kg/s, and 0.03 kg/s under the solar radiation of 600, 800, and 1000 W/m2. Atmospheric pressure boundary 
conditions were defined at the pipe outlets. Radiative effects on the inlet and outlet boundary surfaces were 
neglected. At the conformal interface between the glass and the Tedlar, the EVA layer and 60 PV cells were virtually 
modelled by the shell conduction method.  

https://www.zotero.org/google-docs/?Y3nG36
https://www.zotero.org/google-docs/?mBVvJn
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Electrical efficiency of the PV cells  

Variations in the electrical efficiency of the PV cells with respect to temperature change were evaluated by 
considering a certain reference temperature and efficiency obtained from the experimental data in the literature. 
Previous studies in the literature showed that 1000 W/m2 of solar irradiance and 298 K of reference temperature 
were taken as standard values. The electrical efficiency of PV cells at different temperatures was calculated as 
follows (Dubey et al., 2013); 

Equation 6: Evans Florschuetz PV efficiency correlation coefficient 

 𝜂𝑛𝑒𝑤 = 𝜂𝑟𝑒𝑓(1 − 𝛽𝑟𝑒𝑓(𝑇𝑝𝑣 − 𝑇𝑟𝑒𝑓))    

Where: 

 𝜂𝑛𝑒𝑤 = electrical efficiency under different temperatures and radiation,  

 𝜂𝑟𝑒𝑓 = efficiency determined according to the measurements accepted as standard in the literature,  

 𝛽𝑟𝑒𝑓 = reference temperature coefficient,  

 𝑇𝑟𝑒𝑓 = reference temperature and  

 𝑇𝑝𝑣 = PV temperature to be calculated.  

Table 5 shows the PV efficiency correlation coefficients widely used in similar studies.  

Table 5: PV efficiency correlation coefficients (Dubey et al., 2013) 

Tref (°C) Tref 𝛽𝑟𝑒𝑓  Type 

25 0.15 0.0041 Mono-Si 

28 0.117 0.0038 
Average of Sandia and 

commercial cells 

25 0.11 0.003 Mono-Si 

25 0.13 0.0041 PVT system 

  0.005 PVT system 

20 0.10 0.004 PVT system 

25 0.10 0.0041 PVT system 

20 0.125 0.004 PVT system 

25  0.0026 a-Si 

25 0.13 0.004 Mono-Si 

 0.11 0.004 Poly-Si 

 0.05 0.0011 a-Si 

25 0.178 0.00375 PVT system 

25 0.12 0.0045 Mono-Si 

25 0.097 0.0045 PVT system 

25 0.09 0.0045 PVT system 

25 0.12 0.0045 PVT system 

25 0.12 0.0045 PVT system 

25 0.127 0.0063 PVT system 

25 0.127 unglazed 0.006 PVT system 

25 0.117 glazed 0.0054 PVT system 

 
In this study, 𝛽𝑟𝑒𝑓 and 𝑇𝑟𝑒𝑓 were taken as 0.0041 and 298 K to calculate the electrical efficiencies. 

https://www.zotero.org/google-docs/?uYwmVy
https://www.zotero.org/google-docs/?kSZ6cY
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3. RESULTS AND DISCUSSION 

Analyses were performed under the radiations of 600, 800, 1000 W/m2 at flow rates of 0.01, 0.02, 0.03 kg/s. 
Corresponding water temperatures at the outlet were obtained as indicated in Table 4 and the temperature 
gradients on the PV cells are shown in Figure 3–5. Moreover, the thermal distribution due to natural convection 
across the front glass, PV cells, EVA, Tedlar and absorber was also analysed and shown in Figure 6. 

 

Outlet water temperature 

The temperature gradients on the PV cells are shown in Figure 4. Results indicated that the maximum water 
temperature (310 K) was obtained at the maximum solar irradiation (1000 W/m2) and minimum flow rate (0.01 kg/s) 
as expected. Relatively lower flow rates caused the collector to heat up due to insufficient cooling but retained more 
heat in return. 

Total collector efficiencies with respect to radiation level are given in Table 6. It can be deduced that thermal 
efficiencies increased with the increasing radiation level. However, for lower flow rates, electrical efficiency 
decreased due to insufficient cooling of PV cells. Whereas, the increase in thermal efficiency with the increasing 
surface temperature compensated for the decrease in electrical efficiency, the total efficiency did not reflect great 
difference. Moreover, the model showed great deviation at 600 W/m2 of solar radiation and both 0.02 and 0.03 kg/s 
of mass flow rates, resulting the total efficiencies more than 90% which could be due to assumptions, mesh quality 
or model setup.  
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Table 6: Case definitions and outlet water temperatures  

Radiation 

Intensity 

(W/m2) 

Mass flow rate 

(kg/s) 

Inlet 

Temperature (K) 

Outlet 

Temperature (K) 
𝜂
𝒕𝒉(𝒂𝒑𝒆𝒓𝒕𝒖𝒓𝒆)

 𝜂𝒆𝒍𝒆𝒄𝒕𝒓𝒊𝒄𝒂𝒍 𝜂𝒕𝒐𝒕𝒂𝒍 

1000 0.03 288 297,13 61,89% 19,21% 81.1 % 

1000 0.02 288 302,81 66,93% 18,55% 85.48 % 

1000 0.01 288 310,23 50,23% 18,22% 68.45 % 

800 0,03 288 294,76 57,28% 18,72% 76 % 

800 0,02 288 299,18 63,15% 18,25% 81.4 % 

800 0,01 288 306,77 53,01% 18,00% 71.01% 

600 0,03 288 294,42 72,53% 19,58% 92.11 % 

600 0,02 288 297,65 72,68% 19,40% 92.08 % 

600 0,01 288 300,02 45,26% 18,79% 64.05 % 

 

3.1 Temperature gradients on PV cells under 1000 W/m2 radiation intensity  

According to the results obtained, it was observed that the cells in the upper part were heated approximately 20% 
more than the cells in the lower part due to the asymmetrical mounting of the collector pipes to the absorber plates 
when the area-averaged temperatures were examined. This caused an approximately 5% reduction in electrical 
efficiency, according to the electrical efficiency calculations described in the previous section. The nominal 
operating cell temperature (NOCT) of the PV cells used in the PV/T collector was specified as 37°C by the 
manufacturer. It was seen that the temperature operating range for PV cells complied with the NOCT. Table 7 
shows that electrical stability increased as the refrigerant flow rate increased from 0.01 to 0.03 kg/s. 

 

Table 7: PV cell efficiencies based on surface temperature 

𝜂𝒓𝒆𝒇 𝑻𝑷𝑽 𝑻𝒓𝒆𝒇 𝛽𝒓𝒆𝒇 𝜂𝑷𝑽 

21,50% 310 K 298 K 0,00410 20,44% 

21,50% 320 K 298 K 0,00410 19,56% 

21,50% 330 K 298 K 0,00410 18,68% 

21,50% 340 K 298 K 0,00410 17,80% 

21,50% 350 K 298 K 0,00410 16,92% 

21,50% 380 K 298 K 0,00410 14,27% 
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Figure 3: Temperature gradient on the PV cells under 1000W/m2 of radiation and a) 0.01 b) 0.02 c) 0.03 kg/s of flow rate 

In Figure 3, temperature distributions obtained under 1000 W/m2 radiation and 0.01, 0.02, and 0.03 kg/s flow rates 
are given. At 0.01 kg/s, the highest temperature was 393 K, while the lowest temperature was 315 K. For 0.02 kg/s, 
the highest temperature was 385 K and the lowest was 312 K. For 0.03 kg/s, the highest temperature was attained 
as 382 K, while the lowest temperature was 308 K. It was observed that the largest panel surface cooled was 
attained at 0.03 kg/s which reached 302 K and showed better cooling. It was seen that corresponding outlet 
temperatures of the refrigerant were obtained as 309 K, 307 K, and 300 K, respectively, for each flow rate. 

3.2 Temperature gradients in PV cells under 800 W/m2 radiation intensity  

 

 
 

Figure 4: Temperature gradient on the PV cells under 800 W/m2 of radiation and a) 0.01 b) 0.02 c) 0.03 kg/s of flow rate 

In Figure 4, temperature distributions obtained under 800W/m2 radiation and 0.01, 0.02, and 0.03 kg/s flow rates 
are given. As the radiation intensity decreased, the temperature distribution on the PV panel also differed. For 0.01 
kg/s of mass flow rate, the highest temperature reached 390 K, while the lowest temperature was 304 K. For 0.02 
kg/s, the highest temperature was 383 K, and the lowest was 302 K. For 0.03 kg/s, the highest temperature was 
observed as 380 K, while the lowest temperature was 300 K. It was noted that PV cell temperature mostly reached 
305 K at 0.03 kg/s of flow rate and showed better cooling. The outlet temperatures of the refrigerant were obtained 
as 306.77 K, 299.18 K, and 294.76 K for each flow rate, respectively. 



72 

 

3.3 Temperature gradients on PV cells under 600 W/m2 radiation intensity  

 

Figure 5: Temperature gradient on the PV cells under 600 W/m2 of radiation and a) 0.01 b) 0.02 c) 0.03 kg/s of flow rate 

In Figure 5, temperature distributions obtained under 600 W/m2 radiation and 0.01, 0.02, and 0.03 kg/s flow rates 
are given. Due to the decrease in radiation, the temperature of the PV panels also decreased. At 0.01 kg/s of mass 
flow rate, the highest temperature was 362 K, while the lowest temperature was 312 K. For 0.02 kg/s, the highest 
temperature was 359 K, and the lowest temperature was 310 K. Finally, for 0.03 kg/s, the maximum temperature 
attained was 355 K, while the lowest temperature was 302 K. It was observed that the PV panel reached 295 K at 
flow rate of 0.03 kg/s and showed better cooling. The outlet temperatures of the refrigerant were obtained as 300.02 
K, 297.65 K, and 294.42 K for each flow rate, respectively. 
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Figure 6:  Temperature gradient under a) 1000 W/m2 b) 800 W/m2 c) 600 W/m2 at 0.01, 0.02, 0.03 kg/s of mass flow rates 

In Figure 6, natural convection analysis is given across the glass, PV cells, EVA, Tedlar, absorber, respectively, 
under 1000 W/m2, 800 W/m2, 600 W/m2 of irradiation and 0.01, 0.02 and 0.03 kg/s of mass flow rates. 

Under 1000 W/m2 of radiation at 0.01 kg/s of mass flow rate, the highest temperature attained was 340 K, while 
the lowest was 327 K. At 0.02 kg/s of mass flow rate under the same radiation, the highest temperature was 336 
K locally, while the lowest temperature was 325 K. At 0.03 kg/s, the highest temperature was 332 K, while the 
lowest was 320 K. Under 800 W/m2 radiation at 0.01 kg/s flow rate, the highest temperature was 337 K, while the 
lowest temperature was 326 K. At a flow rate of 0.02 kg/s, the highest temperature was obtained as 330 K, while 
the lowest was 324 K. It was observed that the highest temperature at 0.03 kg/s was 327 K, and the lowest 
temperature was 316 K. It was seen that the highest temperature was 329 K and the lowest temperature was 323 
K at 600 W/m2 of solar radiation and 0.01 kg/s of mass flow rate. At a flow rate of 0.02 kg/s, the highest temperature 
was 326 K and the lowest was 321 K. For 0.03 kg/s, the highest temperature was 320 K, while the lowest was 312 
K. 

4. CONCLUSION 

In this study, 3D flow and thermal-optical analysis of a hybrid PV/T panel was performed using ANSYS Fluent. Key 
concluding remarks are outlined below: 

- When the corresponding temperatures for each flow rate were compared under 1000 W/m2, 800 W/m2 and 600 
W/m2 radiation, it was observed that the highest refrigerant outlet temperature was 310 K at a flow rate of 0.01 kg/s 
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under 1000 W/m2 radiation, while the lowest temperature was 294 K at a flow rate of 0.03 kg/s under 600 W/m2. 
Consequently, it was found that the outlet temperature of the refrigerant decreased with the decrease of the solar 
radiation and with an increase in the flow rates. Total collector efficiencies under the given radiation intensities 
showed that the increase in radiation also increased the thermal efficiency. At low flow rates, electrical efficiency 
decreased due to insufficient cooling. The highest electrical efficiencies obtained were 19.58% at 600W/m2 

radiation and 0.03kg/s flow rate, due to the high thermal efficiency. 

- It was observed that the highest panel temperature was 393 K at 0.01 kg/s flow rate under 1000 W/m2 radiation, 
while the lowest temperature was 302 K at 0.03 kg/s flow rate under 600 W/m2. As expected, the panel temperature 
decreased with the decreasing solar radiation. Under the same solar radiation, as the refrigerant flow rate 
increased, the heat transfer from the PV panel to the fluid increased and cooling was enhanced. As a result, it was 
concluded that the operating efficiency of PV cells can be significantly improved with an effective heat exchanger 
layout design and an appropriate refrigerant flow rate. 

- The natural convection analysis showed that under 1000 W/m2 radiation, the temperature around the pipes 
decreased as the flow rate increased. While the highest temperature was 340 K at a flow rate of 0.01 kg/s under 
1000 W/m2 radiation, the temperature gradient was observed at 332 K at a flow rate of 0.03 kg/s. The temperature 
across the PV/T collector declined with the decrease of the solar radiation. Moreover, increasing the mass flow 
rate increased the heat transfer coefficient. This increased heat transfer and enhanced convection from the pipes 
to the stagnant air. For this reason, under the same radiation condition, the refrigerant flowing at high flow rates 
enhanced heat transfer from the pipes, which affected the cooling of the stagnant air. 

- Within the scope of this study, DO (Discrete Ordinates) was used as the radiation model in ANSYS Fluent 
analyses and all surfaces were treated as gray bodies. Fixed values were used for the spectra in the applied gray 
body model. Model improvements could be realised by defining emissivity and absorptivity values depending on 
wavelength. 

- PV/T was a proven concept that generated useful heat and more electrical power due to the active cooling of PV 
cells.  

In this study, flow and thermal analysis of an existing hybrid PV panel were performed. In future work, more detailed 
and in-depth analysis and optimization studies will be conducted. Optimum operating parameters will be 
determined by analysing parameters including the diameters of the manifold pipes and the number of intermediate 
distributor pipes.  
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Abstract: Historical rural areas have a holistic design setup with the agricultural use, natural and cultural values of 
the surface and underground remains that contribute to this texture, as well as the architectural formation that 
creates the local architectural identity. The definition of rural areas as terrestrial and wetlands formed by human-
nature interaction reveals the concepts of "rural landscape" and "rural landscape architecture". As a living organism, 
rural landscapes are based on production and cyclicity, which is fed from local resources and accumulation. In this 
context, rural landscape heritage is defined as the tangible and intangible heritage of the relevant historical 
countryside and includes the environmental links of local culture. In the face of globalization, urbanization, 
population growth, economic shrinkage, agricultural activities and decrease in soil fertility, it is inevitable that 
migration and abandonment will be delayed, and rural landscapes will become open to radical changes with loss 
and isolation. Cultural assets and historical rural landscapes are expected to be adversely affected in the face of 
the global climate crisis. There are many threats such as air pollution, surface degradation of the material, rising 
sea level and coastal erosion and destruction of landscapes, degradation of biodiversity and loss of natural cyclical 
balance. It is important to take measures against risks that will change according to local data, to develop 
adaptation strategies against climate change, and to ensure the sustainability of historical rural landscapes. In this 
context, permaculture philosophy, which is defined as the science of sustainable human settlement design close 
to nature and harmony, uses a holistic perspective ethically, especially in rural areas. In this study, after the 
literature review, the possibility of a sustainable adaptation method by permaculture design principles will be 
discussed theoretically, to reduce the possible risks in historical rural areas in the face of the global climate crisis, 
within the understanding of nature-based conservation. Benefiting from permaculture principles in the improvement 
and repair of environmental data with risk analysis, and in this context, a new holistic protection approach will be 
put forward. 
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1. INTRODUCTION  

Local means specific to a place, relevant and native. Because it contains identity and belonging, it embodies the 
values that belong directly to man. Traditional transfers belonging to a place, which we can also define as local 
heritage, and can be defined as tangible and intangible heritage. There is an integration of use in a landscape scale 
in historical rural areas, where we can read tangible and intangible values that are a reflection of culture. The local 
residential structure is directly related to the mill, bridge, bakery, warehouse, barn, agricultural fields, which are all 
elements of the cultural landscape. Therefore, cultural landscapes containing traditional cultures are gaining 
expressiveness, especially in rural areas. 

The local climate is also a major determinant in the formation of the local cultural landscape. In pre-industrial 
societies, a person lived in cooperation with nature, while in today's life, the opposite is the case. Together with 
industry, the problems of preserving the local heritage have started, and traditional construction systems have been 
replaced by easily accessible, faster and modern building elements. Agriculture, infrastructure, livelihoods, forestry 
activities, crop decimation, desertification, soil loss, water resource reduction, intangible cultural transfers are 
among the risks observed in existing rural landscape areas. Currently, all these risks, climate change and the 
problems it will bring are effective on landscapes in a holistic sense. While increasing temperatures, drought, 
desertification and variable weather events have an impact on the structure, air pollution-based material 
degradation, rising sea level, coastal erosion, destruction of landscape areas by ground water withdrawal, 
disruption of agricultural cycles due to changing rainfall and humidity levels lead to crop inefficiency problems. 
Depending on all these grounds, responsive strategies developed by human communities that can adapt to local 
conditions and changes in the natural landscape should be developed. Many contemporary mitigation options can 
be supported, ranging from decarbonizing buildings and providing low-carbon models for the development of urban 
areas. The reuse and strengthening of existing structures, the adaptation of the settlement principles of historical 
urban landscapes to the present day, provide development models compatible with climate action (Labadi et al., 
2021) 

With the climate crisis, historical rural areas and directly related landscape areas are forced to combat problems 
such as agriculture, animal husbandry, loss of water resources and desertification, forestry activities, soil loss and 
degradation, inability to get crops. On these grounds, in the study that will be discussed within the framework of 
historical rural landscape areas, recommendations will be made on ecology-based adaptation strategies in 
accordance with measures and plans in the face of possible risks in the face of the climate crisis. 

2. DEVELOPMENT OF THE CONCEPT OF HISTORICAL RURAL LANDSCAPE 

Looking at the understanding of conservation in its historical process, it is possible to say that the traditional 
understanding of conservation is based on a single building scale and material culture. Following the integrated 
conservation approach, it was possible to evaluate landscape areas within the understanding of conservation. As 
a result of the Venice Charter of 1964, the necessity of protecting cultural assets together with urban and rural 
issues as a result of the justification that they are a whole together with their environment has been accepted. The 
1972 Unesco World Convention on the Protection of Cultural and Natural Heritage legalized the need to protect 
both natural and cultural heritage. The Amsterdam Declaration of 1975 was important for the emergence of the 
concept of integrated protection and the need to protect cultural heritage with environmental components. In 1992, 
the definition of cultural landscape was added to the World Heritage Convention by UNESCO. Accordingly, cultural 
landscapes are where nature and humans and the natural environment of the common heritage of physical 
constraints and/or opportunities for internal and external social, economic and cultural influence, showing the 
evolution of human communities and settlements in the area (UNESCO, 2015: 11). In 2002, 10 years after the 
cultural landscape areas began to be identified as a world heritage site, an assessment was made by UNESCO 
experts on the examples included in the list. Until 2002, areas such as Rice Terraces of the Philippines, Amalfi 
Coast of Italy, Portovenere, Cinque Terre and Palmeria of Italy, Tino and Tinetto Islands, Upper Douro of Portugal, 
Upper Middle Rhine Valley of Germany were defined as cultural landscape areas. The evaluation focused on the 
criteria that stand out in the selection of these areas as a cultural landscape. The question of whether various 
criteria can be determined for the definition of an area as a cultural landscape has been the subject of discussion. 
When the values of the cultural landscape areas in the list are itemised, it is seen that some values that can be 
called “cultural landscape”, such as mountain landscape, water element, wooded areas, lake, river and seascapes, 
although they offer a fairly wide range, come to the fore in the selection of these areas. In addition, the area is a 
way of life, the continuity of land use, settlements, building communities, agricultural activities, local culture and 
religious identity such as the cultural landscape as an area of evaluation criteria are considered in the selection of 
these areas. The 2003 UNESCO Convention for the Safeguarding of the Intangible Cultural Heritage discussed 
the need to protect spiritual culture, as opposed to material culture-based protection, which is the traditional 
understanding of protection. Accordingly, the preservation of a cultural heritage together with its surroundings, life 
practices, traditional transfers and cultural transfer that are directly related to its user have become important 
(Güler, 2019). 
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In the 2017 text entitled Principles for Rural Landscape Heritage prepared by ICOMOS and IFLA, the concepts of 
“rural landscape” and “rural landscape heritage” were included (ICOMOS and IFLA, 2017). In the text, rural 
landscapes were defined as terrestrial or wetlands formed by human-nature interaction in which renewable natural 
resources such as food and/or raw materials are produced (ICOMOS and IFLA, 2017: 3). As a dynamic and living 
system, rural landscapes, traditional methods, techniques, habits formed or accumulated knowledge and cultural 
production-oriented rural regions covers all changed traditional approaches (and ICOMOS IFLA, 2017: 3).  

It is emphasized that rural landscapes are important in terms of their shaping over thousands of years and 
representing important parts of human and environmental history, lifestyle and heritage (ICOMOS and IFLA, 2017). 
The Decapes used for the cultivation and production of animal and plant species (including consumable resources) 
show mixed links between human and other living species. The diversity of agriculture, forestry, livestock, fisheries 
and aquaculture, natural resources and other basic resources is essential for the future adaptation of people and 
the resilience of global human life (ICOMOS and IFLA, 2017). The text emphasizes that the increase in 
industrialization, urbanization, population and climate change make rural landscapes vulnerable to loss or 
abandonment or other radical changes (ICOMOS and IFLA, 2017:4). In this context, it is stated that the threats to 
rural landscapes also reflect the changes that can be examined in three headings, “demographic and cultural”, 
“structural” and “environmental”, in relation to each other (ICOMOS and IFLA, 2017:4). Demographic and Cultural 
Changes include population growth, urban development, development pressure, traditional practices, techniques, 
loss of local knowledge and culture between; Structural Changes covers globalization, the development of trade 
and economic relations, economic growth or contraction, and techniques for the intensification of agricultural 
practices, the loss of native species diversity in pastures and domesticated; whilst Environmental Changes are 
listed as climate change, pollution, environmental degradation affecting soil, vegetation and air quality, biodiversity 
and agricultural biodiversity loss (Güler, 2019). 

The issue of Cultural Heritage and the Climate Crisis is included in the ICOMOS diary for the year 2022. “Large-
scale human displacement and migration based on climate change, loss of existing communities, floods, 
desertification, wind damage and major changes in urban landscapes, landscapes pose foreseen risks for all types 
of heritage sites. As conditions change, the environment, land area, land use, ecology, energy, economic and 
political and social systems will undergo rapid and comprehensive transitions, while alternative ways and means 
of maintaining the importance of heritage sites will continue to develop.” (The Future of Our Pasts: Engaging cultural 
heritage in climate action)  

In ICOMOS' Cultural Heritage and Sustainable Development Goals: Policy Statement and Recommendations 
(2021), Article 13 on climate and cultural heritage also gives the following recommendations: 

 Include heritage, particularly landscape-based and community-wide solutions, in climate change 
mitigation and adaptation planning and strategies. 

 Recognise and use appropriate heritage-based techniques, knowledge and social organization to 
strengthen resilience and reduce the effects of natural hazards and disasters. 

 Promote the active participation of Indigenous peoples in combating climate change and preserving 
biodiversity, by exercising their rights to sovereignty and to free, prior, and informed consent, to support a 
just transition to lowcarbon futures. 

 Support the study and understanding of the role heritage places play in climate change adaptation and 
mitigation. 

 Identify and promote the use of local resources and resilient heritage-based techniques and knowledge 
to achieve energy efficiency and reduce CO2 and GHG emissions, acknowledging the adaptability of 
many heritage typologies for current climate action responses 

 Prevent and mitigate climate change-related damage to heritage, ensuring that risk preparedness and 
adaptation efforts take into consideration vulnerable communities and ecosystems and promote solidarity 
with those nations most impacted by climate change, to enable them to safeguard their heritage. 

 Include climate vulnerability assessment, adaptation, and mitigation measures in heritage management 
policies, plans and projects at all levels. 

Based on this interdisciplinary call of ICOMOS, it is clear that cultural heritage needs to be sustainable and adapted 
to the climate crisis. 

3. THE CONCEPT OF ECOLOGY AND PERMACULTURE 

3.1   Ecology 

The term Ecology appeared in the middle of the 19th century and brought with it many definitions even at that early 
time. Etymologically, the word "ecology" originated from the words "oikos" meaning " dwelling, space" in ancient 
Greek, and "logos", which means "science". Accordingly, "ecology (oecology)" means "housing science" or "home 
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economics science" (Çepel 1992:13). There are many definitions of the term ecology but in general, it seems that 
ecology is aimed at deciphering the relationship of living beings with each other and with their habitats. In parallel 
with this view, Kocataş (1994: 2) defines ecology as a science that studies the mutual relations between the 
structure and properties of natural beings and their habitats. According to Güvenç (1984:69), “Ecology, which has 
been studying the relations of plants and animals with their environment as a branch of biology until recently, has 
also started to include human-nature relations as a result of environmental problems becoming increasingly 
important since the 1970s”. He considered the science of ecology (Neyişçi, 2002: 70) as a branch of science that 
taught the life foundations of living beings, and therefore the first principles of protecting nature (Şimşek, 2016). 

Like any other branch of science, ecology has its own principle. These 10 principles, which are in the form of 
teaching, are: 

 The principle of the integrity of nature: It is a holistic fiction of life in relation to the interconnected 
relationships of living things in nature. 

 The principle of the limitation of the natural environment: It is that environmental problems after 
industrialization and pollution can affect the whole world. 

 The principle of self-regulation of nature: As an ecological system, every living being related to each other 
in nature always finds and controls its own balance within the system and in relation to species. 

 The principle of diversity of nature: The contribution of plant and animal diversity to nature is obvious. This 
diversity within the ecosystem explains the need to constantly develop alternative approaches to 
environmental problems, not individually. 

 The principle that nothing disappears in nature: it explains that energy and matter do not disappear by any 
means, they return to another form or source, which is cyclical. 

 The principle that every success achieved against nature has a price: it explains that nothing is free in 
nature, every gain has a price and is associated with labor. 

 The principle of recoil of nature: It is the rule that every impact has a reaction.  

 The principle that nature has found the most suitable solution for this: Every living thing that we see in nature 
explains its ability to take the most appropriate form for the current conditions through numerous applications 
over a period of millions of years. 

 Cultural evolution and the principle of respect for traditional ecology: It describes the use of harmonies that 
people have developed through their own experiences over generations and the importance of cultural 
evolution. 

 The principle of living together with Nature: It tells about living and adapting using what is natural and what 
is in nature. 

On the basis of these principles, ecology also has a direct relationship to environmental ethics.  

With the idea that the environment is in danger, the philosophical investigation on the relationship between nature 
and man has been called environmental ethics. It is generally accepted that all natural beings and systems deserve 
moral respect, since they have a value of their own. We can say that environmental ethics studies how a person 
should relate to nature or to the outside world. Historically, the topic of environmental ethics usually covers wildlife, 
nature, animals, organisms, ecosystems and biodiversity, although in recent years, the locations where people live 
and their relationships around them also constitute the subject of environmental ethics (Çüçen, 2016). 

It is necessary to consider the process of the emergence of environmental movements in a three-stage approach: 
the scientific environmentalism movement constituted the first stage. The most important name from this period 
was Ernst Heackle, a biologist, who founded the science of Ecology in 1876. Along with the science of ecology, 
the natural balance and the need to protect natural assets are extension that have begun to occupy an important 
place on the agenda of humanity. The second stage included the emergence of the environmentalist movement as 
a social movement. At the last stage, there was an environmentalist movement which has become politicised since 
the 1979s and is headed by the Green movement (Çüçen, 2016).  

Deep ecology, founded on 8 basic principles during the recent period of the environmental movement, defines itself 
as the opposite of “human-centred” environmentalism but as a “nature-centred” idea. The “platform principles of 
the deep ecology movement”, which Arne Naess and George Session co-identified in 1984, are general principles 
that the vast majority of supporters of deep ecology accept implicitly or implicitly.  

3.2 The concept of permaculture 

Founded in 1972 in Australia by Bill Mollison and David Holmgren, permaculture is an international grassroots 
network that focuses on the sustainable design of human settlement in both rural and urban areas, although it was 
originally developed in a rural setting. The basic concept of permaculture is that humanity can reduce or replace 
energy and pollution-intensive industrial technologies, particularly in agriculture, through thoughtful, holistic, design 
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modelled after the intensive use of biological resources and natural ecosystems (eco mimicry). The creators of 
permaculture define it as “an integrated, evolving system of perennial or self-sustaining plant and animal species 
beneficial to humans” (Mollison and Holmgren, 1978). By 2002, Holmgren had defined permaculture more broadly 
to encompass the broader issues of human habitation while maintaining a focus on agriculture: “Consciously 
designed landscapes that mimic the patterns and relationships found in nature, providing ample food, fiber, and 
energy to meet local needs.” (Holmgren, 2002). 

Permaculture design includes thinking more comprehensively about our environment depending on the use of 
resources and practices for this. While doing so, man takes inspiration from examples in nature. The main purpose 
of permaculture design is to bring together plants, animals and humans for production purposes and to create a 
stable, self-contained layout that is easy to maintain. The design methods are analysis, observation, nature 
reduction and efficient energy planning, respectively. Permaculture design contains three basic ethical rules in 
terms of being beneficial for nature, humans and other living things on earth. 

The most important part of these rules is human (Figure 1), because everything that is done is built for the 
betterment of human life. In this improvement, the biggest task falls to human beings. Permaculture ethics, which 
is in the triangle of earth, human and consumption relations, aims to establish balanced relations with nature and 
to meet their needs with appropriate methods. Accordingly, the three basic ethics are: 

 Earth care 

 People care 

 Fair share      

 
Figure 1: Permaculture ethics and design principles 
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Figure 2: Permaculture Flower 

4. CONCLUSION  

With the introduction of the concept of rural landscape into the conservation literature, the necessity of protecting 
cultural heritage together with landscape areas has been legalized. In this context, the necessity of developing an 
ecologically-based conservation approach, according to the article 'Agriculture, forestry, livestock, fisheries and 
aquaculture, natural resources and diversity of other basic resources are essential for the future adaptation of 
people and the resilience of global human life', which is included in the ICOMOS and IFLA recommendations. It is 
important to identify the existing risks and develop an adaptation in line with these in order to create climate change 
adaptation strategies of historical rural landscapes against the global climate crisis. Regarding the 
recommendations in ICOMOS 'Cultural Heritage and Sustainable Change Goals: Policy Statement and 
Recommendations (2021) in Article 13 on climate and cultural heritage, incorporating heritage in particularly 
landscape-based and community-wide solutions, it is clear that it leads to solution proposals that include 
ecosystems by investigating the role it plays in mitigation. The identification and repair of each of the natural 
ecosystem and other system elements, especially the integrity principle of nature, which is the first of the 10 
teachings on the basis of the ecological approach, makes transformation and sustainability possible. It will also be 
possible for each tangible and intangible element in the historical rural landscape areas to be considered as a 
whole system and to be sustainable. 

It is aimed to use self and local resources within the human and nature-based life fiction model, which is included 
in the permaculture design approach. In the design setup, local climate, vegetation, land use, topography, local 
architecture, construction techniques and details, water resources, plant and animal systems are handled in an 
integrated manner. Permaculture, which embodies the philosophy of creating and maintaining a permanent culture, 
can be used as a tool in the process of addressing intangible cultural heritage potentials and transforming and 
adapting local community knowledge and practices. 

Accordingly, the problems that appear in rural landscape areas based on the climate crisis and the ways they are 
handled in the principles of Ecology and Permaculture are suggested as follows:  
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Figure 3: Problems and Recommendations 
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Abstract: In the present study, a novel design of a radial micro-channel heat sink for thermal regulation of 
concentrator photovoltaic cells was introduced and investigated at different operating scenarios such as variable 
concentration ratios of the solar radiation and coolant flow rates. The performance of the concentrator photovoltaic 
system in terms of average temperature and uniformity of temperature distribution over the cell surface, net power 
output, and electrical efficiency were shown to emphasize the enhancement in energy management of the 
proposed design. A comprehensive three-dimensional thermo-fluid model of the photovoltaic system integrated 
with the radial micro-channel heat sink was developed and verified via mesh independence test and validated using 
results in the literature. The findings of this study showed that the new proposed design remarkably reduced cell 
operating temperature while also enhancing cell temperature uniformity, reducing the risk of hot spot development. 
The reduction of average temperature and efficient thermal energy management led to more electrical energy 
generation which was reflected by higher electrical efficiency. The presented findings considerably contribute to 
the literature by identifying unique and reliable micro-channel heat sink designs for concentrator solar cell thermal 
control. 

 

 

Keywords: radial micro-channel; concentrator photovoltaic; heat sink; temperature non-uniformity; new design. 

 
 
 
 

  



84 

 

1. INTRODUCTION  

Renewable energy generation is critical to achieving carbon neutrality because it decreases reliance on polluting, 
expensive, and depleting fossil fuels, which account for a significant share of global energy demand (Dincer, 2000). 
The sun's energy is among the most promising alternative sources of clean, inexhaustible, and ecologically friendly 
energy that has lately emerged as a feasible substitute for fossil fuels (Daneshazarian et al., 2018). However, in 
order to grow its proportion of global power generation, it must be less expensive than other energy sources. 
Concentrator photovoltaic (CPV) systems are one of the potential solutions for directly converting solar irradiance 
to electrical power at a low cost by applying less semiconductor material than conventional non-concentrator 
systems and inexpensive optical light concentrators such as refractive lenses or reflective mirrors (Royne et al., 
2005). However, due to the relatively high solar incident irradiance, the main challenge of CPV cells is to keep the 
cell temperature below the safe operating limit defined by manufacturers in order to generate electricity as efficiently 
as possible under all conditions and extend their lifetime. As a result, an efficient cooling method capable of keeping 
the concentrator solar cell at a lower temperature is required to increase the system's energy generation, prevent 
the system from fast degradation, and provide temperature uniformity throughout the cell surface. 

Thermal regulation techniques are characterized as active or passive based on whether they have moving parts or 
require electrical power from an outside source (Jakhar et al., 2016). Active approaches can attain a higher heat 
dissipation rate than passive systems as they often use mechanical pumps or fans to maintain continuous air or 
water flow directly above the cell's upper or lower surfaces. In recent years, there has been a lot of numerical and 
experimental studies conducted to investigate the integration of micro-channel heat sinks (Radwan et al., 2016; 

Radwan and Ahmed, 2017; Radwan and Ahmed, 2018), impingement jets, and hybrid impingement/micro-channel 
heat sinks (Awad et al., 2020; Gilmore et al., 2018; Cameron et al., 2022) with PV systems with and without 
concentrators for thermal management. For instance, Radwan and Ahmed (2017) numerically investigated the 
performance of four different configurations of micro-channel heat sinks integrated with a CPV system. They 
demonstrated that the proposed micro-channel heat sinks efficiently maintained the CPV cell temperature at a low 
level up to a concentration ratio (CR) of the solar incident irradiance of 20. Furthermore, when compared to the 
other configurations, the parallel flow micro-channel heat sink performed the best, whereas the counter-flow micro-
channel heat sink exhibited the opposite trend due to high thermal resistance. Awad et al. (2020) investigated the 
merging of jet impingement mini and micro channel heat sink with and without heat spreader for cooling a CPV 
system. They revealed that employing a jet impingement / micro-channel cooling with the heat spreader was more 
efficient than using other heat sink designs. These and other studies have demonstrated the effectiveness of micro-
channel heat sinks as an active cooling solution. However, they all agreed that further research was needed to 
develop new, more reliable and efficient designs capable of achieving high dissipation rates from CPV cells with a 
reasonable uniform temperature distribution to satisfy the requirements for practical uses. 

Numerous previous research introduced and investigated radial micro-channel heat sinks for thermal management 
of temperature sensitive equipment such as electronic components and data centres. Recently, Song et al. (2020) 
numerically studied the flow boiling and thermal performance of two radial micro-channel heat exchangers with and 
without grooves.  

Nomenclature η efficiency 

A solar cell area [m2] Subscripts 

C coolant specific heat [J/kg. K] ch channel 

CR solar concentration ratio elec electrical 

G concentrated solar radiation [W/m2] f fluid 

H height [mm] Fric friction 

K thermal conductivity [W/m. k] g glass 

L length [mm] HS heat sink 

�̇� coolant mass flow rate [kg/s] in inlet 

P pressure [pa] or power [W] net net value 

T temperature [˚C] ref reference value 

V solar cell volume [m3] or coolant velocity [m/s] sc silicon layer 

W width [mm] Ted tedlar 

Greek symbols th thermal 

α absorptivity Abbreviations 

τ transmissivity ARC anti-reflective coating 

ɛ emissivity CFD computational fluid dynamics 

β solar cell temperature coefficient [1/k], cell backing factor CPV concentrator photovoltaic system 

δ thickness [mm] EVA ethylene vinyl acetate layer 

µ fluid viscosity [pa. s] MCHS microchannel heat sink 

ρ fluid density [kg/m3] TPT tedlar polyester tedlar layer 
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They demonstrated that heat exchangers with grooves produced better heat transfer rates than those without 
grooves. In another study, Song et al. (2020) experimentally investigated flow boiling in three novel rectangle radial 
expansion micro-channel heat exchangers for electronic cooling applications. With a heating load of400 W, the 
maximum wall temperature was kept at 104°C with a pressure loss of only 0.009 Kpa. Moreover, they concluded 
that this sort of micro-channel heat exchanger had the best dynamic performance on pressure drop. Dede et al. 
(2013) investigated multiple pass branching micro-channel heat sinks for high heat removal applications 
numerically and empirically. The multiple pass branching micro-channel heat sinks demonstrated high thermal 
performance with minimal thermal resistance and pumping power. Only a few studies have used radial micro-
channel heat sinks in the thermal control of CPV systems. Hong et al. (2020) investigated flow boiling in a radially 
expanding micro-channel heat sink coupled with a solar tracking high CPV thermal hybrid system experimentally. 
They discovered that increasing the orientation angle of the radially expanding micro-channel from 0 to 45 boosted 
the heat transfer coefficient by 32%. Under high CR of 1070 suns, the maximum surface temperature of the cell 
was maintained below the safe operation limits of 110°C and the maximum temperature difference was below 5°C. 

According to a review of the literature, the current work fills the following research gaps. Although active thermal 
regulation of CPV systems using radial micro-channel channel heat sinks for thermal management of electronic 
components has been extensively investigated in the literature, research into its effectiveness in CPV cell cooling 
applications remains limited. Unlike conventional designs, radial micro-channel heat sinks enable a balanced and 
symmetrical distribution of the cooling fluid across channels, offering potential opportunities for attaining more 
uniform temperature distribution.  

The originality and necessity of the current work were founded on the following points. A novel design of a radial 
micro-channel heat sink for thermal regulation of concentrator photovoltaic cells was introduced and investigated 
at different operating scenarios such as variable CR of the solar radiation and coolant flow rates. The new heat 
sink was designed in such a manner that a high heat transfer rate in the flow direction was maintained by keeping 
a constant cross-sectional area of channels. Furthermore, it allowed for the most efficient use of available space, 
resulting in greater cooling distribution and, as a result, temperature uniformity. The performance of the proposed 
system in terms of average temperature and uniformity of temperature distribution over the solar cell surface, net 
power output, and electrical efficiency were shown to emphasize the enhancement in energy management of the 
new design. To this end, a comprehensive three-dimensional thermo-fluid model of concentrator photovoltaic 
system integrated with the radially micro-channel heat sink was built and verified via mesh independence test and 
validated using results in the literature. 

2. PHYSICAL MODEL 

As shown in Figure 1a, the concentrator photovoltaic system was integrated with the proposed radial microchannel 
heat sink. The system consisted mainly of a linear Fresnel lens, a single-junction solar cell and a radial 
microchannel heat sink. The linear Fresnel lens concentrated the solar irradiance onto the solar cell. A steel frame 
which held reflective mirrors was used to support the refractive Fresnel lens from two sides. The other two sides of 
the concentrator were kept open to allow for cleaning, maintenance and air flow over the upper glass cover. 
Consequently, heat dissipation from the upper glass cover of the solar cell by combined effects of convection and 
radiation were used in the calculations. A polycrystalline silicon solar cell was investigated in the current study. The 
technical data of the solar cell was offered by Sandia National Laboratory (King et al, 2004). As shown in Figure 

1b, the solar cell consisted of five main layers, which included a glass cover, an anti-reflective coating (ARC), an 
ethylene vinyl acetate (EVA) layer, a silicon layer, and a tedlar polyester tedlar (TPT) layer. The glass cover was 
made of tempered glass. An anti-reflective coating was used to reduce the reflection of the incident solar radiation. 
The silicon layer was responsible for electricity production. Transparent encapsulation of ethylene vinyl acetate 
(EVA) was used above and below the silicon layer to ensure electrical and moisture insulation. The tedlar polyester 
tedlar (TPT) layer was used to provide extra protection and moisture insulation for the silicon layer (Armstrong and 
Hurley, 2010). The thickness and the thermophysical properties for the different layers of the solar cell are 
presented in Table 1. 

The typical dimensions of the photovoltaic cell investigated in the current study were 127.2 mm by 127.2 mm. The 
dimensions of the silicon wafer were 125 mm by 125 mm. As illustrated in Figure 1b, the EVA interval of 2.2 mm 
was used between neighbouring cells, so each silicon wafer was surrounded by 1.1 mm of EVA (Radwan and 
Ahmed, 2017). Consequently, the total dimensions of one cell were 127.2 mm by 127.2 mm. As illustrated in Figure 
2, a radial microchannel heat sink integrated with the solar cell was adopted to cool the photovoltaic cell. The 
microchannel heat sink was made of high thermal conductive aluminum. Previous studies on concentrator 
photovoltaic systems investigated numerous configurations of microchannel heat sinks, however radial 
microchannel heat sinks were extremely rare, based on the literature. As a result, the current work developed a 
novel radial microchannel heat sink designed to assure higher temperature uniformity while maintaining a 
reasonable pressure drop in the heat sink. Radial microchannel heat sinks provide symmetrical distribution of the 
cooling channels which offer promising opportunities for achieving more uniform temperature distribution. Although 
conventional designs of radial heat sinks involve expanding flow passages to make use of the available surface 
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area, the flow velocity decreases in the flow direction and hence the convective heat transfer coefficient. In order 
to maintain high heat transfer coefficient in the flow direction, constant cross sectional area channels were 
implemented in the current study and a novel design was introduced to make use of the available in between areas.  
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Figure 1: (a) Schematic diagram of the CPV system, (b) Structure of the polycrystalline silicon solar cell. 

 

(b) 

Figure 3: (a) Schematic diagram of the radial microchannel heat sink, (b)Heat sink (opposite view) with the coolant flow direction 

from inlet to outlets, (c) Cross sectional view at microchannels level (A-A). 
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Figure 2: Schematic diagram of the concentrator photovoltaic integrated with radial microchannel heat sink. 
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Figure 3a shows a schematic of the radial microchannel heat sink while Figure 3b presents the coolant flow 
direction from the inlet to the outlets. Water was used as a coolant due to its effective properties in order to achieve 
high thermal performance. Figure 3c illustrates the microchannel heat sink included a circular header at the centre 
and a set of radial microchannels extending outwards. The same header was used to feed the radial microchannels, 
so the coolant flowed from the header through the microchannels and finally to the outlets.  

The total dimensions of the heat sink are 127.2 mm by 127.2 mm. The height of the heat sink is selected to be 0.5 
mm. Each radial microchannel has the dimensions of (width = 2 mm and height = 0.1 mm). In order to make use 
of the available surface area of the heat sink, the microchannels are intensively distributed from the header, so that 
the resulted total number of the microchannels equals 64. The angle between the microchannels is obtained by 
dividing 360˚ by 64 (the total number of the microchannels). Accordingly, the angle between each two successive 
microchannels (θ) is 5.625˚. The typical dimensions of the microchannel heat sink are presented in Table 2. To 
minimize the total number of mesh elements and save the calculation time, only one quarter of the concentrator 
photovoltaic system is assumed to be the computational domain due to the symmetrical design of the system. 
Consequently, the final dimensions of the investigated domain are 63.6 mm by 63.6 mm. 

Table 1: Thermophysical properties and thicknesses of CPV system layers (Zhou et al, 2015) 

layer Thickness (mm) Density(kg/m3) Specific heat (J/kg.K) Thermal conductivity (W/m.K) 

Glass 3 3000 500 2 
ARC 0.0001 2400 691 32 
EVA 0.5 960 2090 0.311 
Silicon 0.2 2330 677 130 
Tedlar 0.3 1200 1250 0.15 
MCHS (aluminum) 0.5 2719 871 202.4 

Table 2: Dimensions of microchannel heat sink 

Dimension Value (mm) Dimension Value (mm) 

𝐋𝐇𝐒 127.2 wch 2 

𝐖𝐇𝐒 127.2 Hch 0.1 

𝛅𝐇𝐒 0.5 θ 5.625˚ 

𝒅𝒊𝒏 25   

3. THEORETICAL ANALYSIS 

In the present work, a three-dimensional conjugate heat transfer model is built, and following assumptions are 
implemented: (1) The solar cell is subjected to a uniformly distributed concentrated solar radiation, (2) Isotropic 
and temperature independent materials are considered in the analysis of the CPV system, (3) Perfect thermal 
contact is assumed between each layer of the CPV system and the microchannel heat sink (thermal contact 
resistances are neglected), and (4) The coolant flow through the heat sink is steady, incompressible and laminar. 

3.1 Governing equations 

In order to get the temperature distribution through the concentrator photovoltaic system, the 3D computational 
model can be divided into three domains: solar cell domain, heat sink domain and fluid domain:  

Solar cell domain 

The heat transfer by conduction in each solid layer of the solar cell is defined by Fourier’s law as follows (Hasan et 
al, 2013): 

Equation 1:                                                                 ∇. (𝑘𝑖  ∇𝑇𝑖) + 𝑞𝑖 = 0 

Where 𝑘𝑖 is the thermal conductivity of each layer of the solar cell, 𝑇𝑖 is the temperature, and 𝑞𝑖 is the heat 
generation source term in each layer which corresponds to the solar radiation absorption in each layer of the cell.  

The heat generated per unit volume in each layer is calculated from the following equation: 

Equation 2:                                                                    𝑞𝑖 =
𝐺 𝛼𝑖𝜏𝑗𝐴𝑖

𝑉𝑖
 

Where G is the net concentrated solar radiation on the upper glass cover of the solar cell, 𝛼𝑖 is the absorptivity of 

the layer i, 𝜏𝑗 is the net transmissivity of the layers above layer i, 𝐴𝑖 is the top surface area, and 𝑉𝑖 is the volume of 

the layer. 

The previous equation is applicable to the glass cover and the upper EVA layer as portion of the incident solar 
irradiance is absorbed and converted into heat in the layer and the remaining part is transmitted to the next layer. 
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For the silicon layer, part of the absorbed solar radiation is converted into electricity depending on the efficiency of 
the photovoltaic cell (𝜂𝑠𝑐) and the remaining part is converted into heat. The electricity (𝑃𝑒𝑙𝑒𝑐) and heat 

(𝑄𝑠𝑖𝑙𝑖𝑐𝑜𝑛 𝑤𝑎𝑓𝑒𝑟) generated in the silicon layer can be calculated from the following equations: 

Equation 3:                                                               𝑃𝑒𝑙𝑒𝑐 = 𝜂𝑠𝑐 . 𝑄𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑,𝑛𝑒𝑡 

Equation 4:                                                       𝑄𝑠𝑖𝑙𝑖𝑐𝑜𝑛 𝑤𝑎𝑓𝑒𝑟 = (1 − 𝜂𝑠𝑐). 𝑄𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑,𝑛𝑒𝑡 

Hence the heat generated per unit volume for the silicon layer can determined from the following equation (Zhou 
et al, 2015): 

Equation 5:                                                                  𝑞𝑖 =
(1−𝜂𝑠𝑐)𝐺 𝛼𝑖𝜏𝑗𝐴𝑖

𝑉𝑖
 

Where 𝜂𝑠𝑐 is the efficiency of the solar cell. 

Due to the very low transmissivity of the silicon layer, the transmitted solar irradiance to the final Tedlar (TPT) layer 
can be neglected (no heat absorption).Table 3 presents the optical properties of each solar cell layers. 

Table 3: Optical properties of the CPV system (Zhou et al, 2015) 

 

The solar cell efficiency can be defined as the ratio between the output electrical power to the input solar power. 
The electrical efficiency of the photovoltaic cell depends on its temperature and is calculated from the following 
expression (Tiwari et al, 2010): 

Equation 6:                                                    𝜂𝑠𝑐 = 𝜂𝑟𝑒𝑓(1 − 𝛽𝑟𝑒𝑓(𝑇𝑠𝑐 − 𝑇𝑟𝑒𝑓)) 

Where  𝜂𝑟𝑒𝑓 and 𝛽𝑟𝑒𝑓 are the solar cell efficiency and temperature coefficient at a reference temperature of  𝑇𝑟𝑒𝑓 = 

25˚c. 

Heat sink domain 

In the case of the solid domain of the MCHS, the heat conduction equation with no heat generation can be written 
as follow (Siddiqui et al, 2013): 

Equation 7:                                                                ∇. (kHS ∇THS) = 0 

Where kHS is the thermal conductivity of aluminum heat sink, THS is the temperature (the subscript HS refers to the 
solid domain of the heat sink). 

Fluid domain  

In the case of the fluid domain, the governing equations of continuity, momentum and energy can be written as 
follow: 

The continuity equation (Aldossary et al, 2016): 

Equation 8:                                                                     ∇. (ρfV⃗⃗⃗) = 0 

The momentum equation: 

  

Equation 9:                                                       V⃗⃗⃗. ∇. (ρfV⃗⃗⃗) = −∇P + ∇. (μf∇ V⃗⃗⃗) 

The energy equation: 

Equation 10:                                                         V⃗⃗⃗. ∇. (ρfcfT) = ∇. (kf∇ T) 

Where ρf,  μf, cf, kf are the fluid density, viscosity, specific heat and thermal conductivity, respectively. The subscript 

ƒ refers to the fluid domain. V⃗⃗⃗, P and T are the velocity, pressure and temperature of the fluid, respectively. 

Photovoltaic cell performance 

In order to assess the performance of the CPV system, several parameters are adopted. The electrical output 
power (pelec) from the photovoltaic system can be calculated from the following expression (Ahmed and Radwan, 
2017): 

Equation 11:                                                              Pelec = ηscτgβsiGA 

Material Reflectivity Absorptivity(α) Transmissivity (τ) Emissivity(ɛ) 

Glass cover 0.04 0.04 0.92 0.85 
Eva layer 0.02 0.08 0.9  

Silicon layer 0.08 0.9 0.02  
Back sheet 0.86 0.128 0.012 0.9 
Aluminum - - - 0.9 
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Where ηsc, τg, βsi, G and A are the efficiency of the photovoltaic cell, transimissivty of the glass cover, cell packing 

factor, the net concentrated solar irradiance on the upper glass cover of the cell and the area of the photovoltaic 
cell, respectively. 

The Friction power of the fluid can be calculated from the following equation (Teo et al, 2012): 

Equation 12:                                                               PFric =
ṁf

ρ
 ∆P 

where ∆P is the pressure drop through the microchannel heat sink. Therefore, the net useful electrical power 
generated from the system can be calculated as follows: 

Equation 13:                                                             Pnet = Pelec − PFric 

Finally, the solar concentration ratio (CR) can be obtained from the following relation (Ahmed and Radwan, 2017): 

Equation 14:                                                                     CR =
G

Gref
 

Where  Gref = 1000 W/m2 

Boundary conditions 

In order to solve the heat transfer and fluid flow governing equations of the 3D computational model, the boundary 
conditions must be first defined and are summarized as follows: 

 The upper glass cover of the photovoltaic cell was subjected to combined effects of convection and 
radiation losses. 

 All the sides of the photovoltaic cell and the micro-channel heat sink were adiabatic. 

 The back side of the microchannel heat sink was assumed to be subjected to convection heat losses. 

 For all layers of the photovoltaic cell, absorption of solar irradiance was modelled as a heat generation 
source term in the energy equation.  

 For the fluid flow, the inlet velocity was considered uniform and the temperature of the coolant at the 
inlet was uniform and equaled 25˚C. 

 Pressure outlet boundary condition was identified at all fluid outlets, and the pressure at the outlets was 
assumed to atmospheric. 

4. NUMERICAL METHODS  

In the current work, a comprehensive three dimensional model for the CPV system attached to a radial 
microchannel heat sink was built. This model was numerically solved and adopted to predict the temperature 
distribution of the solar cell, solar cell efficiency and the pressure drop to assess the performance of the system. 
The CFD ANSYS FLUENT (2020 R2) software was used to numerically solve the three dimensional model by a 
Dell precision T7500 workstation. In order to achieve high solution accuracy and reduce the simulation time, several 
steps were applied during the generation of the mesh. First, multi-block technique was used to divide the 
computational domain into 3-D zones using ANSYS meshing tool, so that a high quality grid was generated as 
shown in Figure 6. Second, in order to reduce the computational time, only one quarter of the computational domain 
was simulated due the symmetry of the model. Third, a mesh independence test was conducted to select the 
suitable element size to achieve high solution accuracy at a relatively low computing time, which was approximately 
fourteen minutes for each case.  Finally, the model was validated using numerical data in the literature. 

                        

Glass layer
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Silicon layer
EVA layer

Tedlar layer

Heat sink domain

 

Figure.6: Mesh structure for the solar cell coupled with the heat sink. 
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Mesh independence test 

A mesh independence study was performed for all the components of the model. The quality of the grid was 
investigated based on the solar cell temperature. In the present study, five different cell sizes were considered to 
check the grid sensitivity. Figure 4 shows the results of the mesh independence study for the current model. As 
illustrated in Figure 4, there was no noticeable change in the temperature of the solar cell with the rise in the number 
of cells beyond 10,514,500 cells. Consequently, a number of 10, 514,500 cells was selected for the simulation of 
the current model. 

Model validation 

The present model was validated using the published results of a model in the literature (Zhou et al., 2015).  This 
was achieved by comparing the predicated results of the current model with those of the selected model (Zhou et 
al., 2015). The previous model (Zhou et al., 2015) used the same polycrystalline silicon cell as the investigated in 
the current study. This PV module was cooled using natural convection and the study was performed under different 
ambient temperatures from -10 to 40˚C. Moreover, the performance of the PV module was studied at different 
intensities of solar irradiance (400,600, 800, and 1000 W/m2). Figure 5 highlights a comparison between the results 
predicted by the current model and those of the previous model obtained at various ambient temperatures (-10 to 
40˚C) and different solar irradiance (400, 600, 800 and 1000 W/m2), where ∆ T was the difference between the 
maximum PV module temperature and the ambient temperature. As shown in Figure 5, the present model 
accurately predicts the results of the previous model (Zhou et al., 2015). 

5. RESULTS AND DISSCUSIONS 

5.1 Local temperature distribution 

Studying the local temperature distribution of the solar cell rather than the average temperature provided a more 
accurate tool to evaluate the effectiveness of the integrated thermal regulation technique with the CPV system. 
Whereas, the average temperature gave no indication of the maximum temperature of the cell which may exceed 
the safe operation limit, the local temperature distribution provided detailed information about the temperature 
contours and their specific location. Consequently, the formation of any potential hot spot or temperature non-
uniformity could be easily detected to avoid the failure of the solar cell. In the current study, the local temperature 
distribution was investigated for a plane existing at the middle of the silicon wafer of the solar cell which was 
responsible for electricity generation. 

 

 

 

  
Figure 4:  Mesh independence test results.  Figure 5: Present model validation with the numerical       

results of Zhou et al. 
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The local temperature distribution of the mid silicon layer is illustrated in Figure 6 at various concentration ratios of 
(CR = 5, 10 and 20) and mass flow rates of (500, 1000 and 2020 g/min). From Figure 6a, at the lowest concentration 
ratio of CR = 5, the cell temperature ranged from 42˚C to 44.1˚C, which was far below the maximum safe operating 
temperature defined by the manufacturer (85˚C). Moreover, the maximum cell temperature declined by 1.4˚ with 
the rise in the cooling fluid flow rate from 500 g/min to 2020 g/min. As illustrated Figure 6b, increasing the 
concentration from CR = 5 to CR = 10 caused the maximum solar temperature to jump from 44.1˚C to 59.1˚C, 
which was still below the maximum allowable operation temperature. Figure 6c shows the local temperature 
distribution of the solar cell at CR of 20. Based on Figure 6c, further increase in the concentration ratio to CR = 20 
caused the maximum solar cell temperature to exceed the maximum safe operation limit, where the maximum 
temperatures reached 90.1˚C and 86˚C at coolant mass flow rates of 500 and 1000 g/min, respectively. At the 
same concentration ratio of CR = 20, an additional increase in the coolant mass flow rate to 2020 g/min reduced 
the maximum temperature below the safe operation limit to 83.8˚C. 

�̇� = 𝟓𝟎𝟎 𝐠/𝐦𝐢𝐧 �̇� = 𝟏𝟎𝟎𝟎 𝐠/𝐦𝐢𝐧 �̇� = 𝟐𝟎𝟐𝟎 𝐠/𝐦𝐢𝐧 

   
(a) CR = 5 

   
(b) CR = 10 

   
         (C) CR = 20 

Figure 6: Variations of temperature contours of the mid-silicon layer at (a) CR = 5 , (b) CR= 10 and (c) CR = 20. 
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Based on the temperature contours of the mid-silicon layer for all studied conditions of coolant mass flow rates and 
concentration ratios, it was generally noticed that the radial micro-channel heat sink provided a fully symmetrical 
temperature distribution around the center of the photovoltaic cell with a more uniform temperature distribution at 
the whole middle region of the solar cell. Furthermore, the temperature was lower at the middle region of the solar 
cell due the existence of the coolant entrance at the centre and increased slightly in outwards direction. The 
temperature contours had circular shapes at the centre of the photovoltaic cell, and then they became rounded 
squares which extended to cover the whole middle region of the computational domain. At the four corners of the 
cell, the temperature was slightly higher due to the longer path of the radial microchannel at these regions which 
led to higher coolant outlet temperature at the four corners. This, in turn, resulted in slightly higher temperature at 
the corners of solar cell with symmetrical temperature contours which had quarter circle shapes at the four corners 
of the solar cell. 

5.2 Maximum temperature 

To avoid the quick damage of silicon layer which was responsible for electricity generation, the maximum 
temperature of the mid-silicon layer was investigated in the present study. Consequently, it was essential to 
determine the suitable operating conditions of concentration ratios and associated mass flow rates for the solar cell 
in order to operate safely without the risk of burnout. Figure 7 highlights the maximum temperature of the solar cell 
for all operating conditions of coolant mass flow rates and concentration ratios. As shown in Figure 7, the solar cell 
operated safely at CR 5 and 10 for all the studied coolant mass flow rates, as the maximum temperatures were 
much less than the maximum allowable temperature. On the other hand, with the higher concentration ratio of  CR= 
20, the maximum temperature was higher than the maximum safe operation limit at the low mass flow rates of 500 
and 1000 g/min as shown in Figures 7a and 7b.  However, an additional rise in the coolant mass flow rate to 2020 
g/min reduced the maximum cell temperature below the safe operation limit as illustrated in Figure 7c. 

�̇� =500 g/min �̇� =1000 g/min �̇� =2020 g/min 

   

(a) (b) (c) 

Figure 7: Variation of the maximum temperature of the mid-silicon layer with the CR at (a) �̇� =500 g/min, (b) �̇� =1000 g/min 
and (c) �̇� =2020 g/min. 

5.3 Temperature uniformity 

The temperature uniformity of the photovoltaic cell was a crucial study parameter as the non-uniform temperature 
distribution caused thermal stresses, which led to solar cell damage. Consequently, the current work studied the 
temperature uniformity of the cell at the various operating conditions. The difference between the maximum and 
minimum local temperature of the silicon layer (∆T =𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛) was used to express the temperature uniformity 
of the cell. Figure 8 presents the temperature uniformity of the photovoltaic cell at different mass flow rates (500, 
1000 and 2020 g/min) and concentration ratios (5, 10 and 20). At the lower concentration ratio CR = 5, the 
temperature uniformity was high as the temperature difference ranged between 0.6˚C and 1.8˚C. Additionally, it 
was noticed that increasing the fluid mass flow rate increased the temperature uniformity of the cell. This was most 
likely due to the fact that increasing the coolant mass flow rate raised the convection heat transfer rate which 
decreased the temperature difference at the cell surface. Based on Figure 8, it was clear that at the higher levels 
of concentration ratios, the temperature difference increased, and this was mainly due to the high thermal energy 
gain at higher radiation intensities which lowered the temperature uniformity of the photovoltaic cell. As illustrated 

Safe operation limit 
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in Figure 8a, at the low coolant mass flow rate m = 500 g/min, with the rise in the CR from 5 to 20, the temperature 
difference increased from 1.8˚C to 7.8˚C.  Additionally, at CR = 20, a significant reduction in the temperature 
difference from 7.8˚C to 2.4˚C was observed when increasing the mass flow rate from 500 g/min to 2020 g/min. 

5.4 Solar Cell efficiency 

Figure 9 outlines the change in the electrical efficiency of the photovoltaic cell with the cooling fluid mass flow rate 
at different concentration ratios of 5, 10 and 20. Based on Figure 9, it was clear that increasing the concentration 
ratio from 5 to 20 led to a reduction in the electrical efficiency for all studied mass flow rates. This resulted mainly 
from the rise in the solar cell temperature due to the increase in the CR. As illustrated in Figure 9, at the low mass 
flow rate m = 500 g/min, the electrical efficiency decreased from 18.3% to 14.5% with the increase in the 
concentration ratio from 5 to 20. Additionally, increasing the coolant mass flow rate led to an enhancement in the 
electrical efficiency for all the investigated concentration ratios. At CR = 20, the electrical efficiency increased from 
14.5 % to 14.9% as the coolant mass flow rate increased from 500 g/min to 2020 g/min. The same trend was 
reported by Radwan and Ahmed (2017); a slight enhancement in the electrical efficiency of the solar cell was 
observed with the rise in the cooling fluid mass flow rate from 800 g/min to 2020 g/min. 

 

5.5 Solar cell power 

Using a microchannel heat sink as an active cooling technique for a CPV system is associated with increased 
energy consumption to overcome the friction losses due to coolant flow in these narrow channels. Figure 10 

�̇� =500 g/min �̇� =1000 g/min �̇� =2020 g/min 

   
(a) (b) (c) 

Figure 8: Variation of temperature uniformity of the mid-silicon layer with the CR at (a) �̇� =500 g/min, (b) �̇� =1000 g/min 
and (c) �̇� =2020 g/min. 

CR=5 CR=10 CR=20 

   

(a) (b) (c) 
Figure 9: Variation of solar cell electrical efficiency with the coolant mass flow rate at (a) CR=5 , (b) CR=10 and (c) CR=20. 
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illustrates the change in the friction power, electrical gained power and the net output power with the coolant mass 
flow rate at CR = 5, 10 and 20. As shown in Figure 10, the increase in the coolant mass flow rate raised the friction 
power losses. The main reason for this was that pressure drop was directly proportional to square of the coolant 
flow velocity. Moreover, a slight decrease in the friction power was observed when the concentration ratio increased 
from 5 to 20. This could be attributed to the reduction in fluid viscosity due to the increase in the coolant temperature 
at higher concentration ratios. Based on the figure, the photovoltaic cell electrical power experienced a slight 
enhancement with the rise in the coolant mass flow rate and reached 43.46 , 43.97 and 44.23 W for CR= 5 ,10 and 
20, respectively and at coolant mass flow rate of 2020 g/min. Consequently, the net output power decreased with 
the increase in the fluid mass flow rate due the increase in friction power losses. 

 

6. CONCLUSION 

In the current study, the performance of an actively cooled polycrystalline silicon solar cell for CPV applications 
was investigated numerically using a novel design of radial microchannel heat sink. According to the findings of 
the current study, the new configuration of the microchannel heat sink provided an effective thermal regulation for 
CPV systems up to CR= 20. The developed comprehensive three dimensional model of CPV system predicted the 
temperature contours of solar cell which showed that the MCHS achieved a fully symmetrical temperature 
distribution with high temperature uniformity with a small temperature difference of 2.4˚C at the higher concentration 
ratio CR = 20. Moreover, the new configuration of MCHS was able to reduce the operating temperature below the 
maximum allowable limit (85˚C), and enhance the temperature uniformity, electrical efficiency and the gained 
electrical power with an acceptable pressure drop. 

Finally, pure water was used in the present study as a cooling medium due to its high cooling performance in order 
to examine the effectiveness of the new design of the heat sink which is the main focus of the present work. 
However, multiphase flow is capable of achieving higher convective heat transfer rates, so we recommend that 
multiphase flow be considered in a future study. 
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Abstract: A sustainable road lighting standard should include all the elements drivers need to be able to see 
including pavements and any obstacles/target on or near the road. In order to improve visibility, roadway lighting 
standards should take the human visual system into account. Recent studies have focused on utilizing luminous 
contrast because it has a crucial impact on visibility. The objective of this manuscript is to propose new metrics and 
to evaluate how they respond to the change in road lighting design variables. Data collection, data analysis, 
computer simulations, and statistical analysis were applied in this study. In the simulation tool, calculation points 
were located at various heights along the roadside and longitudinally, based on the possible position of targets. A 
driver was positioned at a distance equal to the total stopping distance from each target. Luminance of targets and 
their background were the main test metric used to develop the new metric called "mean contrast". This paper 
analyses four target heights, five lateral target locations, sixteen longitudinal target locations, and three lumen 
outputs. Results showed that low-height targets had negative contrast, while targets at 1.0m and above had positive 
contrast. The positive mean contrast did get affected by lamp lumen output, while the negative mean contrast 
became more negative as the lamp lumen increased. The positive mean contrast at 1.5m, however, increased with 
higher lamp lumen output. The positive and negative uniformity dropped with higher lumen intensities. This study 
concluded that the mean contrast metric has merit and could be used to improve visibility for drivers during the 
night.  
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1. INTRODUCTION  

At night, there are many reasons for road accidents, and one of the biggest factors is poor visibility for drivers. 
Many countries use the American National Standards Institute/IESNA recommended practice RP-8-14 (IESNA, 
2014) or CIE publications (CIE, 2010) as the source for their own road lighting guidelines. These standards use 
either the illuminance or luminance approaches to measure the quantity of light provided at road surface 
(pavement). An ideal roadway lighting should not only illuminate the road surface level but should also illuminate 
all possible obstacles that drivers may encounter, aiming to improve the overall visual environment for drivers. 
Several scholars have criticised the principles used to develop the current roadway lighting standards, their target 
design values, and their suitability to cope with the new material used in today’s roadway pavements (Raynham, 
2004; Fotios, 2012). A recent study by Fotios and Gibbons (2018) reviewed the basis of the luminance and 
illuminance approaches used in the current standards. They highlighted that the lighting recommendation levels in 
these standards were old, vague and they pushed the need to develop new standards. Mushtaha et al. (2022) also 
investigated the impact of outdoor lighting on visibility and the perceived safety for pedestrian. They found that 
improving visibility by improving the lighting system enhanced the feeling of safety  

Recent studies have been directed to investigate new approaches to roadway lighting standards that rely on 
visibility measures. Visibility indices found in the literature rely primarily on the target contrast. Several recent 
studies have suggested shifting road lighting standards to a contrast-based approach (Saraiji and Oommen, 2013; 
Saraiji and Oommen, 2015; Clanton, 2014; AbouElhamd and Saraiji, 2018; Rea, 2012). The IESNA (2014), has 
introduced an approach called the small target visibility (STV), which is the weighted average of the visibility level 
(VL) of an array of targets on the roadway. Whereas the STV approach is a measure of visibility of objects on the 
pavement, it has some limitations such as calculating the VL for low obstacles only and ignoring other obstacles 
that could be of different heights such as rocks, animals, children, and pedestrians. Rea and Ouellette (1991) 
introduced another visual performance model that could relate the measurable aspect of the visual environment 
(e.g. target contrast) to measurable human response (e.g. response time). This model was called “the relative 
visual performance model (RVP)”. AbouElhamd and Saraiji (2018) developed a new approach for calculating 
target’s contrast on the roadway. In this approach, target’s contrast was calculated knowing the luminance of 
targets and their background.  

An appropriate standard for road lighting should take all elements that drivers need to see into account. This 
includes pedestrian of various heights, animals, and other rigid elements that might exist on roads such as rocks. 
The vertical illuminance of pedestrians varies from top to bottom, according to Saraiji and Oommen (2015). Thus, 
road lighting standards should account for different target height and location in the road lighting environment. It is 
also necessary to relate the vehicle’s speed to the required stopping distance to get the vehicle to a full stop. In 
sum, the current roadway lighting standards have the following limitations: 

 For the design criteria, luminance and illuminance are currently used, while human visibility is primarily 
based on contrast between objects and backgrounds; 

 For the distribution of grids, they should not be distributed at pavement levels only, but should depend on 
possible locations of obstacles in the roadway lighting environment; 

 For the driver-to-obstacle geometry, this should not be fixed, and should rather depend on the required 
speed of the vehicle to reach to a full stop.    

In this manuscript, we propose a new metric that could enhance visibility for night-time drivers. The metric was 
based on target contrast and is named as “mean contrast (Cavg)”. The impact of changing lamp lumen outputs on 
the proposed metrics will also be investigated in this paper.   

2. METHODOLOGY  

The study applied several methods: (1) gather design information from the common current roadway lighting 
standards (IESNA, and CIE); (2) analyse and compare the retrieved data to find the limitations that need 
improvements; (3) propose new design configurations for roadway lighting standards that have the potential to 
overcome the limitations in the current ones; (4) carry out computer simulation using Dialux software; (5) interpret 
the simulation output and calculate target contrast; and (6) propose the mean contrast metric and investigate its 
behaviour as lamp lumen output changes.  

In the beginning, the ANSI/IESNA recommended practice RP-8-00 and CIE Publication 115 were studied closely 
to gather and analyse information on the design configurations in each standard. Information such as the size of 
calculation field, the distribution of measuring points in the longitudinal and transvers direction of the road, and the 
geometry of the driver were gathered and analysed.  Table 1 presents a comparison between the ANSI/IESNA 
recommended practice RP-8-00 and CIE Publication 115.  
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Table 4: A comparison between the ANSI/IESNA recommended practice RP-8-14 (IESNA, 2014) and CIE Publication 115 
(2010)  

The ANSI/IES recommended practice RP-8-14 

Calculation field Measuring grid points 
Observer/driver 
configurations 

Is bounded by the edge of 
the pavement from one 

direction, and in the other 
direction is bounded by the 

position of poles 

All measuring point are 
distributed on the pavement 
level. In the lateral direction, 
two points are distributed at 
quarter the distance from the 

pavement edge. In the 
longitudinal direction, there 
is a minimum number of 10 
grids, where the distance 

between them should not be 
more than 5m.   

Two observers are located 
on each lane at 1.45m 
above the ground. The 

observer is positioned at a 
fixed distance equals 

83.07m from each grid point, 
and it moves with each grid 
to keep a fixed observer-to-

grid relation.   

CIE Publication 115 

Calculation field Measuring grid points 
Observer/driver 
configurations 

Is bounded by the edge of 
the carriageway on roads 

with median, and the whole 
road width in roads without 
median, and in the other 

direction is bounded by the 
position of poles 

All measuring point are 
distributed on the pavement 
level. In the lateral direction, 
three points are distributed 
depending on the width of 

the road. In the longitudinal 
direction, the grids’ spacing 

equals the pole spacing 
divided by number of 
needed grid points.   

One observer is positioned 
at the centre of each lane at 
1.5m above the ground. The 
observer is positioned at a 
fixed distance equals 60 m 
from the first luminaire, and 
it does not move relative to 

each grid.   

Whereas both standards attempt to create the optimum configuration to best represent the real-live practice, they 
suffer from some limitations that can be listed as follows:  

 In IES, no consideration was given to the existence of the median in the lateral direction of the road for 
the calculation field; 

 In IESNA and CIE 115, there was no consideration for the whole lighting environment and the aim seemed 
to be to illuminate the pavement surface only. A better approach would be to consider the pavement and 
all obstacles of various heights, and at any location on the road (whether on the pavement or close to it); 

 In IES and CIE 115, having more than one grid point on the lateral direction of the road was not practical. 
One grid point per lane was enough to understand the luminance environment on that lane; 

 In CIE 115, the geometry of observer should be related to each grid point, not to the calculation field that 
does not exist; 

 In IES and CIE 115, no consideration was given to the vehicle’s speed when choosing the distance 
between the driver and the grids. A better approach would be to consider the vehicle’s speed for the driver-
to-grid distance. The total stopping distance proposed by (AASHTO, 2018) could be an option as it 
considers vehicle speed and road type.   

In order to overcome the above limitations in the configuration related to the current road lighting guidelines, we 
proposed the following configuration. The proposed road configuration includes five obstacles arranged in the 
lateral direction; three obstacles positioned on the pavement of the road, and two obstacles positioned on the 
sidewalk beside the road. This helps to represent obstacles on the road and those beside the road with intention 
to cross it. As seen from an oncoming car, the obstacles were labelled as follows: Left (L), Left-Centre (LC), Centre 
(C), Right-Centre (RC), and Right (R). Four sub-obstacles for each obstacle were represented by different heights 
in relation to the ground (0.05m, 0.5m, 1.0m and 1.5m) to represent obstacles of various heights in the road 
environment such as rocks, animals, children, and adults. The five obstacles, along with their sub-obstacles, were 
repeated at equal intervals along the longitudinal direction of the road to cover the area between two poles with 
sixteen grids. As proposed, the driver should be positioned at a distance equal to the total stopping distance to 
account for the speed of vehicle (AASHTO, 2018), see Figure 1 for illustration.  



99 

 

 

Figure 1: Plan view of the proposed configuration for a two-lane road  

A two-lane road was developed using DIALux software, and its design parameters are presented in Table 2. The 
Dialux software was used to collect the illuminance and luminance information for targets and their corresponding 
background. The location of the background was determined using a vector analysis method presented by the 
authors in a prior work (AbouElhamd and Saraiji, 2018). In this method, a vector initiated from the driver’s eye, 
passed through each target until it intersected with the background. Depending on the location of the intersection 
point, the type of the background was determined, after which the luminance of the background was calculated. 
Knowing the luminance of targets and their corresponding background, the contrast of each sub-target was 
calculated via Equation 1.   

Equation 3: Target’s contrast.  
3. Ct=(Lt-Lb)/Lb                                                     

Where: 

 Ct = target contrast 

 Lt= luminance of targets (cd/m2) 

 Lb= luminance of background (cd/m2) 

Table 2: The design parameters for the base-road under consideration  

Parameter  Value  

Number of lanes 2 

Lane width 3.6 m 

Pole arrangement Single-sided  

Pole height 10 m 

Pole spacings 40 m 

Type of luminaire  light emitting diode (LED) 

Luminaire optic type  
optic distribution type II, with 

95 watts 

Target’s reflectance 20% 

Background reflectance for 
sand desert  

40% 

Total stopping distance  65 m 

Driver’s eye height  1.45 m 

Road reflectance type  R3 
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In this paper, we propose a contrast-based metric we call mean contrast (Cavg). It calculates the average contrast 
of all targets at each target’s height in the roadway environment. In order to avoid skewing the mean value, we 
differentiated between positive and negative contrast values. This index required a uniformity ratio. In this study, 
uniformity was measured by standard deviation over the mean value. This metric had four values which were: (1) 
the positive mean contrast, (2) the negative mean contrast, (3) the positive contrast uniformity, and (4) the negative 
contrast uniformity. Equations 2 and 3 illustrate how the negative mean contrast and the negative uniformity were 
calculated.  

 Equation 2: The negative mean contrast  
4. Negative Cavg = (∑ negative C) / nnegative contrast                                                     

Equation 3: The negative contrast uniformity  

5. Negative uniformity= negative STDVT / negative 
Cavg 

 Where: 

 Negative Cavg = the mean of the negative contrasts 

 negative C = the negative target contrast  

 nnegative contrast = the number of targets with negative contrast 

 Negative uniformity= the uniformity of negative contrast 

 negative STDVT= the standard deviation of negative contrast  

3. RESULTS AND DISCUSSION  

Within this section, we discuss outcomes related to contrast of targets found in the road, as well as propose the 
mean contrast metric and investigate how the mean contrast changed as lamp lumen output changed.  

3.1   Contrast  

The contrast was calculated for all targets in a two-lane road at four heights (0.05m, 0.5m, 1.0m, and 1.5m). Figure 
2 presents the target contrast for targets in the base-case road at heights 0.05m, 0.5m, 1.0m, and 1.5m. The 
negative contrast value indicated that the background was brighter than the target, whereas the positive contrast 
value indicated that the target was brighter than its background. One can observe from these figures that the 
location of targets (in the longitudinal and transvers directions) and their height had large impact on the contrast 
results. Generally, as target height increased, the targets’ contrast shifted from negative to positive. Another 
important finding was that the location of targets in the lateral direction had a large impact on the contrast values 
as the left and right locations display similar trends that differ from left-centre, centre, and right-centre. This can be 
due to the fact that the type of the background changes laterally and vertically.   

The contrast at 0.05m 

Figure 2 (a) displays the contrast profiles for targets at 0.05m from the ground. The contrast for all targets at this 
height were negative, indicating that targets were darker than their background. This figure also illustrates that the 
contrast value was affected by the type of background, whether sky, land, or road. It was noticeable that that 
contrast profiles for (L) and (R) positions were different than those for (LC), (C), and (RC). This was due to the fact 
that the background for the (L) and (R) positions was land that was a diffuse surface, while that for the (LC), (C), 
and (RC) was the road pavement. The trends for the (L) and (R) positions peaked at half-way between poles, while 
the trends for the (LC), (C), and (RC) peaked somewhere near pole-B. Since the contrast at this height was 
negative, the closer the negative value gets to zero, the harder it was to see the targets.  

The contrast at 0.5m 

Figure 2 (b) displays the contrast profiles for targets at 0.5m from the ground. Similar to targets at 0.05m, the 
contrast for the majority of targets at 0.5m were negative. The (LC) position had contrast values that were the 
closest to zero, indicating very low visibility measured compared to other lateral positions. This was because targets 
at this height were far from the luminaires, and thus they were away from its reach. The contrast profiles for target 
on (L) and (R) exhibited similar contrast profiles and they peaked at half-way between the poles.    

The contrast at 1.0m 
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Figure 2 (c) displays the contrast profiles for targets at 1.0m from the ground. The contrast for targets at this height 
fluctuated between positive and negative. This could be related to the fact that the location of the background points 
relative to the road light varied for targets at 1.0m. The contrast profiles for the (L) and (R) exhibited mostly positive 
contrast, while that for the (LC), and (RC) exhibited mostly negative contrast. This again was due to the type of the 
background. The contrast profile for the (C) position was mostly positive and it peaked at the second quarter of the 
road near pole-A. Targets that exhibited contrast, whether positive or negative, close to zero were considered to 
be less visible.   

The contrast at 1.5m 

Figure 2 (d) display the contrast profiles for targets at 1.5m from the ground. The contrast for all targets at this 
height were positive, indicating that targets were brighter than their background. At this height, the background for 
targets was usually the sky with very low luminance values. All contrast profiles peaked at the third quarter 
somewhere close to pole-B.   

 

Figure 2: Contrast measures for taregts at various heights for the base-case road  

3.2   Mean contrast metric  

In order to fully comprehend the mean contrast metric, It is crucial to determine the negative and positive mean 
contrast, as well as the positive and negative uniformities. These meausres were calculated for three lamp lumen 
outputs (6694, 9106, and 13508 lumen) and at four target heights (0.05m, 0.5m, 1.0m and 1.5m). Figure 3 displays 
the four measures needed to fully understant the mean contrast metric, which were; (1) the positive mean contrast, 
(2) the negative mean contrast, (3) the positive mean uniformity, and (4) the negative mean uniformity.  

Figure 3 (a and b) presents the positive and negative outcomes related to the mean contrast. It shows that the 
positive mean contrast for targets lower than 1.5m did not get affected when the lumen output increased from 6694 
lumen to 13508 lumen. However, positive mean contrast for targets at 1.5m increased gradually when the lamp 
lumen increased. Similarly, the negative mean contrast for targets at 0.5m and 1.0m did not get affected by the 
increase in lamp lumen output. On the other hand, the negative mean contrast became more negative with higher 
lumen outputs for very low targets at 0.05m. The mean negative contrast measure for targets at 1.5m was zero for 
all lumen outputs because at this height targets exhibited only positive contrast as explained earlier in section 3.1. 
These results indicated that increasing lamp lumen output increased the positive and negative mean contrast, 
indicating better visibility of targets in the road environment.  

Figure 3 (c, and d) presents the contrast uniformity for the positive and negative targets. According to the definition 
of uniformity as the standard deviation over an average, the lower the number, the better. The figure shows that 
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increasing the lamp lumen output decreased both the positive and negative uniformity. Targets at height 0.5m 
showed the best positive contrast uniformity compared to targets at 1.0m and 1.5m. Additionally, the positive 
contract uniformity at 0.5m was best at the highest lumen output of 13508 lumen. The negative contrast uniformity 
also became worse with higher lumen intensities. Targets at 0.05m showed the best negative contrast uniformity 
compared to other heights at 0.5m and 1.0m.  

 

Figure 3: (a) Positive mean contrast; (b) Negative mean contrast; (c) Positive contrast uniformity; (d) Negative contrast 
uniformity 

4. CONCLUSION  

This paper proposed the mean contrast as a metric to assist in improving visibility for drivers during night-time. The 
mean contrast was the average contrast of targets along a roadway segment. In this metric, four measures were 
computed which were the positive mean contrast results, the negative mean contrast, the positive contrast 
uniformity, and the negative contrast uniformity. The designers of roadway lighting can use this information to 
understand the range of contrast values calculated for a specific road. We investigated the behaviour of the 
proposed metric as the lamp lumen increased. Out main findings could be summarised as follows:  

 Target height had large impact on the contrast measures, and hence on the mean contrast metric. Targets 
at low heights (less than 1.0m) usually exhibited negative contrast, while those that were high relative to the 
ground (1.0m and 1.5m) exhibited positive contrast; 

 The position of targets (laterally and longitudinally) had massive impact on the contrast. Targets on left and 
right positions usually showed similar contrast profiles, while those on the left-centre, centre, and right-
centre showed similar contrast profiles. This was mainly because the type of the background for these 
targets were different; 

 The positive mean contrast did not get affected by the increase in lumen output except for targets at 1.5m. 
The positive mean contrast increased with higher lumen outputs. On the other hand, the negative mean 
contrast became more negative with higher lumen outputs especially for very low targets; 

 The negative contrast uniformity became worst for tall targets as the lumen output increased, while that for 
short heights improved with higher lumen outputs. On the other hand, the positive contrast uniformity for 
high targets become worst as the lumen output increased, while that for low targets improved with large 
lumen outputs; 

 As the lumen output increased, the positive and negative contrast uniformities decreased; 

 The results showed that the mean contrast metric was useful and could be incorporated into standards for 
roadway lighting. Target visibility could be determined along any roadway segment using this metric. The 
proposed metric requireds further investigation to determine the design target values.   
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Abstract: Polymeric materials are common in all areas of our lives because of their exceptional mechanical, 
physical, and chemical properties. The major weakness of these polymeric materials is their high flammability. This 
limits their applications in cases where fire resistance is needed. Flame retardants have been developed to reduce 
flammability, combustibility, and release of toxic fumes but, unfortunately, most flame retardants, especially the 
halogenated FRs, are non-biodegradable and tend to remain in the environment. This has resulted in the 
exploration of bio-based, biodegradable flame suppressant alternatives which include cellulose, hemicellulose, 
starch, cyclodextrin, isosorbide, lignin, phytic acid, tannic acid, DNA, proteins, vegetable oils, and other saccharide-
based compounds. Lignin is a large source of carbon and can be used in combination with other flame retardants 
for creating intumescent systems for polymeric materials due to its high charring capabilities. Because of its 
significant char output after decomposition from its aromatic framework, lignin has recently gained a lot of attention 
as a bio- based flame-retardant ingredient. Nonetheless, because of its diverse structural heterogeneity, chemical 
reactivity, and broad molecular mass spread, its performance is strongly influenced by the botanical origin and 
delignification technique employed. The phosphorylation of phenolic and aliphatic hydroxyl groups in lignin can 
yield renewable flame retardants, providing a genuine market opportunity for its valorization. In this review, we 
present the suggested structures for native lignin, the five key technical lignins from the major industrial extraction 
processes, intumescent flame-retardant properties of lignin, several studies on lignin-based intumescent systems, 
innovative work on the functionalization of lignin with phosphorus-based compounds, their applications as flame 
retardants in bio-polymers as well as important flame retardancy results from various scholarly articles. 
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1. INTRODUCTION 

Polymeric materials cannot be made fire-resistant; it is only possible to make them more difficult to ignite, as well 
as to slow down and limit the spread of the flame once it has been initiated. This is achieved through an additive 
known as flame retardants (FRs). Bio-based flame retardants are becoming more and more common in the world 
of flame-retardant materials. Halogen-free flame retardants are being created for a range of industrial uses and 
recently, major biobased polymer additives that are fully biodegradable and produced from renewable resources 
have been developed by scientists (Chukwunwike and Okafor, 2019). 

Bio-based materials can be utilized alone as an excellent constituent of FRs, or they can be combined with more 
conventional FRs like phosphorous, nitrogen, melamine, boric acid, or both, as well as by chemical alterations. A 
bio-based material must also meet the following requirements to be used as a flame retardant: It must have high 
thermal stability during processing; high charring capacity and should have functional groups like hydroxyls, 
carboxylic acids, amines, double bonds, and others that can undergo chemical transformations. Elements like 
phosphorous, nitrogen and silicon which can enhance fire resistance should also be in the structure of the bio- 
based material (Eram, 2019). Different bio-based materials do not naturally have sufficient flame-retardant 
qualities, but functionalization can produce a workable flame-retardant additive (Hobbs, 2019). The effectiveness 
of biodegradable flame retardants depends on the sustainability of the compounds made from renewable resources 
in terms of both the economy and the environment. To create flame-retardant chemicals, this industry needs non- 
fossil fuel-based resources (Eram, 2019). 

Biomass, which is defined as biomolecules or biological matter found on the earth's surface, can be used to 
synthesize bio-based flame retardants (Vassilev et al., 2010). Bio-based alcohols such as isosorbide, 
pentaerythritol, vanillin, cardanol, eugenol, glycerol, and others, as well as double bond-containing compounds 
such as itaconic acid (IA), can all be generated from biomass (Hobbs, 2019). The raw materials which seem 
favorable are those biomolecules from the wood industry and other renewable sources. These include lignin, 
cellulose, vanillin and lignosulfonate, and starch which show great prospects in flame retardancy (El Hage et al., 
2009). Lignocellulose shows a lot of potential as a renewable carbon-containing resource on Earth (Sarkanen and 
Ludwig, 1971). Lignin is a good source of carbon for the fabrication of nanostructures and shows peculiar properties 
as a charring agent in flame retardant additives 

2. LIGNIN 

Lignin is the second most prevalent biomass after cellulose. It is a complex natural aromatic polymer. The major 
industrial source of lignin is pulp and the paper industry and bio-refineries, where it is a by-product of the pulping 
processes (Tuck et al., 2012; Sen et al., 2015; Upton and Kasko, 2016a; Zhang et al., 2018; Zhang et al., 2021). 
Lignin, a key component of lignocellulosic biomass, is the world's greatest natural source of aromatic compounds, 
making it a desirable feedstock for the synthesis of renewable chemicals (Bertella and Luterbacher, 2020). Because 
of the idea's simplicity and the scheme's promise for a great atom economy, the direct incorporation of isolated 
lignin into materials has been studied for a long time. Lignin has a complicated chemical structure, and when 
isolated from biomass, it usually goes through rapid condensation. This results in lignin becoming more resistant 
to further upgrading and integration into materials (Bertella and Luterbacher, 2020). The molecular structure of 
lignin is strongly influenced by the wood type, species, and, most importantly, the extraction methods used (Rico-
García et al., 2020; Gosselink et al., 2004; Chatel and Rogers, 2014). Lignin composition is substantially more 
variable in hardwoods than in softwoods (Mandlekar et al., 2018). Various kinds of lignin have different functional 
groups, molecular weights, and elemental compositions. As a result, lignin's structure is exceedingly complex and 
difficult to define (Upton and Kasko, 2016b). 

In general, it has been accepted that lignin is an amorphous 3D network natural polymer made up of 
phenylpropanoid units linked by ether and carbon-carbon bonds (Sarkanen and Ludwig, 1971; Tang et al., 2020). 
P-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol are three different forms of phenylpropane units that 
makeup lignin (Sen et al., 2015; Calvo-Flores and Dobado, 2010; Mahmood, 2018), with the degree of 
methoxylation in their aromatic ring distinguishing them from one another (Costes et al., 2017a). The radical 
monomers in these monolignols are exposed to radical oxidation, which allows them to form covalent bonds and 
polymerize during the growth cycle of biomass. Laccases, which are multicopper oxidases, and peroxidases 
(peroxide reductases) catalyze the formation of p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) residues in the 
polymer from the monolignols (Gao and Fatehi, 2019). Figure 1 represents the three most important lignin 
precursors (monolignols) and their structures in lignin polymers.   
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Figure 1: The most important monolignols and their structures in lignin polymers Reproduced from (Ganewatta et al., 2019) 

 

The predominant covalent bond formed during this biological lignification process is the β-O-4 ether linkage which 
makes up half of the linkages, whilst the 5-5,β-5,4-O-5,β-1,dibenzodioxocin, and β-β linkages make up the rest of 
the covalent bonds. The composition and content of lignin are dependent on both the species and the environment. 
The relative abundance of the alcohols p-coumaryl, coniferyl, and sinapyl differs between softwood and hardwood 
lignin content. Although there are several documented variations, coniferyl alcohols make up nearly 90% of 
softwood lignin while sinapyl alcohol and coniferyl alcohol present in approximately equivalent amounts in 
hardwood lignin. G and S units predominate in hardwood lignins, with traces of H units, whilst G units predominate 
in softwood lignins, with minuscule quantities of H units (Brunow, 2006), as shown in Figure 2 and Figure 3. 

Figure 2: Structure of softwood lignin. Reproduced from (Zakzeski et al., 2010) 

Figure 3: Schematic representation of hardwood lignin. Reproduced from (Zakzeski et al., 2010) 
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 2.1 Technical lignins 

Physical, chemical, and biological techniques are used to remove lignin from other lignocellulosic parts. The 
breaking of ester and ether bonds is a common pulping technique. It is worth noting that the technical lignin 
produced differs significantly from native lignin (Mandlekar et al., 2018). Sulfite, kraft, organosolv, soda, and 
enzymatic hydrolysis processes are the five most common pre-treatment processes used to extract lignin at the 
moment (Liao et al., 2020; Tang et al., 2020). 

Table 1: Types of technical lignins 

Lignin Type Scale Chemistry Sulfur (%) Purity Methoxyl (%) Hydroxyl (%) Phenolic 

Hydroxyl (%) 

Carbonyl (%) 

Kraft Industrial Alkaline 1.0-3.0 High 10.5 10.1 4.1 2.9 

Lignosulphonate Industrial Acidic 3.5-8.0 Low 8.7 0.0 2.2 4.5 

Organosolv Industrial/ 

Pilot 

Acidic 0 High 15.2 3.5 3.3 3.9 

Soda Industrial/ 

Pilot 

Alkaline 0 Moderate 19.3 3.1 4.5 2.1 

Hydrolytic Industrial/ 

Pilot 

Acidic 0 Moderate 0.0 0.0 0.0 0.0 

Source: (Mandlekar et al., 2018; Vishtal and Kraslawski, 2011; Kai et al., 2016) 

2.2 Polymer Combustion 

The onset and sustenance of the combustion cycle requires three primary elements: heat, oxygen, and fuel. When 
a substance is heated to its pyrolysis temperature, it creates char, liquid condensates, and some gases as a result 
(flammable and non-flammable). These flammables remain flammable at greater temperatures, such as 
combustion temperatures (Eram, 2019). The chemical structure of polymers consists of mainly carbon and 
hydrogen, which makes them combustible. In all forms of organic polymers, carbon is the primary element 
(Maqsood and Seide, 2020). Carbon-carbon bonds are the basic building blocks of all polymers but based on the 
presence of heteroatoms in the main chains, certain polymers also have carbon-oxygen and carbon-nitrogen 
bonds. All types of organic polymers can be thermally decomposed when exposed to enough heat. These bonds 
absorb the heat supplied to a certain extent, after which they are broken, releasing highly volatile gases which fuel 
the propagation of the fire (Maqsood and Seide, 2020; Alongi et al., 2015). Heat is produced by the polymer's 
volatile components burning, and if enough of that heat returns, the polymer's thermal breakdown will continue 
because the combustion cycle is self-sustaining (Maqsood and Seide, 2020). The schematic of the polymer 
combustion cycle is shown in Figure 4. 

 

Figure 4: Polymer Combustion Cycle. Reproduced from (Maqsood and Seide, 2020) 

  



108 

 

3. FIRE RETARDANTS 

Flame retardants (FR) are chemical substances that are applied to the polymeric material to prevent it from igniting 
or burning. Flame retardants used with polymers include halogenated chemicals, organophosphorus, melamines, 
and metal hydroxides, among others. There are two categories into which flame retardants can be classified, 
namely, reactive and additive (non-reactive). Additive approaches entail the physical addition of flame-retardant 
materials to polymers. Additive-type fire retardants work at high temperatures, in the range in which combustion 
occurs, and typically work through a deformation process as opposed to a polymer treatment-based mechanism. 
Mineral fillers, hybrids, and organic chemicals, as well as polymeric materials, are commonly used as additive flame 
retardants (Laoutid et al., 2009). Flame-retardant systems work chemically or physically depending on their design. 
They have the potential to disrupt the different processes occurring in the combustion cycle. The stages of 
combustion include heating, decomposition, ignition, and the spreading of the flame in the polymer. 

3.1 Intumescent flame retardant systems 

The term "intumescence" comes from the Latin word "intumesce," which means "to swell up" (Kotresh et al., 2006). 
When heated above a certain temperature, intumescent material begins to expand and swell, resulting in the 
formation of a charred layer on the material's exterior (Qian et al., 2013). This charred layer prevents oxygen from 
diffusing to the site of combustion and protects the underlying material from exposure to fire and heat. Modern 
intumescent flame retardant systems (IFRs) use halogen-free flame retardants (HFFRs), which are safer for the 
environment than their halogen-containing counterparts because they do not degrade into dioxins. Halogenated 
compounds with aromatic rings, on the other hand, can degrade into dioxins and dioxin-like compounds (Depeng 
et al., 2017). An acid source, carbon source, and gas source are the three major elements of the intumescent 
flame- resistant system. The acid source is usually an inorganic acid or a compound that produces an inorganic 
acid when heated to 100-250°C, such as phosphoric acid, sulfuric acid, boric acid, diverse ammonium phosphates, 
phosphate esters and borates, and so on; the carbon source (char-forming agent) is usually carbon-rich 
polyhydroxy compounds, such as starch, pentaerythritol, and its dimers, trimers, and organic resins containing light 
groups, serve as the basis for generating the carbonized foam layer; blowing agent (Spumific/foaming source) is 
typically amine or Amide compounds, such as melamine (Anees, 2018; Li and Xu, 2006). 

3.2 Intumescent flame retardant properties of lignin 

Lignin has high thermal stability due to its aromatic and carbon-carbon bond structural properties. The carbon- 
carbon and aromatic chemical structure result in a high char residue formation during combustion (Hirose, 2015; 
Ferry et al., 2015; Zhang et al., 2018). This unique property, combined with lignin being bio-based means that it 
can be coupled with other FR additives in intumescent systems, in which it will be the carbon source (Hu et al., 
2013; Li et al., 2002). It enhances the fire retardancy of plastics by lowering the heat of combustion and the rate of 
heat release (Mandlekar et al., 2018). Lignin produces the most char at high temperatures which forms a protective 
layer. The char residue formed slows burning. Boric acid, melamine, aluminum phosphate, urea, and other FRs 
have all been combined with lignin. In the field, proteins and deoxyribonucleic acid [DNA] are also utilized because 
they both contain crucial components, N and P, and therefore show flame retardant behavior (Eram, 2019). 

4. FUNCTIONALIZATION OF LIGNIN 

Producing stable value-added lignin-based compounds is difficult due to the lack of a distinctive and well-defined 
structure with specific biochemical features and functionalities. Lignins' polymeric uses in advanced materials are 
limited by their limited ease of preparation, chemical inertness, fragility, and inherent structural heterogeneity. As 
a result, the structural properties of lignin, as well as pathways to improve its qualities, must be extensively studied 
to achieve value-added advanced applications. Combining lignin with commercially available polymers can result 
in lignin-based polymeric products with excellent properties (Ganewatta et al., 2019). Aside from its 
macromolecular structure, the availability of numerous functional groups demonstrates the depth of lignin's 
complexity. Despite the inclusion of a range of reactive sites in the form of hydroxyl, methoxyl, carbonyl, and 
carboxyl groups, lignin's application is restricted attributed to the prevalence of one or perhaps two methoxyl groups 
in its backbone finds it challenging to employ it in some applications due to its poor reactivity. Numerous studies 
have been conducted to boost lignin's physiochemical properties by functionalization (modifying its structure) to 
overcome this constraint. The chemical modification includes enhancing the reactivity of hydroxyl groups or 
modifying the structure of chemically active sites (Gomes et al., 2020). The functionalization reactions are 
dependent on the functional groups spread throughout the phenylpropanoid structure. Aliphatic alcohol and 
aromatic units are responsible for hydroxypropylation, esterification, etherification, and alkylation-based 
modification with epoxides and urethanization. On the other hand, the functional groups in the aromatic ring, 
depending on their nature, may be involved in acid-base, electrophilic addition/substitution, and nucleophilic 
addition/substitution reactions with other organic-based compounds. This brings the possibility of multiple lignin 
modification reactions. Phosphorylation, amination,sulfomethylation, hydroalkylation, acylation, epoxidation, 
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oxyalkylation, phenolation, methylation, and esterification are some of the potential reactions, with some of the 
modified-lignin compounds exhibiting excellent thermal stability (Gomes et al., 2020; Ganewatta et al., 2019). 
Phosphorylation of lignin to impart flame retardancy in polymers has received significant attention in the past 
decade. Because of their excellent thermal stability, phosphorylated compounds have been used as flame 
retardants in combustible plastics. The phosphorylation of phenolic and aliphatic hydroxyl groups in lignin can yield 
renewable flame retardants, providing a real market opportunity for its valorization. In addition, char is produced by 
the heat breakdown of lignin due to the rearrangement of unstable radicals (Suota, 2021). 

4.2 Phosphorylated Lignin IFRs for Biopolymers 

The intumescent flame-retardant (IFR) using phosphorus (as an acid source) and nitrogen (as a blowing agent) is 
deemed to be both efficient and environmentally benign (Bourbigot and Duquesne, 2007; Zhu et al., 2014). It 
minimizes foam flammability by charring the ingredients to create a fire-resistant layer that prevents heat and mass 
transmission between the gas and condensed phases (Zhu et al., 2014)]. However, IFRs (e.g., melamine 
polyphosphate) were typically introduced physically during polymerization, and even a minor quantity (2 wt%) would 
result in a significant (46 %) reduction in the polymer's mechanical characteristics due to its poor compatibility (Zhu 
et al., 2014; Levchik and Weil, 2006). In theory, chemical covalent bonds between flame retardants and the polymer 
matrix are an effective approach to overcoming the discrepancy between flame retardancy and mechanical 
strength. Furthermore, lignin's flame-retardant properties could be improved by chemical alteration using 
phosphorus-based chemicals (Zhu et al., 2014; Costes et al., 2016) (reactive route) or by combining it with 
phosphorus-based flame retardants (additive pathway) (Réti et al., 2008). The addition of phosphorus aids in the 
improvement of char efficiency (Costes et al., 2017b). The use of biomass, such as lignocellulose, in combination 
with phosphorus biochemistry, facilitates the synthesis of inherent flame-retardant compounds (Podkościelna et 
al., 2020). The upcoming reviews examine the work that has been done on imparting FR properties to biopolymers 
and therefore demonstrate the potential of lignin-based intumescent systems as FR solutions for polymers in the 
past 10 years. 

Polylactic acid (PLA) 

Réti et al. (2008) investigated the flammability of PLA using different FRs. First, they used the Ammonium 
Polyphosphate (APP)/Pentaerythritol (PER) system since it had previously been shown to behave well in 
polyethylenic matrices. Bioresources such as lignin and starch were then used to replace the PER. They reported 
that materials comprising lignin and starch gave lower limiting oxygen index (LOI) values than the PLA/APP/PER 
composite, but they are still economically acceptable. Lignin-containing blends had an LOI value of 32 vol. percent, 
which was slightly lower than starch-containing blends (40 vol. percent). These formulations, on the other hand, 
had higher UL-94 ratings than those including PER (V0 against V2 rating). Lignin-based formulations were 
analyzed again with Cone calorimetry and gave the best FR results, attributed to its charring effect which results 
in a slower heat release rate (HRR). 

In 2012, Zhang et al. (2012a) modified lignin with urea to upgrade its charring effect in intumescent flame-retardant 
polymers (polylactic acid). To increase the flame retardancy of PLA, ammonium polyphosphate (APP) and urea- 
modified lignin were combined as a novel intumescent flame-retardant (IFR) system. The thermal stability of IFR– 
PLA composites was assessed using thermogravimetric analysis and the limiting oxygen index, UL-94 vertical 
burning method, and cone calorimeter test. The results showed that urea-modified lignin mixed with APP had much 
greater flame retardancy and thermal stability than virgin lignin and APP together. The same year, the same 
research group, Zhang et al. (2012b), prepared Lignin–silica hybrids (LSHs) and investigated their intumescent 
flame-retardant effect in PLA. To increase the flame retardancy of PLA, LSH and ammonium polyphosphate (APP) 
were introduced as novel intumescent flame-retardant (IFR) systems for PLA. Using limiting oxygen index (LOI), 
vertical burning (UL-94) tests and cone calorimeters, the flame-retardant impact of APP and LSH in PLA was 
investigated. The morphology of the char residue has changed since the addition of APP/LSH to the PLA system. 
In PLA composites, a continuous and dense intumescent charring layer is generated, which demonstrates greater 
flame retardancy than PLA/APP and PLA/APP/lignin composites. All the data demonstrate that combining APP 
and LSH can improve flame-retardant properties while also increasing the strength of PLA. 

The following year, the same laboratory, Zhang et al. (2013) went further to develop an innovative intumescent 
flame retardant (IFR) for PLA. They formulated the IFR WITH microencapsulated ammonium polyphosphate 
(MCAPP), lignin, and organically modified montmorillonites (OMMTs) were used in the IFRs formulation. The 
OMMTs were loaded at 0.5, 1.0, and 2.0 wt. percent, whilst 23 wt IFR was used in the PLA composites. A 3:1 ratio 
of MCAPP to lignin was used. Cone calorimeter, UL-94, and LOI tests were used to assess the flame retardant 
and thermal properties of the composites. PLA composites having 2 wt. percent OMMT and 21 wt. percent 
MCAPP/lignin had the best LOI value of 35.3 and UL-94 V-0 classification, demonstrating a significant increase in 
flame retardant (Zhang et al., 2013). 
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Costes et al. (2016) proposed to improve the flame retardancy of PLA by using lignin as an IFR filler. They 
investigated the effect of the plant origin, lignin type, and chemical modification of the lignin with nitrogen and 
phosphorous. Kraft and organosolv lignin were used in their investigation. Cone calorimeter, UL-94, and 
thermogravimetric analysis (TGA) were used to investigate the fire characteristics and thermal behavior of PLA 
composites containing 20% untreated and treated lignins. The integration of untreated lignins resulted in a flame-
retardant effect in PLA due to the creation of char, which reduced the peak of Heat Release Rate (pHRR) and the 
Total Heat Release (THR) but it also resulted in a decrease in the Time to Ignition (TTI) and considerable loss of 
PLA's thermal stability during melt processing. The researchers worked around the problem by functionalization 
the lignin by chemical grafting with both phosphorous and nitrogen. The functionalized lignins limited the PLA 
degradation and improved significantly the fire-retardant properties allowing the PLA/lignin composites to attain a 
classification of V-0 at UL-94. Further on, the same research group, Costes et al. (2017b and 2016) developed a 
simple method to enhance the flame retardancy of PLA using phytic acid and lignin. A Combination of lignin and 
phytic acid was employed as a simple way to develop bio-based fire-retardant systems in PLA. The results 
demonstrate that combining these two chemicals is a novel method to benefit from both while minimizing their 
negative effects. Either 20 wt percent lignin or 20 wt percent phytic acid alone improves PLA fire behavior by 
causing the production of an insulating char barrier during combustion. The researchers reported that combining 
lignin with phytic acid results in a 44 percent reduction in peak heat release rate (pHRR) during cone calorimeter 
testing, as well as a V-2 classification in the UL-94 test (Costes et al., 2017b). 

Cayla et al. (2016) developed a PLA intumescent system for a flame-retardant textile using lignin and Ammonium 
Polyphosphate (APP). Melt extrusion was used to make various formulations of and/or ammonium polyphosphate 
(APP), which were then hot-pressed into sheets. PLA with 5% AP; PLA with 5%, 10%, and 20% kraft lignin (LK); 
and the ternary blend PLA 90%-LK5%-AP5%. The addition of ammonium polyphosphate improves the thermal 
stability of the composites marginally, and the residual at 500 °C increases with lignin due to its charring capability. 
Results showed that PLA-APP composites have lower flammability than PLA, as measured by the UL-94 test. PLA- 
LK-APP does not slow down the TTI, however, it does reduce the HRR owing to the formation of char. As a result, 
5 wt% of LK and 5 wt% of APP are adequate to achieve an efficient FR effect. 

Polybutylene succinate (PBS) 

Polycondensation of 1,4-butanediol and succinic acid yields polybutylene succinate (PBS), a biodegradable 
polymer (Sag et al., 2019). It is used in medical products (Oliveira and Charbord, 2008), food packaging 
(Petchwattana et al., 2016), and cosmetic bottles (Fujimaki, 1998). Ferry et al. (2015) employed lignins (soda and 
organosolv) as IFR additives to improve the fire behavior of the polybutylene succinate (PBS) bio-based polyester. 
Due to its high charring ability and modest heat release when burned, lignin was initially shown to play a minor role 
in reducing material flammability. They modified the lignins by grafting macromolecular phosphate molecules onto 
the lignin. Soda lignin was loaded at 20% in a PBS matrix. The formulation reduces heat release rate, enhances 
thick charring behavior, and is more effective than organosolv lignin, due to the production of sulfur (iv) oxide during 
the thermal decomposition. When combined with PBS, modified lignin was shown to boost the barrier effect even 
more. This is because char promotion is accelerated, resulting in a more cohesive charred layer. Lignin that has 
been modified appears to be an intriguing biobased flame-retardant component (Ferry et al., 2015). 

Liu et al. (2016) reported their work to enhance the flame retardancy of PBS by converting alkali lignin to a bio-
based FR filler. They chemically modified alkali lignin by grafting with phosphorus, nitrogen, and zinc (II) ions to 
create a bio-based FR filler for biodegradable PBS. According to cone calorimetry results, adding 10% wt modified 
lignin (PNZn-lignin) reduces the peak HRR by 50% and the THRR of PBS by 67 % (Liu et al., 2016). 

5. CONCLUSION 

The aromatic structure in lignin has a large charring effect which makes it an excellent material for synthesizing 
IFR systems. The eco-friendly nature of lignin, as well as the versatility it can provide to polymeric materials, 
sufficiently, explains its existing use in numerous applications. Its highly aromatic, carbonaceous chemical structure 
and composition have posited an unforeseen potential application in the domain of flame retardance. The current 
goal of developing novel bio-based flame-retardant additives suited to different polymer substrates has gained a 
lot of attention, and lignin has begun to be regarded as a valuable carbonaceous source in conjunction with several 
other flame-retardant chemicals that can combine successfully with lignin. The functionalization of lignin allows for 
improved lignin blending with polymers, the development of new bio-based materials, and better flame suppressant 
properties. The phosphorylation of lignin to impart flame retardancy in polymers has received significant attention 
in the past decade. Because of their excellent thermal stability, phosphorylated compounds have been used as 
flame retardants in combustible plastics. The phosphorylation of phenolic and aliphatic hydroxyl groups in lignin 
can yield renewable flame retardants, providing a real market opportunity for its valorization. In addition, char is 
produced by the heat breakdown of lignin due to the rearrangement of unstable radicals. The lignin derivatives 
reported so far in the literature have shown promise in the development of efficient intumescent flame-retardant 
materials. Despite the enormous promise that phosphorylated lignin flame retardants provide, only a few 
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formulations have been reported on their incorporation into biopolymers, and numerous difficulties which include 
thermal degradation during processing remain unsolved. A few papers have reported the phosphorylation of lignin 
for use as a bio-based IFR in biopolymers whilst a lot of progress has been reported with synthetic polymers. 
Another niche area that has not been tapped involves the phosphorylation of lignin nanoparticles to impart flame 
retardancy to biopolymers. 
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Abstract: The use of energy is one of the main factors that has allowed economic development from the ancient 
times to the present: the realization of economic growth depends on the uninterrupted and sustainable supply of 
energy. Energy consumption is related to economic growth performance and it is expected that the level of energy 
consumption will increase in parallel with the economic growth and the increase in social welfare. In the conducted 
studies, it was concluded that the level of energy consumption and financial development triggered the growth 
process in economies. Therefore, it can be stated that financial development indirectly affects energy consumption 
through economic growth. With the effect of industrialization, countries have closely followed technological 
developments in order to increase their production volumes and income levels. In this process, countries focused 
only on economic growth and financial development goals, and the damage to the environment was ignored. 
However, in today's world, it has been noticed that the environment is adversely affected by these factors and the 
search for solutions has begun. Efforts are being made to find solutions to achieve and sustain economic growth 
targets without harming the environment. Environmental damage is a global issue and the world is exposed to risks 
and threats that may arise with the deterioration of environmental quality. In recent studies, it has been seen that 
the relationship between energy consumption, economic growth and CO2 emissions have been investigated in 
order to achieve sustainable development goal. In this study, it was aimed to examine the effects of financial 
development, energy consumption levels and economic growth on the environment for BRICS countries and 
Turkey.   
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1. INTRODUCTION  

The economies of countries such as Brazil, Russia, India and China have grown rapidly in recent years and have 
started to attract foreign investments to a significant extent. Thus, they have gained an important place in the global 
economic system. For this reason, these countries were named BRIC with the definition made by Jim ONeill in 
2001. With the addition of South Africa to the BRIC in 2010, these countries are now called BRICS (Haibin, 2012). 
While the total area of the BRICS countries is more than a quarter of the world's area, their total population exceeds 
40 percent of the world's population (Narin and Kutluay, 2013). When the rich natural resources and the high 
number of consumers are added to these features, BRICS become countries with relatively cheap labour, low 
production costs, high consumption rates and high exports, and as a result, the national income level is relatively 
high (Vandemoortel et al., 2013). According to the Goldman Sachs report (2003), by 2050, Turkey will be one of 

the countries that will have a say in the world economy, similar to the BRICS countries. Turkey has reached the 
economic level of the BRICS countries with its economic performance in the last two decades. For this reason, the 
idea that Turkey should be included in the BRICS in addition to countries such as South Korea, Mexico and 
Indonesia, which are known as "emerging markets" with their economic performance in recent years, has been put 
forward (Sandalcılar, 2012). Indeed, studies have shown that the Turkish economy has a similar outlook to the 
BRICS countries due to factors such as the integration of capital markets and the export-led growth model (Bozoklu 
& Saydam, 2010; Sandalcılar, 2012). One of the concepts that can positively affect the economic performance of 
Turkey and the BRICS countries is economic freedom. Because, although it is defined differently by researchers, 
the concept of economic freedom includes factors such as the lack of state control in the exchange of goods and 
services, the voluntary operation of goods and services within or outside the country, and the state assurance in 
the preferences and property rights of individuals. Especially in neoclassical economics, it is argued that due to 
these factors, the desire of the workforce to work increases, the productivity level rises, and as a result, the effective 
use of resources is ensured (Güney, 2017).  

Energy is the ability of a substance or a system of substances to do work or the capacity and/or ability to produce 
an effect (Berberoğlu, 1982). Energy is important because it allows all living organisms to thrive in the world and is 
an input for industry, housing and transportation sectors (Smith, 1994; Bayramoğlu, 2015). Energy has an 
indispensable place in human life. In our daily life, energy can be used either directly or in a more complex way by 
converting it to other mechanisms (Aydın, 2010). Energy has been used in different forms and in different intensities 
throughout human history (Berberoğlu, 1982) and the classification of energy resources is made on the basis of 
various principles. Energy sources are divided into renewable and non-renewable energy sources (oil, coal, natural 
gas, etc.) according to their usability, and also into primary (solar, wind, hydraulic, petroleum, coal, nuclear energy, 
etc.) and secondary energy sources (electrical, mechanical, chemical, light, etc.) according to their convertibility. 
While these two distinctions are generally preferred, apart from these, energy sources can be classed according 
to their storability e.g. fully stored (oil, coal, uranium); partially storable or non-storable (natural gas, water, solar, 
etc.); as intensive (oil, coal, hydraulic energy, uranium, etc.); non-intensive energies (solar and wind). etc.); in terms 
of the environmental impact during the use of energy, clean energy (solar, wind, biomass energy, etc.); and non-
clean energy (oil, coal, etc.) (Acaroğlu, 2013). The most widely used classification is primary-secondary and 
renewable-non-renewable energy sources.  

Economic growth is defined as an increase in the amount of production of goods and services over time and an 
increase in national income. However, real economic growth per capita is calculated by dividing real GDP by 
population. While developed countries economic growth are based on the change observed in the real GDP ratio, 
developing countries are based on economic development. The concept of economic development, as well as 
economic growth covers economic, social and political areas such as reducing social income distribution imbalance 
and unemployment (Seyidoğlu, 2006). Economic growth is important for a country at every level of development. 
The concept of financial development can be expressed as the increase in the diversity of instruments traded in 
the country's financial markets and the widespread use of them. In another definition, financial development is 
expressed as the development of the country's financial markets. Mobility level of national and international savings 
is accepted as an important indicator in measuring the development of financial markets (Erim and Türk, 2005). 
The existence of a developed financial system is important for directing savings to the economy. However, there 
is no consensus on how to measure financial development. Different studies and different institutions may use 
different criteria to measure financial development. For example, the development of stock and bond markets; it 
can be evaluated by criteria such as total market capitalization and market transaction volume. On the other hand, 
the level of development of the banking system can be measured by the ratio of total loans and total deposits to 
national income. It is possible to add different criteria to these (Kandır et al., 2007). A country with a growing 

economy has an increasing need for energy and a country with an increasing need for energy needs energy 
resources. The establishment of systems, facilities or businesses that will meet this need is only possible with 
sufficient financial resources or financial strength. For example, in a growing country, the need for electricity will 
naturally increase and it may be necessary to establish hydroelectric power plants to produce this electricity, so 
the need for financial resources will come to the fore. Thus, economic growth creates a domino effect on energy 
consumption and energy consumption on financial development.  
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2. RESEARCH AND DATASET 

The aim of this study was to examine and research the relationship between financial development, economic 
growth, energy consumption and carbon footprint between 1990 and 2018. In accordance with this purpose, data 
was gathered from World Bank Open Data for the following measures: 

 carbon dioxide emissions per capita (CO2) as a measure of carbon footprint; 

 domestic credit to private sector (% of GDP) as a measure of financial development; 

 annual percentage increase in economic growth as a measure of economic growth; 

 energy use (kg of oil equivalent per capita) as a measure of energy consumption.  

BRICS countries (Brasil, Russia, India, China, South Africa) and Turkey were included in this study. For the 
research, the annual data of the relevant countries for the years 1990-2018 were used and VAR Analysis was 
carried out.  

2.1 Augmented Dickey-Fuller test equation 

In order to apply VAR analysis, the series must satisfy the stationarity condition. If the series do not satisfy the 
stationarity condition, the series should be made stationary by taking their difference. Real relationships are not 
reflected in the analysis results obtained as a result of the models established with time series that do not fulfil the 
stationarity condition because the spurious regression problem occurs. In such a case, the validity of the t-test 
(comparing the population means) and F-test (comparing the population variances) will not be valid (Granger and 
Newbold, 1974). With the ADF test statistic, whether there is a unit root in the time series is tested with the H0 
hypothesis (Sarıkovanlık, 2019: 20). 

H0: The series has a unit root and the series is not stationary. 

H1: The series has not got a unit root and the series is stationary. 

In this study, it was seen that the time series was not stationary at level. In order to satisfy the stationarity condition 
of the time series, the differences from the first stream were taken and each series was made stationary. VAR 
analysis was performed with time series satisfying the stationarity condition. 

Table 5: Augmented Dickey-Fuller test for CO2 emissions per capıta time series  

Null Hypothesis: D(CO2 emissions per capita) has a unit root 

   t-Statistic   Prob.* 

Augmented Dickey-Fuller test statistic -8.419341  0.0000 

Test critical values: 1% level  -3.470934  

 5% level  -2.879267  

 10% level  -2.576301  

     

It was seen in the analysis results that the CO2 emissions per capita time series were not stationary at level. The 
1st order difference of the relevant series was taken and the series made stationary. It was observed that the T 
statistic of the CO2 emissions per capita time series, the difference of which was taken, had a probability value of 
-8.419341, as 0.0000. Therefore, it was decided to reject the H0 hypothesis and accept the H1 hypothesis. 

Table 2: Augmented Dickey-Fuller test for energy consumption time series 

Null Hypothesis: D(energy consumption) has a unit root 

   t-Statistic   Prob.* 

     
Augmented Dickey-Fuller test statistic -10.16882  0.0000 

Test critical values: 1% level  -3.480425  

 5% level  -2.883408  

 10% level  -2.578510  

     
Whether the "Energy Consumption" time series, which expressed the energy consumption levels of the countries, 
satisfied the stationarity condition was investigated with ADF. It was observed that the time series consisting of 
Energy Consumption data did not meet the stationarity condition at the level. Thereupon, the series was made 
stationary by taking the difference of the relevant series from the 1st stream. The probability value of the T statistic 
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of the differenced series was -10.16882, 0.0000. Thereupon, it was decided to reject the H0 hypothesis and accept 
the H1 hypothesis. 

Table 3: Augmented Dickey-Fuller test for financial development time series 

                Null Hypothesis: D(Financial Development) has a unit root 
      
   t-Statistic   Prob.* 
     

Augmented Dickey-Fuller test statistic -11.10039  0.0000 

Test critical values: 1% level  -3.474567  

 5% level  -2.880853  

 10% level  -2.577147  

     
Whether the “Financial Development” time series, which represents the economic developments of the countries, 
contained a unit root or not was tested with ADF. Since it was not stationary at the level, the difference from the 
1st degree was taken and it was made stationary. The probability value of the T statistic was -11.10039 is 0.0000. 
Therefore, it was decided that the H0 hypothesis was rejected and the “Financial Development” series satisfied the 
stationarity condition. 

Table 4: Augmented Dickey-Fuller Test for GDP Growth Rate Time Series 

                                 Null Hypothesis: D(GDP Growth Rate) has a unit root 
     
   t-Statistic   Prob.* 

     
Augmented Dickey-Fuller test statistic -4.743417  0.0002 

Test critical values: 1% level  -3.510259  

 5% level  -2.896346  

 10% level  -2.585396  

     
     

When the "GDP Growth Rate" series, which consisted of the country's economic growth rates, was tested by the 
ADF method, it was seen that the series was not stationary at level. It was seen in Table 4 that the time series 
satisfied the stationarity condition when the 1st order difference was taken. The probability value of the T statistic 
was -4.743417, and it is 0.0002. Therefore, it was decided to accept the H1 hypothesis. Since it was necessary to 
decide on the optimal lag length in order to perform the VAR analysis with the time series that have met the 
stationarity condition, the optimal lag length would be decided in the next step. Other analyses would then be 
carried out. 

2.2 VAR Lag Order selection criteria  

In order to perform the VAR Analysis, first of all, the appropriate lag length to be included in the model must be 
determined. Information criteria needed to be based on the appropriate lag length which will be decided by 
evaluating the analysis results in Table 5 below. 

Table 5: VAR Lag Order Selection Criteria 
       
       

 Lag LogL LR FPE AIC SC HQ 
       
       
0 -1612.963 NA   7.09e+10  36.33624  36.44809  36.38132 

1 -953.1615   1245.467*   36966.32*   21.86880*   22.42804*   22.09421* 

2 -943.0024  18.26353  42248.31  22.00005  23.00669  22.40580 

3 -928.3048  25.10142  43749.37  22.02932  23.48336  22.61540 

4 -915.5055  20.70907  47512.14  22.10125  24.00268  22.86766 

5 -908.2094  11.14905  58781.51  22.29684  24.64567  23.24358 

6 -890.4813  25.49655  58021.55  22.25801  25.05423  23.38508 

7 -872.9745  23.60479  58177.58  22.22414  25.46776  23.53155 

8 -861.1020  14.94065  67088.99  22.31690  26.00791  23.80464 
       
       
       

Whichever of the lag lengths in Table 5 above was the most verified according to the information criteria, that would 
be accepted as the appropriate lag length. The most verified lag length can be expressed as the lag length with 
the most “*”. If the autocorrelation problem was detected in the estimated VAR model with the determined lag 
length, it was decided to choose one of the next lag lengths (Gujarati, 1999: 697).  When Table 5 was examined, 
it was seen that the shortest lag length verified in all of the LR, FPE, AIC, SV, and HQ information criteria was 1 
lag length. Therefore, a lag length of 1 was judged to be the appropriate lag length and was included in the model.  
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3. VAR GRANGER CAUSALITY/BLOCK EXOGENEITY WALD TESTS 

By using externality and causality approaches, it is possible to make predictions about the future, establish models 
and interpret economic policies. Since it is possible to define causal relationships with the model, it plays a key role 
in relating realities. Therefore, the explanation of causal relationships is important in terms of finance and 
economics (Hendry, 2004:16).  

The internality-externality relationship between variables is generally explained by the Granger causality method. 
However, it is not a valid assumption to accept the other variable as external in relationships where the causality 
relationship is unidirectional. The fact that there is no Granger reason for the variable to be considered external is 
not a sufficient and mandatory condition (Hendry, 2004:10).  

In the VAR analysis method, the variables were not separated internally and externally and all of the variables were 
considered internal. Therefore, the Granger Causality/Block Exogeneity Wald Test was applied for all of the 
variables and are presented in Table 6 below. In this part of the research, it was aimed to determine the relationship 
between the variables by applying this test. Table 6 below contains the results of the Granger Causality/Block 
Exogeneity Wald Test.  

Table 6: Block Exogeneity Wald Test 

Dependent Variable: CO2 Emissions Per Capita 
    
    

Excluded Chi-sq df Prob. 
    
    

Energy Consumptıon  2.077768 2  0.3538 

Fınancial Development  6.293140 2  0.0430 

GDP Growth Rate  0.102317 2  0.9501 
    
    

All  10.15950 6  0.1181 
    
    

Dependent Variable: Energy Consumption 
    
    

Excluded Chi-sq df Prob. 
    
    

CO2 Emissions Per Capita  0.963039 2  0.6178 

Financial Development  0.442502 2  0.8015 

GDP Growth Rate  0.499887 2  0.7788 
    
    

All  2.001380 6  0.9196 
    
    

Dependent Variable: Financial Development 
    
    

Excluded Chi-sq df Prob. 
    
    

CO2 Emissions Per Capita  1.292690 2  0.5240 

Energy Consumption  0.488195 2  0.7834 

GDP Growth Rate  0.405417 2  0.8165 
    
    

All  2.734467 6  0.8414 
    
    

Dependent Variable: GDP Growth Rate 
    
    

Excluded Chi-sq df Prob. 
    
    

CO2 Emissions Per Capita  4.831148 2  0.0893 

Energy Consumption  13.60385 2  0.0011 

Financial Development  10.97574 2  0.0041 
    
    

All  20.76407 6  0.0020 
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VAR analysis accepts all the variables as internal. Therefore, a test was applied for all of the variables and the test 
results are presented in the Table. For the model to be considered statistically significant, the p. value of the model 
must be below 5%.  

 The model in which the dependent variable was “CO2 Emissions Per Capita” was not statistically significant 
because p. value of the model was 0,1181 > 0.05.  

 The model in which the dependent variable was “Energy Consumption” was not statistically significant 
because p. value of the model was 0.9196 > 0.05.  

 The model in which the dependent variable was “Financial Development” was not statistically significant 
because p. value of the model was 0.8414 > 0.05.  

 The model in which the dependent variable was “GDP Growth Rate» was statistically significant because p. 
value of the model was 0.0020 ˂ 0.05.  

4. IMPULSE AND RESPONSE ANALYSIS  

Impulse-response analysis is an analysis method in which the reactions given by other variables to a standard 
deviation shock to which one of the variables is exposed are observed thus, it is also aimed to investigate the 
dynamic relationships that exist between the variables (Warne, 2004: 5). In this part of the study, the response of 
the other variables to a shock to which one of the variables was exposed was observed dynamically and the results 
of the analysis interpreted. 

Table 7: Table value of the responses of other variables to shock caused by the “CO2 Emissions Per Capita” Series 

     
     

 Period 
CO2 Emissions Per 

Capita 
Energy 

Consumption 
Financial 

Development GDP Growth 
     
     

 1  0.216902  22.45526 -0.351706  1.374126 

  (0.01372)  (3.98073)  (0.90905)  (0.27122) 

 2  0.204721  24.09154 -1.073885  0.086193 

  (0.02419)  (6.13514)  (1.35612)  (0.31144) 

 3  0.203807  24.75081 -0.763633  0.011412 

  (0.02419)  (6.52943)  (1.40150)  (0.16387) 

 4  0.200927  24.79235 -0.594185 -0.091130 

  (0.02494)  (6.77589)  (1.38637)  (0.09914) 

 5  0.198453  24.76373 -0.448601 -0.117789 

  (0.02563)  (6.92709)  (1.35461)  (0.08293) 

 6  0.196179  24.66669 -0.330563 -0.129561 

  (0.02637)  (7.03956)  (1.31597)  (0.07390) 

 7  0.194115  24.54542 -0.225837 -0.131207 

  (0.02729)  (7.14527)  (1.27864)  (0.06994) 

 8  0.192240  24.41011 -0.130317 -0.129228 

  (0.02836)  (7.25473)  (1.24508)  (0.06731) 

 9  0.190541  24.26726 -0.041459 -0.125626 

  (0.02958)  (7.37295)  (1.21626)  (0.06520) 

 10  0.189009  24.11940  0.041926 -0.121472 

  (0.03092)  (7.50121)  (1.19223)  (0.06340) 
     

     
When the Impact-Response analysis results were examined, it was seen that the “Energy Consumption” series 
always responded positively to a shock originating from “CO2 Emissions Per Capita” series.  

It was observed that the “Financial Development” series reacted in a “-” direction to a shock arising from the “CO2
 

Emissions Per Capita” series in all periods except the last period. It was seen that the intensity of the reaction was 
strongest in the second period. In the tenth period, it was seen that the reaction was measured with a magnitude 
of 0.041926 in the “+” direction. 
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It was observed that the "GDP Growth" series reacted to a shock originating from the "CO2 Emissions Per Capita" 
series in the "+" direction in the first three periods, while the reaction was in the "-" direction in all other periods. It 
was seen that the strongest reaction intensity was measured in the first period, and this severity was measured in 
the "+" direction and with a magnitude of 1.374126. 

Table 8: Table value of the responses of other variables to shock caused by the “Energy Consumption” Series 

     
     

 Period 
CO2

 Emissions 
Per Capita 

Energy 
Consumption 

Financial 
Development GDP Growth 

     
     

 1  0.000000  41.57714  0.378213  0.493318 

  (0.00000)  (2.62957)  (0.90846)  (0.25502) 

 2 -0.001336  43.94954 -0.089099 -0.174349 

  (0.01987)  (5.14997)  (1.33600)  (0.30329) 

 3 -0.003156  44.68841 -0.038589 -0.095121 

  (0.02041)  (5.68329)  (1.40222)  (0.12981) 

 4 -0.005512  44.90040 -0.027057 -0.115996 

  (0.02076)  (5.82083)  (1.35841)  (0.08620) 

 5 -0.007799  45.14709  0.000465 -0.110826 

  (0.02123)  (5.88162)  (1.30678)  (0.07134) 

 6 -0.010069  45.38385  0.023696 -0.110460 

  (0.02198)  (5.94735)  (1.25840)  (0.06586) 

 7 -0.012304  45.62587  0.045791 -0.109137 

  (0.02298)  (6.02394)  (1.21569)  (0.06298) 

 8 -0.014510  45.87066  0.066106 -0.108100 

  (0.02416)  (6.11388)  (1.17868)  (0.06079) 

 9 -0.016689  46.11887  0.084874 -0.107106 

  (0.02548)  (6.21743)  (1.14727)  (0.05899) 

 10 -0.018845  46.37046  0.102152 -0.106205 

  (0.02691)  (6.33456)  (1.12123)  (0.05748) 
     
     

It was seen that the "CO2 Emissions Per Capita" series did not react to the shock caused by the "Energy 
Consumption" series in the first period. In the second period, it was seen that the reaction occurred in the "-" 
direction and with a magnitude of -0.001336. 

It was seen that the reaction of the “Financial Development” series occurred in the "-" direction in the second, third 
and fourth periods. In all other periods, it was seen that the direction of the reactions occurred in the "+" direction. 
It should be stated that the strongest reaction occurred in the first period.  

It was seen that the response of the “GDP Growth” series was measured in the "+" direction and 0.493318 intensity 
in the first period. In all other periods, reactions occurred in "-" direction. İt was seen that the strongest reaction 
was in the first period. 

Table 9: Table value of the responses of other variables to shock caused by the “Financial Development” Series 

     
     

 Period 
CO2

 Emissions 
Per Capita 

Energy 
Consumption 

Financial 
Development GDP Growth 

     
     

 1  0.000000  0.000000  10.15340  0.218982 

  (0.00000)  (0.00000)  (0.64216)  (0.25273) 

 2  0.002800  2.144856  10.71463  0.611361 

  (0.01993)  (4.34753)  (1.15385)  (0.30154) 

 3  0.021398  1.597179  10.28793  0.484601 

  (0.02152)  (5.17081)  (1.28661)  (0.15090) 

 4  0.039545  1.129918  9.847608  0.465218 

  (0.02358)  (5.73975)  (1.33555)  (0.13212) 

 5  0.056955  0.572584  9.410859  0.431366 

  (0.02660)  (6.46047)  (1.42359)  (0.13243) 

 6  0.073608  0.011666  8.999638  0.406145 

  (0.03020)  (7.30910)  (1.53867)  (0.13331) 

 7  0.089532 -0.559912  8.611319  0.382625 
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  (0.03411)  (8.22769)  (1.66707)  (0.13342) 

 8  0.104775 -1.138004  8.245793  0.361175 

  (0.03817)  (9.17618)  (1.79833)  (0.13329) 

 9  0.119377 -1.722589  7.901890  0.341195 

  (0.04232)  (10.1308)  (1.92632)  (0.13334) 

 10  0.133378 -2.313468  7.578522  0.322529 

  (0.04650)  (11.0776)  (2.04765)  (0.13368) 
     
     

The reaction of the “CO2 Emissions Per Capita” series to the shock arising from the “Financial Development” series 
was positive in all periods. It is noteworthy that the severity of the reaction gradually increased and the strongest 
reaction occurred in the last period.  

The “Energy Consumption” series did not react in the first period. The strongest reaction occurred in the second 
period. The response was measured in the «+» direction and at an intensity of 2.144856. In the last four periods, 
it was seen that the reactions were in the «–» direction and increasing in intensity.  

The reaction of the “GDP Growth” series was positive in every period. The strongest reaction occurred in the second 
period with the intensity of 0.611361. It was observed that the severity of the reaction continued to decrease over 
time. 

Table 10: table value of the responses of other variables to shock caused by the “GDP Growth” Series 

     
     
     

 Period 
CO2 Emissions 

Per Capita 
Energy 

Consumption 
Financial 

Development GDP Growth 

     

     
 1  0.000000  0.000000  0.000000  2.821336 

  (0.00000)  (0.00000)  (0.00000)  (0.17844) 

 2  0.006054 -2.268182  0.025756  0.695873 

  (0.01980)  (4.31482)  (0.92781)  (0.29391) 

 3  0.007465 -0.774820  0.520503  0.459484 

  (0.02504)  (5.85502)  (1.25748)  (0.25486) 

 4  0.008576 -0.415396  0.646776  0.198652 

  (0.02841)  (6.91186)  (1.44046)  (0.14630) 

 5  0.009896 -0.205603  0.703856  0.111977 

  (0.03022)  (7.47121)  (1.49698)  (0.11271) 

 6  0.011195 -0.155659  0.708869  0.065737 

  (0.03107)  (7.73118)  (1.48457)  (0.08621) 

 7  0.012477 -0.160817  0.696033  0.045435 

  (0.03172)  (7.86433)  (1.44357)  (0.07537) 

 8  0.013719 -0.194589  0.675242  0.035221 

  (0.03236)  (7.93646)  (1.39142)  (0.06963) 

 9  0.014919 -0.240798  0.651979  0.029901 

  (0.03309)  (7.98250)  (1.33637)  (0.06576) 

 10  0.016075 -0.293078  0.628423  0.026755 

  (0.03394)  (8.01748)  (1.28201)  (0.06249) 
     
     

It was seen that the "CO2 Emissions Per Capita" series did not react to the shock caused by the "GDP Growth" 
series in the first period. It was seen that the reactions in other periods were in the positive direction and quite 
weak.  

It was seen that the "Energy Consumption" series did not react in the first period, while the reactions took place in 
the other periods. The strongest response was measured in the second period with a magnitude of 2.268182 – 
directional. In other periods, it was seen that the reaction did not disappear and the directional reaction continued.  

It was seen that the “Financial Development” series did not develop a first-period response to the shock arising 
from the “GDP Growth” series. However, starting from the second period, there was a positive reaction in all 
periods. It was observed that the reaction occurred in a "+" direction and increasing from the second period to the 
sixth period. Afterwards, the severity of the reaction gradually decreased.  
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5.      CONCLUSION   

With this study, it was aimed to investigate the relationship between economic growth, energy consumption levels, 
financial development levels and carbon footprints. BRICS countries and Turkey were included in the study. In the 
research, annual data of the relevant countries for the years 1990-2018 were used and VAR analysis was applied. 
First of all, the time series was made stationary by taking the first-order differences. According to the analysis 
findings, it was determined that energy consumption and financial development affected the economic growth rates 
of the countries included in the analysis. It was concluded that as energy consumption increased, it contributed 
positively to the economic growth of the country. Again, an increase in the level of financial development would 
contribute positively to the economic growth rate of the country. According to the Granger Causality test findings, 
in which short-term relationships were revealed, there was a bidirectional granger causality relationship from the 
“GDP Growth Rate” time series representing the economic growth rate to the “CO2 Emissions Per Capita” time 
series. In other words, a change in economic growth rates has an effect on the amount of CO2 per capita. A change 
in economic growth would cause the per capita CO2 level to change. Likewise, a change in the level of CO2 per 
capita may cause a change in the country's economic growth rates. In the study, it was also aimed to investigate 
the dynamic relationships between the variables by performing action-response analyses. The reactions of other 
variables to the shock to which one variable was exposed were investigated and explained in detail in the study. 
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Abstract: This study includes the use of machine learning techniques for occupancy detection in smart buildings. 
One of the most important elements in smart buildings is the effective use of energy. For this reason, a machine 
learning technique which required the minimum amount of hardware was investigated in order to realise effective 
energy use while performing occupancy detection. For this purpose, the machine learning technique that provided 
the highest accuracy using the minimum number of features in a sample dataset was tested. To reduce the 
classification performance and energy requirement of the information collected from different environmental 
sensors in the study, time requirements were analysed and presented. Among the implemented machine learning 
algorithms (support vector machine (SVM), k-nearest neighbour (KNN), decision trees) the highest performance 
(with minimum number of features) was achieved by using the indoor air temperature and relative humidity features 
in the dataset and 99.5123% accuracy was obtained. 
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1. INTRODUCTION  

With the concept of the Internet of Things (IoT), every object surrounding human life has become smart: smart 
environments, smart hospitals, smart markets, smart museums have come into our lives and new approaches for 
smart environments need to be developed. The concept of smart buildings and IoT are highly related with each 
other. In the design of smart environments using IoT, it is necessary to establish smart buildings and algorithms to 
be utilized in smart buildings. A wide variety of smart building definitions have been presented in different studies. 
However, the European Commission presented the definition of smart building as follows: 

“Smart buildings mean buildings empowered by information and communications technology in the context of the 
merging Ubiquitous Computing and the Internet of Things: the generalisation in instrumenting buildings with 
sensors, actuators, micro-chips, micro- and nano-embedded systems will allow to collect, filter and produce more 
and more information locally, to be further consolidated and managed globally according to business functions and 
services” (Peltomäki, 2009) 

It is expected that a smart building will include fundamental components such as automation, multi-functionality, 
adaptability, interactivity and efficiency. It is especially important to provide the relevant components within each 
service that the smart building will offer. For instance, it is undesirable for a refrigerator located in the building to 
consume a high amount of energy while providing the amount of fruit and vegetable information. Therefore, 
effective design should be considered during the design of services. 

In this study, occupancy detection was examined in the design of smart buildings.as discussed in Section 2; in 
Section 3, related studies on the subject in the literature are mentioned. In Section 4, the information about the 
dataset utilized in this study, machine learning methods and performance metrics are explained in detail and 
Section 5 presents and discusses the results obtained. 

2. OCCUPANCY DETECTION FOR SMART BUILDINGS 

The detection of occupancy is particularly important in the design of smart buildings. A smart building should be 
able to share information about whether there are objects, whether there are people and even how many people 
are in the rooms. Parameters such as temperature, humidity, light etc. in an environment can be used for detecting 
people in a smart building. While the detection of occupancy in the IoT environment allows the decision whether to 
provide services or not, the determination of the number of people enables the decision about the quality of service 
to be provided in the IoT environment. Examples of usage scenarios of occupancy detection systems are given in 
the Table 1. Accordingly, a smart building that detects people can turn on ambient lights for apartment residents, 
adjust the temperature, play their favourite music when they come home, cook the pre-prepared meals, and even 
bring their slippers if there are indoor robots. In smart buildings where the number of people can be determined, 
the content and/or quality of the service can be decided. In this case, the smart building can not only turn on the 
ambient lights, but also change the lighting level according to the number of people, adjust the oxygen ratio 
sufficiently, and manage the coffee machine to prepare enough coffee. 

One can see that occupancy detection is one of the fundamental requirements in the design of a smart building, 
and even other services within the smart building can also receive services from occupancy detection. 

Table 1: Usage of occupancy detection and occupant number detection in smart buildings 

Occupancy Detection Occupant Number Detection 

Deciding on service 
delivery → 

• Turning on ambient lights  
• Setting the ambient temperature  
• Starting the coffee machine 

Deciding on the 
content and/or quality 

of the service → 

• Choosing the appropriate lighting 
• Adjusting the oxygen ratio 
• Preparing a sufficient amount of 
coffee 

As in any smart system, energy consumption is one of the important issues in smart buildings. Today, systems with 
low energy consumption are mostly preferred by the users in order to both save money and reduce the malicious 
environmental effects. Regardless of the service provided, the energy consumption of smart buildings should be 
kept as low as possible. It is of course possible to perform occupancy detection by placing many devices in a 
building. However, it is essential to perform occupancy detection using the least number of devices in order to 
ensure energy efficiency. Using a minimum number of devices will reduce energy consumption as well as provide 
a cost-effective system. 
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3. RELATED WORKS 

In the literature, there have been various sample datasets created to perform occupancy detection and occupancy 
detection studies performed on related sample datasets. Studies that realise occupancy detection by creating their 
own datasets are presented in this section. 

Makonin and Popowich performed occupancy and sleep detection in their study (Makonin & Popowich, 2012) 
where they developed a prototype Home Occupancy Agent (HOA) monitoring power consumption utilizing smart 
meters and ambient light sensors to realise occupancy detection. The agent was also able to determine when the 
occupants were asleep, and thus provide the potential for further energy saving opportunities. As a result of the 
study, it was found that on average a home was occupied 67.87% of the day; 36.72% of that was active occupancy 
and 31.15% was inactive (sleep) occupancy. 

In their study Candanedo & Feldheim (2016), the authors created a new dataset by collecting light, temperature, 
humidity and carbon dioxide data in an office environment. Occupancy detection was performed on the created 
dataset by using various statistical learning models. By using the data in different formats, occupancy detection 
was performed with as few data types as possible. Accordingly, the best results (ranging from 95% to 99%) were 
obtained utilizing Linear Discriminant Analysis (LDA), Classification and Regression Trees (CART) and Random 
Forest (RF) models. 

Singh et al. (2018) implemented machine learning techniques to predict the number of occupants in a room by 
using sensors that monitored CO2, temperature, light, sound and motion. They proposed a regression-based 
technique to calculate the slope of CO2 that was a new feature derived from real-time CO2 values. Supervised 
learning algorithms were utilized such as linear discriminant analysis (LDA), quadratic discriminant analysis (QDA), 
support vector machine (SVM) and random forest (RF).A maximum accuracy of 98.4% and an F1 score of 0.953 
was obtained in the prediction of the number of occupants in the room. 

In this study, occupancy detection was performed considering only the presence of people in the smart building 
(without occupant number detection) using an original sample dataset provided by Margarite, Gregor & Soumik 
(2021). Different machine learning algorithms were applied to realise occupancy detection and their performances 
were compared with each other. In addition, time requirements of these algorithm to detect occupancy were 
investigated in order to reduce the energy consumption of the smart building. 

4. METHODOLOGY 

In this study, by using a sample dataset, occupancy detection was carried out using various machine learning 
methods. In the occupancy detection process, the usage of different features was tested in order to ensure high 
accuracy and energy efficiency. 

4.1 Dataset 

In this study, the occupancy dataset presented in the study by Margarite, Gregor & Soumik (2021) was used. In 
the relevant dataset, the data were collected from 6 different houses. However, in this study, only the data collected 
from the house in the image presented in Figure 1, which was referred to as H4 in the dataset, was utilized. H4 
consisted of a total area of 93m2 and the corresponding data was collected from an area of 36m2. There were 3 
people living in the house and there were no pets. 

Data was obtained by using five sensor hubs, each containing environmental sensors, a microphone, and a camera 
in the dataset. However, since energy consumption was taken into consideration in this study, the data of 
environmental sensors, which would require lower energy costs, were preferred. The equipment and the 
parameters measured (features) using environmental sensors were presented in Table 2 (Margarite et al., 2021).   

Table 2: Measured parameters and utilized equipment information in the occupancy detection] 

 Measurement Units or Description Equipment Make & Model 

Indoor Air Temperature  Degree Celsius (oC) Temperature and Humidity Sensor Aosong DHT22 

Relative Humidity Percentage (%rH) Temperature and Humidity Sensor Aosong DHT22 

Carbon Dioxide Equivalence Parts per million (ppm) Gas Sensor Sensirion SGP30 

Total Volatile Organic Compounds Parts per billion (ppb) Gas Sensor Sensirion SGP30 

Ambient Light Levels Lux (lx) Light Sensor Avago APDS-9301 



127 

 

 

  
Figure 1: Plan of the house (H4) 

While selecting the data, data that would enable occupancy detection were preferred by considering energy 
efficiency, and for this purpose, indoor air temperature, relative humidity, CO2 equivalence, total volatile organic 
compounds (TVOC) and ambient light levels in the dataset were used. The use of data that would increase energy 
consumption by requiring high processing capacity such as camera footage was avoided. In the dataset, 3 days of 
monitoring of the parameters were selected. 

4.2 Machine learning methods 

Machine learning algorithms provide data predictions with calculating the accuracy and efficiency of execution 
results. There are two types of machine learning methods: supervised learning and unsupervised learning. 
Supervised machine learning uses classification and regression technique for predictions, while unsupervised 
machine learning uses clustering for predictions. There are specific algorithms and techniques for the problems 
according to the field type or machine learning purpose (Awadh, 2017). In this study, Support Vector Machine 
(SVM), K Nearest Neighbour (KNN) and Decision Trees were among the supervised machine learning techniques 
implemented and their performances were tested on the occupancy detection dataset. 

Support Vector Machines (SVM) 

One of the proposed approaches for the linear classification problem was the margin classifiers, and the most 
popular of these classifiers is the Support Vector Machine (SVM) classifier (Alpaydın, 2017; Torres-Sospedra, et 
al., 2015). In the SVM approach, an equation separating positive and negative class samples is derived in a two-
dimensional S space and according to this equation, the data is classified. The method finds the fundamental 
components of this new data space by solving a quadratic optimization problem and can linearly separate the 
samples in the new data space that cannot be linearly separated from each other in the original data space. In the 
SVM method, data can be classified by a linear equation in two-dimensional space and by a hyperplane in multi-
dimensional space. 

K-Nearest Neighbour Algorithm (KNN) 

K-Nearest Neighbours Algorithm (KNN) determines the data to be classified according to its k number of nearest 
neighbours. It includes the new data in that class, whatever the plural class of the k neighbour is. It uses Euclidean 
distance as the distance between two neighbour points. The equation for distance measurement is shown in 
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Equation 1. Although different distances (Torres-Sospedra et al., 2015) are used in the literature, the most common 
use is the Euclidean distance. 

Equation 1: Euclidean distance between two data points.    
2 22

1 2 1 2Distance X X Y Y     

Where: 

 X, Y = coordinates of data points in Euclidean space 

Decision Trees 

Decision trees are in the category of supervised machine learning methods that are frequently used in classification 
problems. Unlike techniques with a black box approach such as artificial neural networks, deep learning, etc., the 
user has information about the classification criteria (Emel & Taşkın, 2005). The nodes on the decision trees can 
test the data set according to any feature (Keser & Yayan, 2016). Nodes branch into two or more subtrees 
according to their feature values. The probability of being in the class Ci for a sample accessing an m node is 

calculated using Equation 2 (Alpaydın, 2017). The process of creating a decision tree and dividing it into sub-
branches is realised by calculating the impurity measure. If all incoming values to a node have the same content, 
that node is considered pure and gets 0 as the impurity value. In cases where the impurity value is 0, there is no 
need to divide a node into further sub-nodes. 

Equation 2: Probability of being in the class Ci for a sample 
accessing an m node. 

 ˆ | ,
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Where: 

 Ci = ith class type 

 
i
mN = number of samples belonging to Ci class accessing an m node. 

 mN = total number of samples accessing an m node. 

Entropy calculation, which is one of the existing methods for calculating the impurity value, is given in Equation 3 
(Alpaydın, 2017). 

Equation 3: Entropy equation to calculate impurity value at the 
node m. 21

log
K i i

m m mi
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Where: 

 
i
mp = the probability of being in the class Ci for a sample accessing an m node 

 K = total number of classes 

4.3 Performance evaluation 

Performance metrics are used to evaluate machine learning techniques in the study. Performance metrics are 
calculated via confusion matrix. A representation of the confusion matrix is given in Figure 2. Confusion matrix can 
be defined as a table often used to describe the performance of a classification model (or "classifier") on a set of 
test data for which the actual values are known. It allows the measurement of the performance of an algorithm and 
to identify the confusion between classes. There were two classes in this work, the occupant class and the empty 
class. The intersection of the class that the data was actually in and the class that was estimated created four 
different evaluation results: True Positive, False Positive, False Negative and True Negative. 
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The definitions presented in the confusion matrix in Figure 2 are explained as follows: 

• Positive (P): Corresponds to a positive observation which meant the house was occupant. 

• Negative (N): Corresponds to a negative observation which meant the house was empty. 

• True Positive (TP): The observation was positive (occupant) and the predicted class was also positive. In 
other words, the house was actually occupied and the prediction was true. 

• False Negative (FN): The observation was positive (occupant) whereas the predicted class was negative. 
In other words, the house was actually occupied, however the prediction was false (negative – empty). 

• True Negative (TN): The observation was negative (empty) and the predicted class was also negative. In 
other words, the house was actually empty, and the prediction was true (empty). 

• False Positive (FP): The observation was negative (empty) whereas the predicted class was positive. In 
other words, the house was actually empty, and the prediction was false (positive – occupant). 

 
Figure 2: The confusion matrix where Class 0 corresponds to empty house, Class 1 corresponds to occupant house. 

The performance metrics used in this work (accuracy, recall, precision and F1 score) to evaluate the performances 
of the machine learning algorithms are presented in Table 3 given with their equations and their expressions. 

Table 3: Performance metric equations and expressions. 

 Metrics Equation Expression 

Accuracy  TP TN

TP TN FP FN



  
 

Predictions correctly detected as occupant + predictions correctly 
detected as empty / all predictions 

Recall TP

TP FN
 

Predictions correctly detected as occupant / Predictions correctly 
detected as occupant + Predictions incorrectly detected as empty 

Precision TP

TP FP
 

Predictions correctly detected as occupant / Predictions correctly 
detected as occupant + Predictions incorrectly detected as occupant 

F1 score  2 Precision Recall

Precision+Recall
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5. RESULTS AND DISCUSSION 

In this study, using the features which were indoor air temperature, relative humidity, CO2 equivalence, total volatile 
organic compounds (TVOC) and ambient light levels obtained from environmental data, the classification results 
performed with KNN, SVM and Decision Tree algorithms were presented and discussed. It was expected that the 
time required for occupancy detection and the amount of energy consumed would decrease as the number of 
features decreased. For this reason, in order to obtain high accuracy using as few features as possible, the 
classification process was carried out by reducing the number of the features. Table 4 shows the classification 
accuracy results utilizing all features (temperature, humidity, CO2, TVOC and light) and the features only except 
the light data. Considering that the light data was a highly distinctive feature, the performance of the classification 
process without ambient light measurement was specifically tested. Accordingly, in the classification process where 
five features (temperature, humidity, CO2, TVOC and light) were used, the highest accuracy was obtained by the 
KNN classifier with 99.5261%, while the highest accuracy was obtained by the Decision Tree classifier with 
99.0903% in the absence of the light feature, where only four features were used. 

Table 4: Performances of machine learning algorithms using five features (temperature, humidity, CO2, TVOC and light) and 
using all features except ambient light feature. 

Measurement Machine Learning Approach 

  KNN SVM Decision Tree 

Temp, Humidity, 
CO2, TVOC, Light 

Accuracy (%) 99.5261 60.4764 99.4395 

Recall 0.9945 0.5668 0.9930 

Precision 0.9937 0.5496 0.9930 

F1 Score 0.9941 0.5580 0.9930 

Temp, Humidity, 
CO2, TVOC 

Accuracy (%) 95.8455 57.9376 99.0903 

Recall 0.9481 0.5275 0.9889 

Precision 0.9481 0.5399 0.9883 

F1 Score 0.9481 0.5335 0.9886 

In order to measure the effect of each feature on occupancy detection, the data was classified using each feature 
individually and the classification results are presented in Tables 5-7. According to the results given in Table 5, the 
KNN classifier achieved the highest accuracy with 98.3194% in the classification performed using only the relative 
humidity ratio. Similarly, in the classification performed using CO2 data, the highest accuracy of 75.7321% was 
achieved with the KNN classifier. 

Table 5: Performances of machine learning algorithms using relative humidity and CO2 equivalence data. 

Measurement Machine Learning Approach 

  KNN SVM Decision Tree 

Humidity 

Accuracy (%) 98.3194 79.5867 97.8586 

Recall 0.9793 0.8029 0.9728 

Precision 0.9787 0.6562 0.9738 

F1 Score 0.9790 0.7217 0.9733 

CO2 

Accuracy (%) 75.7321 56.8191 74.4130 

Recall 0.7073 0.4794 0.6750 

Precision 0.6160 0.5030 0.6121 

F1 Score 0.6585 0.4899 0.6420 

Table 6 contains the accuracy results obtained by using only TVOC and light features. Accordingly, when TVOC 
data was used, the highest accuracy was reached with the KNN classifier with 80.3139% of accuracy, while the 
KNN classifier provided the highest accuracy with 96.1792% using only ambient light measurement. 
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Table 6: Performances of machine learning algorithms using total volatile organic compounds in the environment and ambient 
light data. 

Measurement Machine Learning Approach 

  KNN SVM Decision Tree 

TVOC 

Accuracy (%) 80.3139 59.1530 79.9060 

Recall 0.8337 0.4702 0.7857 

Precision 0.6623 0.5038 0.6771 

F1 Score 0.7382 0.4846 0.7274 

Light 

Accuracy (%) 96.1792 52.3594 95.7843 

Recall 0.9672 0.5028 0.9614 

Precision 0.9376 0.5000 0.9331 

F1 Score 0.9521 0.5014 0.9471 

When the classification processes performed using single features were examined, it was determined that the 
relative humidity, light and Temperature features solely provided sufficient discrimination and the accuracies were 
98.3194%, 96.1792% and 98.7861%, respectively (see Tables 5-7). According to these results, it was seen that it 
was possible to provide occupancy detection with high performance by using a single feature. However, it was 
possible to access indoor air temperature and relative humidity information at a lower cost through sensors that 
were frequently used in an IoT environment. For this reason, both the temperature and relative humidity features 
were examined together, and their performances tested. The relevant results are presented in the Table 7. 
Accordingly, it was observed that the accuracy of 99.5123% was achieved by using the two features together. 

Table 7: Performances of machine learning algorithms using indoor air temperature data and relative humidity data with indoor 
air temperature data. 

Measurement Machine Learning Approach 

  KNN SVM Decision Tree 

Temperature 

Accuracy (%) 98.7861 80.1958 98.6690 

Recall 0.9880 0.7630 0.9831 

Precision 0.9816 0.7094 0.9837 

F1 Score 0.9848 0.7352 0.9834 

Temperature and 
Humidity 

Accuracy (%) 99.5123 81.5229 99.0395 

Recall 0.9936 0.7845 0.9881 

Precision 0.9942 0.7244 0.9879 

F1 Score 0.9939 0.7533 0.9880 

Quick access to applications is particularly important in smart building design. For this reason, the time 
requirements of the classification processes (time requirement per occupancy prediction) were calculated and 
presented in Table 8. The relevant table included the time required for each occupancy detection process. 
According to Table 8, the decision tree approach provided less time requirement when compared to the KNN and 
SVM approaches. 

Table 8: Time requirement per occupancy prediction respect to different machine learning algorithms and different 
combinations of features utilized. 

Measurement 

Time requirement per occupancy detection (ns) 

Machine Learning Approach 

KNN SVM Decision Tree 

Temp, Humidity, CO2, TVOC, Light 79132.0942  700.5198  318.7259 

Temp, Humidity, CO2, TVOC  62785.4228 621.4909  267.422 

Humidity  2184.1121 2310.0435 260.4845 

CO2 7961.3526 528.0144 272.2397 
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TVOC 13996.2709 453.3444 248.2823 

Light 7075.6911 460.3836 209.6177 

Temperature  2054.6998  559.2219  263.1821 

Temperature and Humidity 3802.0638 582.159  243.2393 

6. CONCLUSION 

In this work, occupancy detection was performed in a smart building using an original sample dataset (Margarite 
et al., 2021) via three different machine learning methods, namely KNN, SVM and decision tree. The utilized dataset 
provided a three-day monitoring of indoor air temperature, relative humidity, CO2 equivalence, total volatile organic 
compounds (TVOC) and ambient light levels. 3 different machine learning algorithms were applied to the selected 
dataset to predict whether the house was occupied or empty which could then provide an energy saving in the 
smart building. To reduce the energy consumption of the sensors utilized, occupancy predictions were predicted 
using both all sensor data and each feature separately including different combinations of the features. According 
to the results, the highest accuracy was obtained using the KNN classifier with 99.5261% of accuracy when all 
features (indoor air temperature, relative humidity, CO2 equivalence, total volatile organic compounds (TVOC) and 
ambient light levels) were considered. However, by using only two features (indoor air temperature and relative 
humidity), a very similar high accuracy ratio of 99.5123% was obtained via the KNN method. This reduced the 
energy consumption of the sensors. Moreover, the time required for occupancy detection for each machine learning 
method was investigated and it was observed that the decision tree method required less time. As a future study, 
prediction of the occupant number in the house can be analysed in order to increase the quality of the services in 
the smart building and IoT environment. 
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Abstract: The vast range of applications for enzymes in the production of biofuels has led to a major increase in 
market demand in recent years. Cellulase's high cost and poor catalytic efficiency are two key barriers to its 
industrial usage in the production of lignocellulosic fuels in biorefineries. In this study, the techno-economic 
evaluation of cellulase production in solid-state fermentation (SSF) was undertaken by designing two schemes 
(batch and fed-batch) to optimize the process. SuperPro Designer Software was used to develop a process model 
that estimated the economic analysis of the fermentation processes while Monte Carlo software was used to 
conduct the sensitivity analysis investigation. Cellulase yield, productivity, aeration rate, and specific power input 
were evaluated based on their effects on the unit production cost (UPC) of the cellulase enzyme. Results showed 
that the batch process had a higher aeration requirement when compared to the fed-batch process. In comparison 
to the batch process, the fed-batch process approach had a shorter payback period of less than 2 years, a high 
internal rate of return (IRR) (39.14%), and a positive net present value ($142,089,000). The fed-batch process 
approach was also more economically feasible than the batch process route since it was more certain to achieve 
its base case value of UPC at the maximum. This study was able to develop a process route that lowered the cost 
of producing cellulase while expanding its supply on the market for the manufacture of sustainable fuel in a 
biorefinery.  
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1. INTRODUCTION  

Lignocellulose is the most substantial source of renewable biological matter, accounting for the majority of cellulose 
in nature (Tran et al., 2019). However, in as much as efforts are being put in place to transform lignocellulose 
biomass into renewable energy products like bioethanol and bio-butanol, the bottleneck is the required cost of an 
effective enzyme for the biotransformation of lignocellulosic biomass into the targeted bio-product (Taiwo et al., 
2020). The majority of fungi, including the Trichoderma and Aspergillus species, are effective producers of 
cellulase. It has been suggested that employing inexpensive lignocellulosic substrates and cost-effective 
fermentation techniques such as solid-state fermentation, may lower the cost of cellulase production (Roth et al., 
2020). Solid-state fermentation occurs in the absence or near absence of free water (Sadh et al., 2018) and has 
proven to be advantageous when the waste materials generated can be recycled as substrates in another 
fermentation process. Studies have shown that the utilization of solid substrates such as sugar cane bagasse and 
wheat bran could support the controlled utilization of nutrients for a longer fermentation period (Subramaniyam and 
Vimala, 2012). Previous research has reported the economics of cellulase with a focus on mixtures of substrates, 
pretreatment, and other fermentation strategies, however, there are limited studies that compare process routes 
for cellulase production (Liu et al., 2016, Ferreira et al., 2018, Ferreira et al., 2021). A comprehensive review on 
the cost of producing lignocellulosic degrading enzymes by Ferreira et al. (2021) revealed that most techno-
economic evaluations in the literature addressed either cellulase production by submerged culture with 
Trichoderma reesei or enzyme production by solid-state culture with filamentous fungi. Likewise, the review further 

showed the wide cost variations across process designs which indicated that raw materials and capital-related 
costs contribute mainly to the cost of producing enzymes. Jourdier et al. (2013) have shown that fed-batch 
introduction of substrate mixture on cellulase activity mapping of T.reesei results in a high yield of cellulase but the 
study did not address the cost implication of the fed-batch process route. The objective of this study was to compare 
two process routes for solid-state fermentation of cellulase by Trichoderma reesei at a reduced cost.  

2. METHODOLOGY 

2.1 Simulation development and instrument 

SuperPro Designer software (Intelligen Incorporated, 2326 Morse Avenue Scotch Plains, NJ07076, USA) was used 
for the process modelling, economics, and profitability analysis of the fermentation processes. Crystal Ball, an add-
in in Microsoft Excel was used for the sensitivity analysis. Crystal Ball estimates the whole range of possible 
outcomes for a situation using a process known as Monte Carlo simulation (Oracle, 2013). Quantitative risk analysis 
using Monte Carlo Simulation properly accounts for every conceivable value that each variable could have and 
ranks each alternative scenario according to its likelihood of occurrence by using probability distributions to model 
each variable. The enzyme selling price for the year of analysis (2021) was sourced from a vendor quotation 
(Alibaba, 2021). 

2.2 Process description of cellulase enzyme production by T.reesei in solid-state fermentation 

The data specified as inputs to the upstream, fermentation, and downstream section of the cellulase enzyme 
production process by T.reesei in solid-state fermentation presented was based on a generic industrial enzyme 
process that did not correspond to a specific enzyme process by Ferreira and Petrides (2020). A glucose de-
repressed mutant of T.reesei obtained using disparity mutagenesis was considered in this study for effective 
cellulase production from glucose (Iwakuma et al., 2016). This was because cellulase production was repressed 
in the presence of readily usable sugars like glucose (Taiwo et al., 2022). The cost of T.reesei was not taken into 
consideration in this study since the quantity required per batch was a minute fraction of the overall raw materials 
needed for cellulase production. The pretreatment step was not taken into account as it was assumed pure glucose 
powder had been obtained from lignocellulose biomass and fed as substrate in this process (Tran et al., 2019). 
Cellulase production yield was determined by a process simulator based on the quantity of cellulase produced per 
used glucose.  

Upstream Unit 

For cellulase enzyme production by T.reesei in solid-state fermentation, the three medium compounds – glucose 
powder from lignocellulosic biomass feedstock, NH4OH, and medium salts - were mixed in a different blending tank 
to get 100.0 metric tonnes (MT) of glucose powder, 8.8 MT of 56.6% w/w NH4OH, and 60.7 MT of salt solution 
(16.5 g/L). A heat sterilizer was employed for the sterilization of the glucose powder and salt solution for the solid-
state fermentation process route (batch, fed-batch). A separate horizontal tank was employed for storage of 
glucose powder, NH4OH, and salt solution which was connected to four fermenters that consisted of the 
fermentation process with the aid of a flow-splitting unit procedure. 
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Fermentation Unit 

T. reesei was aerobically cultivated in a batch process at 30°C for eighty-four hours yielding an extracellular 
cellulase enzyme product. A four-step seed train was used to produce the necessary inoculum volume for the 
production fermenter. The first seed fermenter was inoculated by a shake flask. The growth of the microorganism 
in the shake flasks and seed fermenters was carried out in batch mode, at 30°C, for 36 hours. The growth of the 
microbe in the seed fermenters and operation in the production fermenter was described by Ferreira and Petrides 
(2020) in stoichiometric equations 1 and 2. 

4 2 2 2100 Glucose + 10 NH OH + 50 O +2 Salts  50 Biomass +50 CO +62 H O      (1)  

4 2 2 2100 Glucose + 9.5 NH OH + 79.5 O +1 Salt  20 Biomass +80 CO +75 H O + 15 Enzyme    (2)  

Downstream Unit 

Wash water was used in the separation of the biomass from the extracellular solution containing the enzyme, 
glucose, NH4OH, and medium salts. The daily application of filter aid in the rotary vacuum filter was accounted for 
by the ‘Hold’ operation. The ultrafilter membrane in the ultrafilter was used to retain the enzyme and allow trace 
amounts of glucose, NH4OH, and medium salts that were not removed by the rotary vacuum filter to pass through. 

2.3 Economic analysis 

Equipment Cost  

SuperPro Designer 9.0 software estimated the equipment purchase costs (EPC) of specific equipment utilized by 
a unit procedure in the process with the aid of a power relationship for equipment capacities. Equation 3 shows the 
process for the equipment cost estimation.  

0

0

a

Q
EPC C

Q

 
  

 
             (3)  

Where:  

 Q = capacity variable (volume),  

 Q0 = base capacity,  

 C0 = base cost,  

 a = exponent of the power-law function given by the software or stated by the user.  

The value of a was given as 0.6 for the estimation of the cost of new equipment.  

Direct Fixed Capital and Operating Cost Estimation 

The direct fixed capital (DFC) costs were used to compute the direct fixed capital costs, which were comprised of 
the direct fixed capital costs, indirect costs, and other costs. 

  DFC DC IC OC                                 (4) 

Estimation of the indirect costs (engineering and construction costs) were done with the factors 0.25 and 0.35 
respectively as specified in the simulator. The factors 0.05 and 0.10 were set by default for the estimation of the 
contractor’s fees and contingency costs based on the sum of the direct and indirect costs. The operating costs 
were the sum of the following: raw materials, facility-dependent, labour-dependent, Laboratory/Quality Control 
(QC)/ Quality Analysis (QA), utilities, and miscellaneous. All these as earlier mentioned were referred as other 
costs. 

Unit Cost Calculation 

The unit costs for each process route in cellulase production from T.reesei were computed as the quotient of the 
annual operating cost divided by the annual production rate. The enzyme production rate was the product of the 
output per batch (OPB) and the number of batches per year as shown in Equation 5 
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Unit Cost (
$

kg
) =

Operating Costs ($)

Production Rate (kg)
=

Operating Costs($)

Number of batches per year X OPB
      

Operating Costs Operating Costs
Cos

Production Rate Number of batches per year OPB
Unit t  


                                 (5) 

Where: 

 OPB = Output Per Batch of enzyme production rate.  

2.4 Profitability analysis 

Profitability is usually measured by the following indicators: payback period, net present value, and internal rate of 
return.  

Payback period, Net Present Value, and Internal Rate of Return 

The payback period is the time length required to recover the total capital investment as a cash flow to the project 
based on total income excluding all costs except depreciation (Peters and Timmerhaus, 2018). When choosing 
among a few mutually exclusive projects, the project with the fastest payback is chosen. The payback period given 
by Equation 6 is as follows: 

Total Capital Investment
Payback period

Net Profit
               (6)

                         

A project’s net present value (NPV) is the sum of all future cash flows discounted to the present (Towler and Sinnott, 
2012). When there is a comparison between alternatives, the project with the highest positive NPV should be 
chosen (Balcioglu et al., 2017). The NPV is as follows: 
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                                                   (7)      

 Where:  

 CFn  = cash flow in year n, 

 t = project life in years,  

 i = interest rate. 

The internal rate of return (IRR) is computed based on the net cash flows. IRR refers to a discount rate that makes 
the net present value at the project’s completion equal to zero (Heinzle et al., 2007). The IRR is calculated by 

equation 8.  
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2.5 Sensitivity analysis 

Sensitivity analysis is used in investigating the consequences of uncertainties in the forecasts on the project’s 
viability. Crystal Ball is a graphical forecasting and risk analysis program that takes the guesswork out of making 
decisions (Oracle, 2013). VBA scripts that ensure communication between the process simulator and Oracle 
Crystal Ball (an add-in in MS Excel) were adopted from an MCS conducted earlier by Heinzle et al (2007). 



137 

 

2.6 Development of process models for cellulase enzyme production  

The operations for cellulase enzyme production using solid-state fermentation were carried out as a batch process. 
The annual operating time of 7,920 hours, which is equal to 330 working days per annum, was set by default in the 
process simulator. SuperPro Designer provides a database that consisted of compounds that are commonly used. 
The enzyme selling price for the year of analysis (2021) was sourced from a vendor quotation (Alibaba, 2021). 
Other materials not included in the database, for instance, cellulase enzyme were defined manually (Zhuang, 
2004). SuperPro Designer determined the process scale by establishing the required fermenter volume. Knowledge 
of the seed expansion factor in the fermentation process determined by the process simulator provided information 
on the size of subsequent seed fermenters in the seed train. The stream's overall mass and volume were specified 
in the stream specifications as well as the material composition of each stream. Operating equipment in staggered 
mode helped perform the procedures of identical equipment out of phase with one another. In this process, the 
shake flask, three seed fermenters, and production fermenter were operated in a staggered mode to reduce the 
actual recipe time of the process to 43.38 hours. This production process required the use of utilities, consumables, 
and labour which were already defined by the process simulator. Figure 1 shows the flowsheets used for cellulase 
production by T.reesei  in fed-batch and batch solid-state fermentation with only a difference in the mode of 
substrate feeding. The process description for the solid-state fermentation process routes were as follows: 

Shake Flask (SFR-101), Gas Compression (G-101, G-102, G-103, and G-104), Flow Distribution (FDIS-101), and 
Air Filtration (AF-101) 

The batch medium, ammonia, and biomass were charged into the shake flask before fermentation started for a 
duration of 36 hours and at a temperature of 30°C. Ambient air required for the fermentation process was sterilized 
through an air filter (AF-101), distributed in a 5-Way Flow Distribution Procedure (FDIS-101), and pumped to the 
Shake Flask (SFR-101) and fermenters (SFR-102, SFR-103, SFR-104, and FR-101) with the aid of centrifugal 
compressors (G-101, G-102, G-103, and G-104). The culture from the shake flask (SFR-101) was then transferred 
to the first seed fermenter (SFR-102). 

Blending tank (BT-101, and BT-103), Flat Bottom Tank (V-101), Heat Sterilizer (ST-101), Storage (HT-101, HT-
102, and HT-103), and Flow Splitting Procedure (FSP-101, FSP-102, and FSP-103) 

The medium (salts and water), and nitrogen source (ammonium hydroxide and water) were charged into blending 
tanks (BT-101, and BT-103) and agitated respectively while glucose powder was charged into a Flat Bottom Tank 
(V-101). The agitated salt solution was sterilized in the heat sterilizer (ST-101) and transferred into a horizontal 
tank (HT-101) before entering the Flow Splitting Procedure (FSP-101). Glucose powder was sterilized in the heat 
sterilizer (ST-101) and transferred into a horizontal tank (HT-102) before entering the Flow Splitting Procedure 
(FSP-102). The solution containing ammonium hydroxide and water was transferred into a horizontal tank (HT-
101) before entering the Flow Splitting Procedure (FSP-103). The Flow Splitting Procedures (FSP-101, FSP-102, 
and FSP-103) were used to transfer the prepared raw materials in the required amounts into the seed fermenters 
(SFR-102, SFR-103, and SFR-104) and the production fermenter (FR-101). 

Seed Fermenter (SFR-102, SFR-103, and SFR-104), Production Fermenter (FR-101), and Flow Splitting 
Procedure (FSP-102-b) 

The seed fermenters (SFR-102, SFR-103, and SFR-104) and Production Fermenter (FR-101) were steamed in 
place before the raw materials (medium salts, ammonium hydroxide solution, and glucose powder) were pulled in 
from blending tanks (BT-101, and BT-103) and Flat Bottom Tank (V-101). The seed fermenters (SFR-102, SFR-
103, and SFR-104) and Production Fermenter (FR-101) were then inoculated with the culture from the previous 
fermenter before the fermentation operation started. For the fed-batch SSF process route, the glucose powder to 
be fed into the production fermenter was further divided into two streams with the aid of a Flow Splitting Procedure 
that carried a stream containing 10% glucose powder which was added before the fermenter’s inoculation, while 
the other stream was used for a fed-batch supply of glucose powder during fermentation. The fermentation took 
place for a duration of 36 hours in the seed fermenters (SFR-102, SFR-103, and SFR-104) and 84 hours in the 
Production Fermenter (FR-101). The seed fermenters (SFR-102, SFR-103, and SFR-104) and Production 
Fermenter (FR-101) were then cleaned in the place vessel after each ‘TRANSFER-OUT’ operation. 

Rotary Vacuum Filter (RVF-101) and Ultrafilter (UF-101) 

The fermentation broth leaving the production fermenter was transferred to a rotary vacuum filter that used wash 
water and a filter aid for biomass removal. The purified enzyme product leaving the rotary vacuum filter was then 
transferred to an ultrafiltration unit for enzyme concentration (UF-101).  
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Figure 1: Flowsheet for production of cellulase enzyme by T.reesei in Fed-batch and Batch of SSF 
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3. RESULTS AND DISCUSSION 

3.1  Material and energy usage for the fermentation processes 

The recipe batch time for the production of cellulase enzyme from T.reesei using Fed-batch, and Batch took 173.50 
hours. The number of batches/year, when based on an annual operating time of 7,894.25 hours was 179 for these 
process routes considered in the study. Table 1 shows the materials and energy usage for the production of 
cellulase enzyme by T.reesei in these fermentation processes per batch and the annual production rates. The two-
process routes differ in the feeding pattern of the substrate required for the cultivation of T.reesei. Yearly, the 
fermentation processes (Fed-batch, and Batch) require 1253 kg/year of batch medium for the shake flask, 4kg/year 
of biomass for the shake flask, 895,125 kg/year of NH4OH, and 179,000 kg/year of salts. The batch process had a 
higher aeration requirement when compared to the fed-batch process. This was because the absence of an 
intermittent supply of the carbon source resulted in a more viscous broth which impeded the oxygen transfer 
required to maintain the desired dissolved oxygen level (Ma et al., 2013; Albaek et al., 2011). 

Table 1: Materials and Energy results for the Production of Cellulase Enzyme by T.reesei in the Fermentation Processes 

 
Items Units Fed-batch  Batch  

Raw Materials 
Air kg/y 48336899 91406658 

 
  kg/batch 270038.5419 510651.7207 

Utilities 
Std power kW-h/y 13678226 17708768 

 
  kW-h/batch 76414.6704 98931.6648 

 
Steam MT/y 3061 3061 

 
  MT/batch 17.1006 17.1006 

 
Cooling Water MT/y 396841 681704 

 
  MT/batch 2216.9888 3808.4022 

 
Chilled Water MT/y 331003 354135 

 
  MT/batch 1849.1788 1978.4078 

Product 
Cellulase enzyme kg/y 1371324.48 1371324.48 

 
  kg/batch 7661.03 7661.03 

3.2  Economic analysis of cellulase production by T.reesei in solid-state fermentation (Batch, Fed-batch) 

The fermentation processes' economic analysis included calculating the unit production cost, total annual operating 
cost, and total capital cost. Table 2 shows a cost summary for the total capital cost, direct fixed capital components 
(TPIC and TPDC), and total operating cost for the fermentation processes.  

Table 2: Cost summary for the fermentation processes 

Item (US$) Fed-batch Batch  

EPC  7145000 7938000 

DFC  43453000 48382000 

TPIC  14169000 15777000 

TPDC  23616000 26294000 

CFC  5668000 6311000 

Working capital  1885000 1924000 

Start-up cost  2173000 2419000 

TOC  30328000 31680000 

TPC  37785000 42071000 

UPC (US$/kg) 22.12 23.10 

SuperPro Designer estimated the equipment capacities and costs for the fermentation processes based on the 
material and energy requirements shown in Table 1. It was observed that the unit production cost (UPC) for the 
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batch process route was higher ($23.10) than the UPC of the Fed-batch process route ($22.12). This was due to 
the slight increase in the facility-dependent, and utility costs components for the batch process route as shown in 
Figure 2 below. Table 3 shows the profitability indicators for the fermentation processes. When payback (PB) time, 
internal rate of return (IRR), and Net Present Value (NPV) as profitability indicators were considered, the fed-batch 
process route was more profitable than the batch process route because this process route had the shortest 
payback time (1.76 years), highest IRR (39.14%) and highest positive NPV ($142,089,000) (Petrides et al., 2019; 
Peters and Timmerhaus, 2018).  

Figure 2: Operating cost components for the fed-batch and batch process routes 

Table 3: Profitability indicators for the fermentation process routes 

Profitability indicators Fed-batch Batch 

Payback time (years) 1.76 1.97 

IRR, after taxes (%) 39.14 35.55 

NPV, at 7.0% Interest ($) 142089000 134477000 

3.3 Sensitivity analysis of the selected input variables on the Unit Production Cost (UPC) of the 
fermentation processes 

Variables and probability distributions used in the MCS are shown in Table 4 below and the forecast and sensitivity 
charts for the unit production cost (UPC) are shown in Figures 3 and 4. The percentage certainty was included for 
each of the forecast charts to indicate the probability of achieving values of the UPC within its base case value and 
infinity (Oracle, 2013; Adeyi et al., 2021). The certainty of achieving the base case value of 22.12 $/kg for the Fed-
batch SSF process route was 73.30%, and the certainty of achieving the base case value of 23.10 $/kg for the 
batch SSF process route was 45.24%. From the sensitivity chart in Figure 4, the specific energy demand for the 
fed-batch process contributed the most to the variance in the UPC (63.9 %). This showed that the power used up 
in agitating a unit volume of raw materials in the production fermenter was a critical factor that should be taken into 
consideration in fed-batch SSF processes. 

Table 4: Variables and their probability distributions used in the MCS of the cellulase process. V = Coefficient of Variability 

Parameter Value base model Probability distribution Variation 

Yield (g/g) 0.15 normal V = 20%; range: 0.04 - 0.26 
Productivity (g/L h) 0.1785714286 normal V = 20% 

Aeration rate (vvm) 0.5 uniform 0.22 - 0.72 
Specific power 

(kW/m3) 3 triangular 
2.9 - 3.7, 3 as the most 

likely 

0

1000000

2000000

3000000

4000000

5000000

6000000

7000000

8000000

9000000

10000000

Fed-batch Batch

It
e

m
s 

C
o

st
 (

$
)

Fermentation mode

Raw Materials

Labor-Dependent

Facility-Dependent

Laboratory/QC/QA

Consumables

Waste Treatment/Disposal

Utilities



141 

 

 

Figure 3: Forecast chart for the UPC (Fed-batch SSF) 

 

Figure 4: Sensitivity chart (Fed-batch SSF) 

4.  CONCLUSION 

This study determined the process route that could give maximal cellulase production at a minimized cost. The 
profitability indicators suggested the fed-batch process route as more profitable when compared to the batch 
process because this route had a shorter payback time of less than 2 years, a higher internal rate of return, and 
net positive NPV value of 39.14 %, and $142,089,000, respectively. The estimated start-up capital and materials 
used for the two process routes also have a direct impact on the cost of cellulase. The simulation procedures 
applied in this study represented a supporting tool for decision-making about investment projects involving the 
choice of profitable process routes in biorefinery operations.  
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Abstract: Museums are considered to be multi-functional institutions that transcend the display of cultural artifacts. 
Apart from collecting, preserving, and researching cultural artifacts, museums increasingly integrate educational, 
study and entertainment purposes, transforming museums into services that shape a sustainable future. 
Sustainability is an essential part of a museum’s mission by contributing to social and cultural well-being through 
the development of different products and services. Expositions, educational activities, conferences, entertainment 
events, museum shops and cafes create new consumer experiences. These consumer experiences attract and 
engage museum audiences, encourage repeat visits, and enhance future sustainability via the balanced use of 
resources allowing the achievement of long-term organizational goals. Using this theoretical framework, the study 
in the context of Turkcell Dialogue Museum explored the process of creating and promoting a sustainable museum. 
Turkcell Dialogue Museum created a social impact by increasing awareness for a more inclusive society that 
embraces differences. Employing an exploratory research design, data were collected using in-depth interviews 
with museum managers and disabled guides. Participant observations and secondary sources also informed the 
analysis. The findings of the research showed that the personal life histories of each disabled guide and the different 
scenarios offered in the site created a different experience for each visit. These unique consumer experiences and 
the contributions towards the guides’ overall well-being allowed the development of a sustainable museum. The 
paper offers social and managerial implications for the development of more sustainable products.     
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1. INTRODUCTION  

The conventional roles of museums were to collect, conserve and research cultural artifacts (Pop and Borza, 2015). 
Increasingly nowadays, museums are considered as multi-functional institutions that transcend these traditional 
roles (Choi et al., 2000). Museums integrate educational, study and entertainment purposes transforming museums 
into services that shape a sustainable future (Bertacchini, et al., 2018; Choi et al., 2001; Pencarelli et al., 2016). 
Sustainability is an essential part of museums’ mission by contributing to social and cultural well-being through the 
development of different products and services (Worts, 2006). Expositions, educational activities, conferences, 
entertainment events, museum shops and cafes create new consumer experiences. From the museum 
perspective, these consumer experiences attract and engage museum audiences, encourage repeat visits, and 
enhance future sustainability via the balanced use of resources allowing the achievement of long-term 
organizational goals. Consequently, museums integrate economic, social, cultural and even natural elements – 
defined as the four pillars of sustainability – for the development of sustainable museums (Pop and Borza, 2015).  

Using the sustainability museum and sustainability marketing theoretical frameworks, the study explored the 
process of creating a sustainable museum in the context of Turkcell Dialogue Museum. Turkcell Dialogue Museum 
created a social impact by increasing awareness for a more inclusive society that embraced disabled individuals. 
Employing an exploratory research design, data were collected using in-depth interviews with museum managers 
and disabled guides. Participant observations and secondary sources also informed the analysis.  

First the paper will critically review the literature on sustainability marketing and sustainable museum perspective. 
Then the research context and design will be examined followed by the interpretation of the findings. The last 
section will discuss theoretical contributions and social and managerial implications for the development of more 
sustainable products. 

2. CONCEPTUAL BACKGROUND 

Within the broad management literature, sustainability first attracted the attention of researchers in the mid-1990s. 
The initial focus was on examining the challenges for the integration of sustainability in business operations 
(Shrivastava, 1995; Shepherd et al. 2013; Starik and Marcus, 2000). Similar to other disciplines, sustainability 

research in marketing has proliferated using an organizational, consumer or institutional perspective towards the 
understanding of the construct (for a review Lunde, 2018; McDonagh and Prothero, 2014).  

Despite the theoretical contributions in the area, still there is not a single accepted definition of sustainability 
marketing. Lunde (2018:94) based on a systematic literature review has defined sustainable marketing as “the 
strategic creation, communication, delivery, and exchange of offerings that produce value through consumption 
behaviors, business practices, and the marketplace, while lowering harm to the environment and ethically and 
equitably increasing the quality of life (QOL) and well-being of consumers and global stakeholders, presently and 
for future generations”. This holistic definition considered the economic, social and environmental dimensions of 
production and consumption as well as the quality of life and well-being of all stakeholders in the ecosystem 
however, excluding macro institutions (such as policy makers). Kemper and Balentine (2019) identified three 
definitions based on the thorough literature review that they performed: auxiliary sustainability marketing that 
focused on the creation of sustainable products, reformative sustainability marketing that extended the auxiliary 
approach and focused on the behavioral changes for  the adoption of sustainable lifestyles, and finally 
transformative sustainability marketing that further extended the auxiliary and reformative approaches and focused 
on the need for transformation of current institutions and norms, and critical reflection. Consequently, sustainability 
embraced all the micro and macro factors and their interactions that can increase quality of life and overall well-
being.  

The construct of sustainability has also attracted the attention of researchers and practitioners in the museum 
industry. Apart from the conventional roles, nowadays museums provide opportunities for education, entertainment, 
and social interactions (Choi et al., 2020; Pop and Borza, 2016; Pop and Sabou, 2013). Museums are directly or 
indirectly venues for experience sharing, playing or education, tourist attraction and mass culture communication, 
employment and provide significant financial resources both for the institutions as well as for the economic 
development of their respective communities (Pop and Borza, 2016; Shrivastava, 1995; Shepherd et al. 2013; 
Starik and Marcus, 2000).  For example, Choi et al. (2020) discussed how late events due to the extraordinary 

quality and evening-time atmosphere create different experiences to visitors when compared to the regular 
operating hours.  

The transformation of museums makes inevitable their role in their contribution of sustainable development (Pop 
and Borza, 2016; Choi et al., 2020).  Increasingly, museums develop strategies to increase quality of life and 
sustainable development by supporting the creation of social, cultural, economic and environmental values.   
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Despite the evident connection between museums, sustainable development and marketing, this connection was 
not explored by marketing scholars. Research on museum marketing research has focused mainly on the analysis 
of consumers’ museum experience and specifically on how new technologies shape this experience (e.g. Vom 
Lehn and Heath, 2016; Vom Lehn, 2006). From a marketing viewpoint, scant attention has been paid on the 
exploration of the phenomenon from the sustainability and the postmodern museum perspectives. The paper will 
try to bridge this gap by exploring the marketing strategies used for the creation of a sustainable museum.  

3. RESEARCH CONTEXT 

The research question was explored in the context of Turkcell Dialogue Museum. Turkcell Dialogue Museum is a 
franchise experience developed by the Dialogue Social Enterprise (DSE), a group of German social entrepreneurs. 
The overall mission of DSE was the promotion of empathy towards groups that were excluded offering different 
experiences to erase pre-existing assumptions and prejudices. Established in 2016, Turkcell Dialogue Museum is 
located in Istanbul in one of the most crowded metro stations of the city. 

The museum has two main distinct parts: “Dialogue in the Dark” and “Dialogue in the Silence”. In the “Dialogue in 
the Dark” visitors are led by visually impaired guides to special constructed dark rooms that reproduce daily 
environments. In the “Dialogue in the Silence” visitors experience a repertoire of non-verbal expression with the 
assistance of deaf and hearing-impaired guides. In both exhibitions roles are reversed and consumers experience 
the city as visually or deaf and hearing impaired. Both experiences attempt to create a social impact by increasing 
awareness for a more inclusive society that embraces differences.  

As a platform that promotes tolerance and awareness about disability and difference, the museum in Istanbul has 
attracted more than 200,000 visitors and has provided employment to more than 40 disabled individuals. 

4. METHODOLOGY 

Data were collected using in-depth interviews with museum managers and disabled guides. An interview protocol 
was developed to explore the development of a sustainable museum. Using a purposeful sampling technique semi-
structured interviews were conducted with 2 managers and 8 employees (see Table 1). All interviews were recorded 
and transcribed verbatim. Apart from interviews, participant observations in both exhibitions and secondary data 
collected from the museum’s social media accounts also informed the analysis. Data was analyzed following the 
principles of grounded theory (Strauss and Corbin. 1994). 

Informant Gender Age 
Length of Employment in 

the Museum 
Title 

Manager 1 Male 48 6 years  General Manager 

Manager 2 Female 29 6 years Coordinator 

Quide 1  Female 23 6 months Dialogue in the Dark Guide 

Guide 2 Male 30 3,5 years Dialogue in the Dark Guide 

Guide 3 Female 33 2,5 years Dialogue in the Dark Guide 

Guide 4 Female 19 6 months  Dialogue in the Silence Guide 

Guide 5 Male 33 6 years Dialogue in the Silence Guide 

Guide 6 Female 20  6 months Dialogue in the Silence Guide 

Box office clerk  Male  27 2 years Sales representative  

Barista  Male  34 1 year Dialogue in the Silence Guide 

5. RESEARCH FINDINGS 

This section of the paper discusses how a sustainable museum is created by first focusing on the marketing stimuli 
that made this experience unique and then by exploring the role of guides in the execution of this experience. 

5.1. The Way to Learn is to Meet 

This theme reflects the main mission of Turkcell Dialogue Museum as visitors were able to learn what it meant to 
live a life with a disability by directly experiencing this situation. In the Dialogue in the Dark exhibition, consumers, 
individually or in groups, step into a constructed dark room in which scent, sound, wind, temperature, and texture 
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communicate daily environments and routines from a completely new perspective, new as roles were reversed – 
individuals without a disability are taken out from their familiar environment and “see” a complete darkness. 
Consumers step into the dark room with the help of a white cane where a guide waits ready to assist them 
throughout the exhibition. Only using their four senses with the help of a guide, consumers undertake daily routines 
such as crossing the street, going to the cinema, taking a ferry tour or visiting a café. The stimuli in the room provide 
them with clues in terms of where they are located as well as where they are headed next. For example, in one of 
the scenarios visitors get into the tram and ride along the Beyoğlu Street. The voice of the fishermen and the sound 
of the city transportation card makes consumers realize that they have arrived at their destination.  

In the Dialogue in the Silence exhibition consumers wear noise cancelling headphones. Visitors are challenged to 
communicate with hearing impaired guides and even place an order in the coffeeshop. Guides teach the basics of 
sign language especially how to hold a basic conversation with a hearing impaired person. As talking is forbidden, 
visitors actively use non-verbal communication during the one-hour experience.  

Even though the exhibitions seems standardized, the presence of different guides, the use of different daily 
environments and routines, the different verbal and non-verbal interactions between visitors and guides create a 
different visitor experience in each visit. These stimuli enable the creation of a social and economic sustainable 
museum experience.  

5.2. Leading to Discovery 

This theme reflects the role of guides in the execution of the sustainable museum experience. In both exhibitions 
guides assist visitors to move from a stage of disorientation and uncertainty to a stage of safety by using their other 
senses creating an educational and entertaining experience freed from prejudices.   

Despite the scenarios, guides’ personal life histories and experiences in the public sphere enable a different visitor 
experience by helping discover even hidden skills. Guides embrace the mission of the museum and actively work 
to raise awareness towards inclusion of individuals with disabilities. Especially, guides expressed that this 
stimulated environment would make individuals realise the daily difficulties that they face in the crowded 
metropolitan city. Realising not only differences, but at the same time how often society makes their lives even 
harder.   

Apart from creating an awareness of inclusion, the museum empowers disabled individuals by helping them realise 
their abilities and potential. Guides express how the museum allowed them to move from unemployment and 
exclusion (even in their private sphere) to a gratifying work with a social context. Coming from different 
backgrounds, some guides even turn from passive receivers of care from family members to active contributors in 
the society.    

5.3. Discussion and conclusion 

Using the premises of sustainability marketing and sustainable museum, the study explored the marketing 
strategies for the creation of a sustainable museum. Museums embrace several functions (Choi et al., 2020; Pop 
and Borza, 2016), and thus, they need sound marketing strategies to achieve a sustainable development. Apart 
from guides, consumers, who stepped out from the comfort zone, took an active role in the co-creation of the 
experience. The personal life histories of each disabled guide and the different scenarios offered in the site created 
a different experience for each visit. Consumers’ unique experiences and the contributions towards the guides’ 
overall well-being allowed the development of a sustainable museum.  

The study provided an initial exploration of the postmodern view of museums from a marketing perspective. 
Moreover, the findings shed light on the discussion of value co-creation by offering insights in the museum industry 
especially for a museum that promoted inclusion of disabled individuals. The literature on value co-creation 
generally focused on for-profit organizations, while there was a fair amount of studies that explored value co-
creation in public services (Saha et al., 2022). In contrast to the government that provide services to citizens who 
can use the services and create value for themselves (Saha and Goyal, 2019), the social entrepreneur provides a 
platform for the co-creation of value that allows mutual learning.   

Museums as well as other social entrepreneurs should offer more customized services to keep repeat visits and 
increase visitor/consumer engagement. Integrating new technologies in exhibitions, actively using social media 
channels and influencers (especially for attracting the attention of younger generations) and incorporating relevant 
stakeholders in the value creation process would enable the development of more sustainable products that 
embrace social, cultural, economic and environmental values. 
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Abstract: Besides its hot ambient temperature, the tropical humid region also suffers from exceedingly high 
humidity. This high humidity to some extent limits the passive cooling ability for this climate. For instance, high 
ambient humidity limits the capability of evaporative cooling strategies. Another example is a phase change 
material (PCM), which is widely used in a climate with high diurnal temperature differences and can be effective 
for a climate with a comfortable range of humidity. However, in a near-saturated air of tropical humid climate, a 
temperature reduction without a similar decrease in humidity will still feel uncomfortable for building occupants. In 
many air conditioning systems, it is common to use a dehumidifier such as desiccant material to control the 
ventilation air humidity. In a passive cooling scenario, however, it is not beneficial to use desiccant alone to 
dehumidify the inlet fresh air because the ventilation air may become too hot for a room. To overcome this issue, 
we proposed a novel PCM-desiccant material composed of solid desiccant and porous aluminosilicate foam 
impregnated with phase change materials (PCM) panel, which can minimise the dehumidified air temperature. The 
material was installed into an air channel system along with another two PCM to optimally reduce the processed 
air temperature. A preliminary study using computational fluid dynamics (CFD) simulation with ANSYS Fluent was 
conducted to test the potential temperature and humidity reduction from the system compared to the conventional 
desiccant. Parametric studies on the effect of various inlet air temperatures, air flow rates, and relative humidity 
values on the PCM-desiccant cooling system were also carried out. The results showed that in the optimal 
condition, the novel PCM-desiccant cooling could achieve 4°C temperature reduction and 53% humidity reduction. 
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1. INTRODUCTION 

Global warming increases the risk of thermal discomfort and even overheating in people in tropical regions (Silvero 
et al., 2019).  In addition to that, the heat island phenomenon adds to the rise in average air temperature in the 
urban and suburban areas (Emmanuel, 2005; Lee et al., 2017). Especially in tropical humid climates, the thermal 
discomfort issue is not only due to the high temperature but also to the high relative humidity (RH) (Kubota et al., 
2009; Safarova et al., 2018). Moreover, an excessively high or low RH may create other non-thermal related 
problems such as health problems (Arundel et al., 1986). Arundel et al. suggested that the relative humidity value 
should be in the range of 40-60%. Their study found that RH lower than 40% or more than 60% was related to the 
increased risk of respiratory infections and exposure to bacteria, viruses, allergic asthma, etc. 

The above-mentioned problems related to very humid condition makes the need for a kind of dehumidifier device 
installed in cooling systems used in buildings essential. A conventional HVAC system uses its evaporator coil to 
let some water vapour in the air condense, and thus control the humidity of the processed air. But this mechanism 
is energy-intensive (Chandrasekaran et al., 2022). In fact, it has been reported that about 10-15% of the total 
energy consumption in buildings is used for humidity control (Qi et al., 2020). Hence, in the current global warming 
and heat island issue, a proven and more energy-efficient system would be preferable to the conventional one. 

Among the proposals to reduce the energy consumption for dehumidification in a cooling system for buildings is 
the incorporation of desiccant material into a conventional HVAC or any other active/passive cooling system. An 
example of the use of desiccant in an HVAC system is a desiccant wheel. Research done by Castillo-González et 
al (2022) showed that the desiccant wheel could reduce the energy consumption by up to 10% compared to 
conventional HVAC. Besides solid desiccants in the form of a desiccant wheel, many studies have also involved 
liquid desiccants. For instance, Dong et al. (2022) incorporated liquid desiccant in the form of microencapsulated 

phase change materials slurry (MPCMS) and found that its dehumidification effectiveness increased by 23.1%. 
The solution used for liquid desiccant is mostly a mixture of salt and water, but this type of solution is corrosive 
(Gurubalan et al., 2019). Thus, Luo et al. (2011) offered the use of ionic liquid 1-Ethyl-3-methylimidazolium 
Tetrafluoroborate ([EMIM]BF4) that was non-corrosive, although its dehumidification rate was slightly lower than 
the conventional liquid desiccant. 

In more explorative ways to employ the desiccant, some researchers combined desiccant with a ground heat 
exchanger, solar photovoltaics/thermal (PV/T), and a phase change material (PCM) to increase the efficiency of 
the cooling system even more. For example, (Liang et al., 2022) developed a hybrid ground-assisted desiccant 
cooling (HGDC) which was reported to be 7.7-31.7% more efficient than conventional HVAC systems in providing 
cooling and dehumidification. An example of a  PV/T combination with desiccant was proposed by Song and 
Sobhani (2020), and the system achieved a system COP of 0.404, still much lower than the conventional HVAC 
system. It is worth mentioning that the PV/T-desiccant system proposed by Song and Sobhani (2020) also involved 
PCM, a quite similar design to Wang et al. (2020) solar-assisted desiccant. But their PCMs were not used to 

improve the performance of the desiccant, rather they were employed to help increase the thermal performance of 
the PV/T. Another PCM involvement in a desiccant-assisted cooling system was proposed by El Loubani et al. 
(2021) with the same concept where the PCM and desiccant work separately. 

It is also important to note that in dehumidifying the moist air via adsorption, the desiccant releases heat (heat of 
adsorption) so the processed air becomes hotter. This heated process air is mostly much warmer than the upper 
limit of a comfortable temperature. So, the desiccant might help reduce energy consumption for humidity control, 
yet it also increased the energy needed to re-cooling the processed air. Therefore, to improve the efficiency of the 
desiccant cooling system, researchers also try to reduce the temperature of the dehumidified air. One example 
comes from Vivekh et al. (2020) who combined a superabsorbent polymer and less corrosive potassium formate 
salt. This low regeneration temperature desiccant was more efficient in cooling than the silica gel desiccant. 
Chairunnisa et al. (2021) and Shahvari et al. (2022) used organic-based materials combined with desiccant to 
produce low-temperature desiccant, and their results were comparable to the results from  Vivekh et al. (2020). 

Furthermore, when previous research used PCM separately from the desiccant material, we saw the potential of 
using PCM to create a low regeneration temperature desiccant when the two were combined into one material. 
Hence, in this study we proposed a novel material composed of solid desiccant and porous aluminosilicate foam 
impregnated with phase change materials (PCM) panel, to reduce the dehumidified air temperature while keeping 
the absorption capacity of the material. The novel PCM-desiccant material was examined using CFD simulation 
and a brief parametric study was also done. Two important parameters for the performance indicators of the PCM-
desiccant material were the difference between the temperature and relative humidity of the initial air to the 
processed air. The following sections describe the methodology, and then the discussion of the simulation results, 
before finally being concluded in the last section. 
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2. METHODOLOGY 

A preliminary test of the performance of the PCM-desiccant material was conducted with CFD simulations using 
Ansys Fluent R2 2021 software. A 1.5m long air channel containing the PCM-desiccant material near the inlet and 
a PCM material near the outlet was devised for the CFD simulation. This PCM-desiccant cooling system was 
compared with the case with desiccant material only (the base case) and a case with PCM-desiccant only without 
an additional PCM (Case 1), as summarised in Figure 27. Besides this comparison between case studies, we also 
conducted a parametric study to analyse the effect of different ambient temperature and relative humidity conditions 
on the performance of Case 2. 

 

Base case 

 
 

 

Case 1 

 
 

 

 
Case 2 

 

Figure 27: Illustration of the case studies 

 
Figure 28: Meshing of the case study geometry 

The case studies were simulated in a transient CFD using Reynold-averaged Navier-Stokes (RANS) equation with 
the Standard k-ε turbulence model (Launder and Spalding, 1972). We used the fine mesh size for the discretisation 

of the geometry to obtain mesh-independent simulation results (see Figure 28). For the boundary settings, we set 
the air channel walls as adiabatic walls. Meanwhile, the inlet was set as a velocity inlet with a uniformly distributed 
air velocity of 1 m/s, and the outlet was set as a pressure-boundary outlet. The PCM-desiccant material was 
modelled using a Porous Media model and Species Transport feature in Ansys Fluent (O’Connor et al., 2016). 

Adsorption characteristics from the PCM-desiccant material obtained from our initial experiment were used to set 
the input for the Porous Media and Species Transport model.  

The SIMPLE algorithm for pressure-velocity coupling with a first-order discretisation scheme for both the convection 

and viscous terms, and PRESTO! discretisation scheme for the pressure terms was used to run the simulation. 

Simulations results were judged as converged when the key parameters, namely the differences between inlet-

outlet temperature (ΔT = Tout − Tin) and inlet-outlet relative humidity (ΔRH = RHout – RHin). The CFD model was then 

validated using our experimental data. The comparison between the simulation results and the experimental data 

is shown in   
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Table 6. From the table, it can be seen that the CFD model was able to match the experimental results with a 
discrepancy of 2% for both Tout and RHout. Thus, the model could be used in the case studies simulation as well as 
in the parametric study.  
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Table 6: Comparison between experimental data and simulation results 

 Tin Tout RHin (%) RHout (%) 

Exp 23.22 28.84 90.8 36.5 

Sim 23.22 28.25 90.8% 37.2 

discrepancy -0.58  1 

% of discrepancy 2%  2% 

3. RESULTS AND DISCUSSION 

Analysis of the performance of the PCM-desiccant cooling system was firstly done by comparing the base case 
and Case 1. Figure 29 below compares the temperature raised (ΔT) and relative humidity reduction (ΔRH) of the 
case and Case 1. As shown in Figure 29 (a), Case 1 could decrease the dehumidified air temperature as its ΔT was 
2.33°C lower than the base case. However, this ΔT reduction also meant a reduction in the adsorption capability 
of the PCM-desiccant material as seen in Figure 29 (b) where the ΔRH of Case 1 was around 13% less than the 
base case. Yet the 54.23% RH reduction from Case 1 was more than enough to shift a 90% RH to the 
recommended level (40-60%). 

Nevertheless, the ΔT resulting from the adsorption process in Case 1 may still need to be decreased, and the 

additional PCM in the proposed Case 2 was indeed able to reduce the outlet temperature more. As Figure 30 
reveals, the outlet temperature of Case 2 could be maintained at a very close level to the inlet condition for at least 
2 minutes before the PCM started to melt. Even after 5 minutes when the PCM was nearly in its liquid state, the 
ΔT of Case 2 was still better than Case 1 and the base case. If the PCM in Case 2 were a low-temperature PCM 

and if it could be frequently ‘resolidified’, the cooling power of Case 2 might be improved. 

 
Figure 29: Comparison of the average ΔT and ΔRH of the base case and Case 1 

 
Figure 30 Comparison of timely ΔT of Case 2 with the average ΔT of the base case and Case 1 

Furthermore, to better understand the performance of Case 2, the performance of this cooling system in different 
ambient temperatures (Tamb) and relative humidity (RHamb) was analysed. Figure 31 (a) shows how different ΔT 
affected the ΔT and ΔRH of Case 2. From Figure 31 (a), it was seen that the ΔT rose linearly as the Tamb increased. 
However, the differences in ΔT between Tamb = 25°C and Tamb = 35°C (10°C Tamb difference) was relatively small 



154 

 

at around 0.5°C. This outcome may depend on the characteristics of the PCM used in the cooling system, 
nonetheless, the ambient temperature variations would only have a small effect on the ΔT of the PCM-desiccant 
cooling system.  

Different from the Tamb effect on ΔT, the effect of Tamb on ΔRH was apparent as shown in Figure 31 (b). With ambient 

RH of 90%, the ability to dehumidify the ambient air of Case 2 decreased from 50% to 37% RH reduction as the 
Tamb increased from 25 to 35°C. The 37% RH reduction from 90% meant the RH of the processed air was 53%, 
which was still in the recommended range of 40-60%. But, in the condition in which the ambient RH was close to 
saturation, and the ambient temperature was also very high, Case 2 may no longer be able to provide a preferable 
RH value. 

 

(a) (b) 

Figure 31: Effect of different ambient temperatures (Tamb) on the (a) ΔT and (b) ΔRH 

The effect of different RHamb on the performance of PCM-desiccant cooling of Case 2 is presented in Figure 32. It 
was found that the changes in ΔRH were consistent with the escalation of RHamb, i.e., in every 5% increase in 
RHamb, there was a ±1.25% increase in ΔRH reduction. This ±1.25% value was not only consistent for one Tamb 
sample but was also true for other Tamb conditions. Likewise, as previously analysed in the discussion on the effect 
of Tamb on ΔRH, the maximum and minimum of ΔRH for different RHamb in the hotter Tamb tended to be lesser than 
in the cooler Tamb. Nonetheless, a smaller ΔRH reduction in a not-too humid condition (at 70% RHamb, for instance) 
is reasonable since the amount of water vapour to be adsorbed by the PCM-desiccant material is also reduced. 
Also, since in a lower RHamb condition we do not need dehumidification as much as in a very humid condition, 
processed air may still be in the range of acceptable RH. 

 
Figure 32: Effect of different ambient relative humidity (RHamb) on the ΔRH 
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4. CONCLUSION 

Desiccant materials may be one solution to overcome the high humidity problem in some climate regions. 
Especially in the humid climate where the high humidity issue intertwines with the rise of temperature, the 
dehumidified air from desiccant materials should also be cooled down so the energy needed for cooling down the 
processed air is reduced. Our proposal to combine desiccant with PCM in one material might be a solution for this 
issue. The PCM-desiccant material (Case 1) was tested and compared with a conventional desiccant (base case) 
material in an experiment. It was found that Case 1 was indeed capable of reducing the temperature of dehumidified 
air up to 2°C. Although the adsorption ability of Case 1 was lower than the base case, the relative humidity resulting 
from Case 1 was still in the range of recommended value. 

To further improve the cooling performance of the PCM desiccant, a case study was developed where the PCM 
desiccant was inserted into an air channel with another PCM added before the dehumidified air went out of the 
channel (Case 2). The case study was then simulated using CFD in Ansys Fluent 2021 R2 software. The results 
showed that Case 2 improved the cooling performance of Case 1 without decreasing its adsorption capacity, with 
the rate of temperature reduction depending on the PCM condition. When the PCM was fully melted, Case 2 
decreased the dehumidified air temperature up to 1°C lower than Case 1 or 3°C lower than the base case. A low-
temperature PCM may even improve this cooling performance. 

A simple parametric study was also conducted that analyse the effect of various ambient temperatures and relative 
humidity on the performance of Case 2. The parametric study indicated that the adsorption capacity of Case 2 was 
reduced when the ambient temperature increased or when the relative humidity decreases. It was found that the 
optimal condition for this PCM-desiccant cooling system to perform best was when the ambient temperature was 
around 25°C and the ambient relative humidity was more than 90%. 
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Abstract: Future days of the energy transition will add more responsibilities for data scientists such as battery 
technology, long-distance energy exchanges, investment optimization, and cost reduction. This highlights the 
significance of big data in optimizing and transforming renewable energy into a future energy source. Data science 
will be in high demand for sustainable energy soon, and more data scientists will be needed for the optimization of 
limited resources. Despite the mounting demand for data-related skills, the integration of data science and energy 
education seems to be overlooked even in well-reputed universities around the world. Consequently, graduates 
from energy engineering programs joining the workforce today have large gaps in their data literacy, and as such 
are often required to either learn on the job, or make use of outdated programming languages, tools, and skills. 
Domain integrated energy education can play a key role at the intersection of data science, artificial intelligence, 
and the energy industry. This paper proposes a web analytic tool to tackle the needs. The web framework includes 
integration of collected datasets, functioning of the data science lifecycle, and, insights formation. The proposed 
software integrates open-sourced datasets available from the public, private, government, non-government, and 
educational repositories (United Nations, DOE, Mendeley, Duke University Energy Initiative, National Geothermal 
Data System, National Renewable Energy Laboratory, USGS, Open Power System Data, World Bank, Duke 
Energy Initiative, National Geothermal Data System). The researchers and learners can experiment and, test out 
the end-to-end data science lifecycle on the platform. The major aspects of the domain viz. data cleaning, feature 
engineering, feature selection, model training, model evaluation, and business translation are integrated into the 
platform. It has three key segments: 1. Learning Resources; 2. Application Monitoring; 3. Results Summarization. 
The business and policy insights summarized on the platform are key connecting points to understanding the 
energy market using data. Major decisions such as energy deployment, resource allocation, land usage, 
technological inclusion, support forecast, and, energy demands; form the final segment of the modelling 
playground. This enhances the contextual problem-solving approach and equips energy enthusiasts with the 
necessary data skills for the future. 
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1. INTRODUCTION 

Since the industrial revolution, the global energy sector has undergone a radical development. Population 
expansion, economic growth, mass electrification, the proliferation of cooling systems, and climate change have 
all led to a significant increase in global energy demand during the past decade (Van Ruijven et al., 2019). The 
scarcity of fossil fuels, the ever-growing energy demand, and anthropogenic climate change due to existing non-
renewable energy sources are shifting focus on alternative energy sources, such as solar, wave, and wind turbines. 
With the increasing preference for renewable energy sources over conventional fossil fuel generators, however, 
the power output from renewable sources is dependent on variable natural sources and cannot be modified 
arbitrarily, making it more difficult to control. Moreover, as energy storage remains an expensive alternative, the 
increasing prevalence of renewables demands the installation of gas or diesel power plants in many places, 
resulting in higher carbon emissions. Under these circumstances, data science, or evidence-based decision-
making, is recognised as a crucial facilitator for technologies that aid in decarbonizing global energy use. 

2. LITERATURE REVIEW 

Some of the prime methodologies in the energy generation market include industrial electrification and 
decarbonisation. They are achieved through strategic energy management and distributed energy resources 
(DERs). Subsequently, modelling and optimizing energy flows using collected data is a critical enabling technology 
for achieving substantial improvements in energy efficiency. In addition to optimizing energy flows on a grid level, 
such ubiquitous sensing offers improved engagement with consumers, increasing their participation in long-term 
policy decisions. Besides, data analytics guide industries toward improved asset management, automation, fault 
detection, diagnosis, and prediction (Kazmi, 2021). 

The oil and gas industry was one of the earliest adopters of big data and analytics to explore and detect 
underground hydrocarbon reservoirs (Feblowitz, 2013). This typically employs a variety of data from multiple 
sources, such as geological data, including subsurface geological information and geophysical data, providing 
information on the physical characteristics of the earth's surface and subsurface. The challenges for the data 
scientist in this domain include real-time visualization, large data storage capacity, vigilant alert systems for more 
efficient production, cost and risk reduction, and safety improvement. Similarly, grid operators make substantial 
use of data science tools in assessing how to optimally operate the electric grid in the current trend of predominant 
penetration of renewable sources such as wind and solar into national grids (Kazmi, 2020). 

The dynamic relationship between data science and energy has evolved significantly over the past decade. As 
many countries are shifting their focus on safe and clean energy, data science plays a key role in reducing global 
energy consumption and reducing greenhouse gas emissions (Uddin, 2011). Recent studies have explored the 
potential of green-ML (machine learning) methods, which optimized machine learning algorithms to run on low 
processing power to reduce overall energy consumption. (García Martín, 2017 and Strubell, 2019). According to a 
survey conducted by the US Energy Information Administration (EIA), renewable energy sources' contribution to 
electricity generation will increase from 21% in 2020 to 42% in 2050 (AEO2021). 

Energy data analytics is a relatively new field in general education. There have been several isolated efforts in the 
recent past to address these deficiencies. According to a survey conducted in the United States (Hong, 2018), 
many undergraduate electrical engineering programs offer the required courses for a BSEE with a power and 
energy concentration, such as energy conversion, elemental power and energy systems, and controls, during the 
junior and senior years. While the majority of these programs require a probability and statistics course for the 
BSEE degree, no courses on energy data analytics were found in the undergraduate power programs. Some 
universities in the UK, such as University College of London, University of Exeter, Cranfield University, and Imperial 
College London, have developed entire one or two-year MSc programs in energy data science. Other universities, 
such as the National University of Singapore and Offenburg University of Applied Sciences, have likewise 
developed some modules on applying data science in the energy sectors. In 2015, UC Berkeley introduced several 
data science connector courses, such as Exploring Geospatial Data (ESPM 88A) and Data Science Applications 
in Geography (GEOG 88), bringing a significant revolution in the domain of energy data science (Adhikari, 2021). 

Wind and solar resources will play a major role in this growth. The coming days of the energy transition will add 
more responsibilities for data scientists, such as battery technology, long-distance energy exchanges, investment 
optimization, and cost reduction. This highlights the significance of big data in optimizing and transforming 
renewable energy into promising energy alternatives for a greener future. The significance of data science and 
data analytics in clean energy will only increase soon. More data scientists will be required for power performance 
optimization, maintenance reduction, and accurate prediction, making the daily operations at solar and wind farms 
more efficient and compact. However, despite the mounting demand for data-related skills, the integration of data 
science and energy education seems to be overlooked even in well-reputed universities around the world. As a 
result, there remains a significant skills gap between what students learn in energy engineering programs and what 
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they need to be proficient in the workplace, such as data literacy, programming languages, tools, and skills (Kazmi, 
2022). 

3. PROPOSED DATA ANALYTIC TOOL  

In this paper, the author proposes a web analytic tool for modelling energy datasets. The web platform presents 
users (learners and researchers) with an experimentation and learning environment to try and test various machine 
learning models on available datasets aligned to the energy market. The dashboard (see Figure 1) presents a 
holistic review of the performance of already tested models within the past datasets experimented.  

 

Figure 1: Dashboard of the Data Modelling Web Analytic Tool 

 

Figure 2: Segments of the Analytic Tool 

The registered user can view the total number of datasets used, the major industry focus of the user’s working 
arena, and the number of collaborators the user has shared the work with. The average model performance depicts 
an overall picture of which machine learning model performs the best over a wide range of selected datasets. The 
user can select datasets corresponding to different models and view which model performed the best on the 
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previewed dataset. The different machine learning models can range from linear regression to gradient boosting 
models (Alzubi et al. 2018). 

The user can pick one of the available datasets uploaded in the repository of the web analytic tool (Figure 2). The 
platform provides sections for the entire data science life cycle (data cleaning, feature engineering, model training, 
model performance, and, business translation). Each of the provided sections allows the user to understand and, 
learn concepts corresponding to it, apply required functions on the dataset and, analyse the output driven by the 
functionality of testing the concepts. The platform allows for integrated automated testing with provided datasets. 
This will help the users analyse outputs with their performance. A domain integrated learning approach is used so 
that the learners can derive insights at the intersection of energy and data science. The data cleaning section 
allows the learners to differentiate between important, redundant, repeating, and, non-contributing variables. The 
procedure is performed by taking the project goals and requirements into consideration. This allows the users to 
develop a contextual understanding of the available variables to be used in the subsequent machine learning 
models. From the domain-context analysis, the user proceeds to the feature engineering section where the 
selection of features is completed. 

4. PLATFORM FRAMEWORK 

The framework of the proposed data platform is divided into 3 sections that determine the flow of modelling the 
energy data lifecycle. 

 Data Sources 

 Data Science Lifecycle 

 Insights Formation 

4.1. Data sources 

The software platform accumulates a wide range of datasets from open source repositories available on the web, 
some of which can be seen in Figure 3. This includes datasets from national, government, non-government, private, 
and educational institutions. The datasets include variable sectors from the renewable energy market. The provided 
datasets will provide the users and researchers to start experimenting with the entire data science life cycle. 

 

Figure 3: Source of Datasets 

4.2. Data science lifecycle 

After the selection of a dataset from a particular industry, the learner enters the end-to-end process of the data 
lifecycle as illustrated in Figure 4. The foremost job includes laying down the project objectives and goals. This is 
done before the surveying of the dataset and selection of input and output variables. Through data cleaning and 
processing, a trimmed list of features is selected and the modified dataset is further evaluated against different 
machine learning algorithms through model training and monitoring. During the model testing phase accuracy is 
checked to get the best available model. 
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Figure 4: Data Science Lifecycle 

4.3. Insights formation 

The final part of the data life cycle includes deriving insights from the output and final model (Figure 5). The learner 
uses available learning sources provided on the software platform to analyse and evaluate the findings from the 
model. The insights are the key part and connect the data technicalities with market needs and requirements. The 
broad spectrum of data-induced applications in the energy market covers resource allocation, policymaking, 
business, and investment (Cox et al., 2018). The availability of energy generation and geospatial data hold potential 
implications for altering policymaking and investment decisions (Kreiger et al., 2022).  

 

Figure 5: Types of possible Insights generated from the evaluated models 
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5. CASE STUDY OF DATASETS USAGE 

Purpose-specific energy datasets are available publicly in the open-source market. The web platform integrates 
the available datasets for formulating data analysis and extraction of information. The datasets used for the 
resource allocation purpose are listed below. 

Resource Allocation 

Rainforest Automation Energy Dataset - A dataset developed to help smart grid researchers test algorithms for 
smart meter data. Includes power data, environmental, and sensor data (Makonin, 2017). 

National Surveys on Energy and Environment - A database of climate change, energy, and environmental datasets 
(Rabe et al 2020). 

A global-scale data set of mining areas - Data on the land area of global mining (Maus et al., 2020). 

Distribution System Upgrade Unit Cost Database - Datasets containing information about the costs of upgrading 
certain parts in PV systems (Horowitz, 2019). 

Argonne Geothermal Geochemical Database - A dataset containing information for potential geothermal sites 
(Harto, 2013). 

Database of State Incentives for Renewables & Efficiency - Information on incentives and policies that support 
renewables and energy efficiency in the United States (NC Clean Energy Technology Center). 

Distributed Solar PV Array Location and Extent Data Set for Remote Sensing Object Identification - This dataset 
contains the location and polygonal outlines for over 19,000 solar panels across 601 high-resolution aerial images 
from four cities in California (Bradbury et al 2018). 

Renewable Energy Atlas of the US - A geospatial map of the United States that allows for the visualization of 
renewable energy resources, federal land ownership, and base map reference information (Kuiper et al., 2012). 

European wind power generation dataset - A report of the hourly time series wind generation in Europe over a 30-
year window (Gonzalez et al., 2016). 

Wind Energy Data - The United States Wind Turbine Database (USWTDB) provides the locations of land-based 
and offshore wind turbines in the United States, corresponding wind project information, and turbine technical 
specifications (Hoen et al., 2022). 

6. CONCLUSION 

In summary, the author proposed an open-source data platform for energy engineers, researchers, and data 
science enthusiasts. The focus of the analytic tool was to bring the contextual application of data science education. 
The platform integrated multiple datasets that included energy domain areas like electricity, environment, nuclear, 
solar, wind, renewable, transportation, and structures. The wide range of datasets provided a clear overview of the 
efficiency, accessibility, and storage of current and future energy. Through data navigation, more purpose-driven 
policies and investments are possible. It is pivotal for the drivers of the energy market to obtain a concise and open-
ended view of the possibilities of data in this sector. This will give rise to more applied artificial intelligence research 
and pave way for new dimensions in entrepreneurship and innovative products. One of the future recommendations 
would be to innovate new research approaches for the data collection and gathering process. Easier and wide 
access to data will help drive more collaboration and experimentation to unlock the potential of data in catering to 
the future of energy. 
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Abstract: In Taiwan, ceramic tiles are commonly used for exterior façade cladding with technical and aesthetical 
advantages. However, owing to long-term outdoor climate exposure and building component aging degradation, 
the deterioration of exterior wall tiles takes place, resulting in health and safety hazards (e.g., chip, flake, fall off). 
Therefore, tile adhesive mortar is essential for durable adhered tile façades. To reach net zero emissions by 2050, 
decarbonization of buildings is crucial so sustainable and energy-efficient solutions are desired for building façades. 
To improve the traditional cement mortar for wall tile installation, aerogel-based cement mortar was prepared in 
this study by incorporating silica aerogel power into cement mortar. Different synthesis approaches were examined 
and optimized for high compressive strength and low thermal conductivity. The thermo-mechanical properties of 
the synthesized aerogel-based cement mortar were measured. By optimizing the mix proportions, the lightweight 
aerogel-based cement mortar offers excellent thermal insulation performance for adhered tile façades, with 
reductions of 50% in the thermal conductivity and density compared with the traditional cement mortar. The 
compressive strength of the synthesized aerogel-based cement mortar meets the requirement of class CSIII as 
stated in EN 998-1: Specification for mortar for masonry standard. Furthermore, full-scale tests were conducted in 
two identical test houses (3m Width*4m Length*3m Height) with adhered tile façades, and one house used the 
synthesized aerogel-based cement mortar as the tile adhesive. The energy-saving potential of the aerogel-based 
cement mortar was assessed by comparing the energy consumption for cooling in two houses. The findings in this 
study demonstrate that the aerogel-based cement mortar can be a suitable tile adhesive worthy of further research 
and application in energy-efficient building façades.  

 

 

 

Keywords: aerogel; thermal insulation; energy-efficiency; building 
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1. INTRODUCTION  

Along with the development of the world economy and the continuous growth of the world population, the total 
world energy consumption is also increasing on an annual basis. Primary energy usage and associated climate 
change continue to increase globally. More than 80% of the global energy demand is met by burning fossil fuels, 
which is a key factor in climate change due to the emission of greenhouse gases (Tettey et al., 2014). 

Determining how to reduce energy consumption and emissions is a topic worthy of study in the context of the global 
energy shortage and increased emissions. In order to slow down energy consumption and reduce greenhouse gas 
emissions, the concept of zero-energy building and passive house is gradually emerging as a means by which to 
save energy (IEA, 2018). 

Energy consumption in buildings refers to the energy consumed in the process of construction and use, including 
air conditioning, lighting, cooking, household appliances and elevators, among which air conditioning is the greater 
consumer. Over time, people’s expectations for standards of indoor environmental comfort has changed. In order 
to create a comfortable living space, the most direct and effective way is to use an air conditioning system, but it 
consumes a great amount of energy. 

For purpose of improving the energy consumption problem, the zero-energy building (ZEB) is currently advocated 
internationally. A zero-energy building, also known as a zero net energy (ZNE) building or net-zero energy building 
(nZEB), is not a building that does not use energy, but a form of energy reorganisation. Such buildings may 
generate and use their own renewable energy to support energy demands. Different from green buildings, zero-
energy buildings focus on energy efficiency and have no specific regulations for ecological sustainability. The zero-
energy passive building proposed by Germany is call “passive” because it does not need to use active heating or 
cooling over long periods of time. The principle of passive construction is to strengthen the thermal insulation of 
the building envelope in order to reduce the use of indoor heating or cooling. In terms of the choice of building 
envelope materials, in addition to the use of low-carbon emission materials, there are thermal insulation materials. 
Cement mortar is a common surface coating material for building envelopes. Both exterior and interior walls are 
usually coated with a layer of cement mortar prior to subsequent construction. Cement mortar is widely used, not 
only as plastering, but also as filling, adhesive and caulking material. It can also reduce the number of construction 
processes required for building envelopes by combining waterproofing and thermal insulation functions of paint 
with different components added into the cement mortar. 

In light of the above mentioned energy issues and the issue of greenhouse gas emissions, increasingly more 
attention has been paid to the development of energy-efficient building materials, of which aerogel is one (Lee et 
al., 2002; Maleki et al., 2014; He et al., 2009). The purpose of this study is to prepare silica aerogel and combine 
it with some lightweight materials and prepared cement in order to produce aerogel cement mortar according to 
different proportions of aerogel and lightweight materials. 

2. EXPERIMENTAL PROCEDURE AND METHODOLOGY 

The experiments comprised two parts: preparation of the silica aerogels and of the cement mortar. The following 
sections introduce the experimental processes and methods. 

2.1. Preparation of MTMS-based silica aerogel  

Silica aerogel was prepared through one-step sol-gel synthesis, which involved base-catalyzed condensation of 
methyltrimethoxysilane (MTMS) as the silica precursor. To prepare the silica sol, MTMS, cetyltrimethylammonium 
bromide (CTAB) and deionized water were mixed with a magnetic stirrer for approximately 30 minutes until the 
solution became clear in colour in a hydrolysis reaction. At this time, it was an exothermic reaction. The solution 
was placed into n-hexane under vigorous stirring for a few minutes, and then ammonium hydroxide was added to 
the solution and stirred to let it begin a condensation reaction and become wet gels. After about 30 minutes, the n-
hexane was removed from the wet gels. Subsequently, the silica aerogel, which was hydrophobic, was obtained 
by ambient pressure drying (APD) method for 20 hours. The entire process required approximately one day to 
obtain the hydrophobic aerogel. The flow chart of the silica aerogels via the sol-gel process is shown in Figure 1 
(Cui et al., 2011). 

2.2. Preparation of aerogel-based cement mortar 

Firstly, samples consisting of different volume ratios of ordinary Portland cement (OPC), free water, aggregate and 
fibre were prepared. The aggregate, which used a lightweight material to replace sand, included aerogel, perlite 
and expanded glass. They were used as fillers in the cement mortar to support the overall structure and increase 
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the strength of the cement. In this study, the volume ratio was used to evaluate the use of the lightweight materials. 
For the purpose of visualization, the mixture proportions were shown based on their mass ratio. The mixture 
proportions are shown in Table 1. In the aerogel-based cement mortar, two types of expanded glass with different 
particle sizes (2-4mm and 1-2mm) were used. The fibre material comprised glass fibre and mineral wool. Adding 
a fibre material to cement mortar can reduce the number of cracks in the cement mortar and improve its tensile 
strength and compressive strength. Glass fibre was added at a 0.2% mass ratio to the mortar in each sample with 
the exception of the ordinary cement mortar. Redispersible powder (Acronal® S 735 P, from BASF) was added to 
some of the samples in this experiment. The addition of redispersible powders into mortar increases the 
cohesiveness and flexibility of the mortar. All mixtures were first mixed in their dry state. The water/cement ratio 
was optimized in each case, in view of the cement mortar’s workability. The cement mortar was mixed thoroughly 
and evenly after adding water, and then poured into a mould to set. After the mould was removed, the samples 
were soaked in water for a 28-day curing period. Finally, after curing, the characteristics of the cement mortar were 
analysed. A sample of the aerogel-based cement mortar is shown in Figure 2. 

 

Figure 33:  Synthesis of the silica aerogels via the sol-gel process  

Table 7: Proportions of the mixture in the aerogel cement mortar  

Sample 
number 

Mixture proportions (wt%) Glass 
fiber 

(wt%) 

Mineral 
wool 
(wt%) 

Redispersible 
powder (wt%) Cement Aerogel Perlite 

Expanded 
glass 

Sand 

OCM 26.7    73.3    

1 80 0 10 10b  0.2   

2 81 2 7 10b  0.2   

3 81 3 6 10b  0.2   

4 81 4 5 10b  0.2   

5 81 2 7 10b  0.2 2  

6 81 3 6 10b  0.2 2  

7 81 4 5 10b  0.2 2  

8 81a 3 6 10b  0.2   

9 81 3 6 10c  0.2   

10 81 3 6 10c  0.2 2  

11 86 3 6 5b  0.2   

12 86 3 6 5b  0.2  1 

13 86 3 6 5b  0.2  2 
a White Portland cement. 
b Expanded glass with particle of 2-4 mm. 
c Expanded glass with particle of 1-2 mm. 
 

 
Figure 2: The sample of cement mortar (20 x 20 x 2cm3) 
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The aerogel cement mortars prepared in this experiment had one ordinary cement mortar (OCM) and thirteen 
samples with different mixture ratios (sample 1 to sample 13). The ordinary cement mortar was prepared with a 
cement : sand mass ratio of 1:2.75. Samples 1 to 13 were prepared with different proportions of mixture shown in 
Table 1. The aerogel added was the aerogel before heat treatment that had the hydrophobic property. This was 
because hydrophobic aerogels can be mixed with cement mortar evenly, so hydrophilic aerogels, which are 
theoretically easier to mix with cement, were not used in the experiments. The use of hydrophobic aerogels can 
reduce the time and cost of heat treatment of aerogel and improve the surface hydrophobicity of aerogel cement 
mortar. In this study, there was the consideration of the cost and characteristics of aerogel cement mortar products. 

2.3. Characterisation methods of aerogel cement 

An SEM microstructure analysis, the water absorption rate, a contact angle measurement, a compression test, and 
a thermal conductivity measurement were carried out to describe the characteristics of the aerogel cement mortar. 
Through the above methods, the related characteristics of the aerogel cement mortar could be understood, and 
compared with general cement mortar and aerogel cement mortar with different proportion of ingredients. 

3. RESULTS AND DISCUSSION 

There was one ordinary cement mortar (OCM) sample and thirteen samples with different proportions of the mixture 
(sample 1 to sample 13) for the aerogel cement mortar prepared in this study. The OCM was made with a cement 
: sand mass ratio of 1 : 2.75. Samples 1 to 4 had different proportions in aerogel and perlite. Samples 5 to 7 had 
the same proportions as samples 2 to 4, but a 2% mass ratio of mineral wool was added. Sample 8 had the same 
proportion as sample 3, but the grey Portland cement was replaced with white Portland cement. Additionally, 
sample 3, sample 9 and sample 10 used expanded glass with a smaller particle size (1-2mm). Mineral wool was 
added in sample 10; sample 11 differed from sample 3 in the amount of expanded glass added, while sample 11, 
sample 12 and sample 13 had different proportions of redispersible powder. The following section explores the 
various comparisons, including the aerogel content, the type of cement, the particle size of the expanded glass, 
and the amount of expanded glass. 

3.1. Aerogel content 

The difference between sample 1, sample 2, sample 3 and sample 4 was a change in the volume ratio of aerogel 
to perlite. The proportions in samples 5 to 7 were the same as those in samples 2 to 4, but with extra mineral wool. 
The properties of the OCM and samples 1 to 7 are shown in Table 2 and Table 3. First of all, the difference between 
sample 1 and the OCM was compared. In terms of density, sample 1 had lower density than the OCM, because in 
sample 1, perlite and expanded glass replaced sand. Both perlite and expanded glass are lightweight materials, 
so the overall density dropped by 54.4%. In samples 1 to 4, the density decreased with increases in the aerogel 
content and decrease in the pearlite content. The density of samples 5 to 7 with added mineral wool also decreased 
with increases in aerogel content, showing the same trend. This was because the density of the aerogel powder 
was the lowest among all of these materials, so when more aerogel was added, the overall density of the cement 
mortar would be less. However, the addition of mineral wool increased the density slightly. 

Table 2: Properties of OCM and samples 1 to 4 

Properties OCM Sample 1 Sample 2 Sample 3 Sample 4 

Density (g/cm3) 2.25 1.03 0.88 0.79 0.75 

Contact angle 44.6˚ 70.4˚ 129.5˚ 136.5˚ 140.8˚ 

Thermal conductivity (W/mK) 0.249 0.141 0.104 0.089 0.084 

Water absorption rate (%) 6.95 19.96 36.00 37.26 39.45 

Compressive strength (kgf/cm2) 325.89 65.54 41.48 40.43 36.96 

 

Table 3: Properties of samples 5 to 9 

Properties Sample 5 Sample 6 Sample 7 Sample 8 Sample 9 

Density (g/cm3) 0.91 0.89 0.78 0.92 0.84 

Contact angle 128.2˚ 135.9˚ 137.5˚ 118.0˚ 128.9˚ 

Thermal conductivity (W/mK) 0.098 0.087 0.091 0.130 0.106 

Water absorption rate (%) 34.46 35.92 36.57 32.20 31.04 

Compressive strength (kgf/cm2) 42.71 45.10 38.90 49.97 44.63 
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Table 4: Properties of samples 10 to 13 

Properties Sample 10 Sample 11 Sample 12 Sample 13 

Density (g/cm3) 0.85 0.81 0.83 0.88 

Contact angle 131.6˚ 129.2˚ 130.5˚ 131.3˚ 

Thermal conductivity (W/mK) 0.094 0.089 0.090 0.091 

Water absorption rate (%) 33.59 34.42 35.62 36.21 

Compressive strength (kgf/cm2) 45.78 36.11 41.91 46.83 

In this study, SEM was used to observe the microstructure of the cement mortar materials to determine the 
structural differences between ordinary cement mortar and aerogel cement mortar, as can be seen in Figure 4. 
The OCM and Sample 7 were compared. As can be seen from Figure 5, the three-dimensional structure of the 
aerogel circle in red was similar to the SEM photos of the aerogel powder in Figure 3. However, the structure of 
the aerogel circled in red in Figure 6 collapsed slightly, possibly due to the insufficient strength of the aerogel itself, 
which caused a partial collapse when it was mixed with cement material and grouting. A long object can be seen 
in the red circle in Figure 7, which may have been caused by the addition of the mineral wool powder in Sample 7, 
because the diameter of the mineral wool powder added in this study was about 3-6 μm, which was consistent with 
the diameter of the long object appearing in the SEM image. The images outside the red circle in Figure 5 to Figure 
7 are similar to SEM images of the OCM, representing a normal cement mortar structure. 

 
Figure 3: SEM image of the hydrophobic silica aerogel (x3,500) 

 

 
Figure 4: SEM image of the ordinary cement mortar (x1,000) 
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Figure 5: SEM image of the sample 7 aerogel cement mortar (x1,000) 

 

 
Figure 6: SEM image of the sample 7 aerogel cement mortar (x1,700) 

 

 
Figure 7: SEM image of the sample 7 aerogel cement mortar (x1,000) 

Based on the thermal conductivity of the material, the thermal insulation and heat resistance of the material could 
be determined, where higher thermal conductivity indicated, worse heat resistance. The thermal conductivity of the 
OCM was 0.249 W/mK, and that of sample 1 was 0.141 W/mK. Sample 1 was 43.4 % lower than the OCM. The 
thermal conductivity of samples 1 to 4 and samples 5 to 7 showed a decreasing trend according to the increase in 
the amount of aerogel added. Compared with the OCM, the thermal conductivity of the aerogel cement mortar was 
reduced by approximately 58% to 66%. This was because aerogels have good thermal insulation and low thermal 
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conductivity. Therefore, when more aerogels were added, the thermal conductivity of cement mortar would be 
lower. The addition of mineral wool was found to have little effect on thermal conductivity. 

In terms of water absorption, the OCM had the lowest water absorption rate of 6.95%. Sample 1 without aerogel 
had the second lowest water absorption rate of 19.96%. However, the water absorption rate of samples 2 to 4 was 
above 30%. It could be seen that increasing the aerogel content increased the water absorption rate. The water 
absorption of the aerogel cement mortar, with or without added minerals, increased gradually with increases in the 
aerogel content. This was because the aerogel infiltrated into the interior of the cement mortar, which led to more 
inhomogeneous pore structure and an increase in the water absorption rate. 

The compressive strength of the OCM was 325.89 kgf/cm2 and that of samples 1 to 4 was 65.54, 41.48, 40.43 and 
36.96 kgf/cm2, respectively. The compressive strength of samples 5 to 7, with added mineral wool, was 42.71, 
45.10 and 38.90 kgf/cm2, respectively. It was found from the results of the compression test that the compressive 
strength of the OCM was obviously the highest, followed by that of sample 1, and that of sample 2-7 was between 
36 and 45 kgf/cm2. This may have been due to the low strength of the lightweight materials that replaced the sand, 
especially aerogel. Therefore, when more aerogel was added, the compressive strength of the cement mortar 
decreased. This could be explained from two perspectives. On the one hand, SiO2 aerogel had a passive effect on 
the cement mortar because of its low density, low strength and high porosity. On the other hand, due to the 
hydrophobic property of the SiO2 aerogel, the bond between the water and the cementing material was poor, which 
resulted in a decrease in the strength of the mortar. The compressive strength of the cement mortar with added 
mineral wool was higher than that without mineral wool, so the addition of mineral wool was helpful in terms of 
increasing the compressive strength of the cement mortar. 

3.2. Types of cement 

The proportion of ingredients of sample 8 was the same as that in sample 3, but the ordinary Portland cement (also 
called grey cement) was replaced with white Portland cement. As shown in Table 2 and 3, the density of sample 8 
using white Portland cement and sample 3 using Portland cement was 0.79 and 0.92 g/cm3, respectively. It was 
found that the density of sample 8 was about 16.5% higher than that of sample 3. Using white Portland cement 
improved the density of the cement mortar. In the contact angle measurement, it was found that the use of white 
cement (sample 8) reduced the hydrophobicity of the aerogel cement mortar. The contact angle of sample 8 was 
reduced to 118 degrees. In terms of thermal insulation, the white cement performed poorly, with a thermal 
conductivity of 0.130 W/mK, which was about 46.1% higher than that of the grey cement. In terms of water 
absorption, white cement had a low water absorption rate of 32.20%. In terms of compressive strength, white 
cement performed better than grey cement. Its compressive strength was 49.97 kgf/cm2, and the overall strength 
increased by about 23.6% as compared to the grey cement. 

In general, compared with grey cement, white cement was used as a material in the cement mortar, which was 
relatively heavy, had poor hydrophobic properties and poor heat resistance. However, the water absorption rate of 
the white cement was lower than that of the grey cement, and the compressive strength was better than that of the 
grey cement. 

3.3. Particle size of expanded glass 

The proportion of the ingredients of sample 9 was the same as that in sample 3, except that the particle sizes of 
the expanded glass were different (1-2mm and 2-4mm, respectively). A comparison is shown in Table 2~4. The 
density of sample 9 was slightly higher than that of sample 3; the densities for sample 3 and sample 9 were 0.79 
and 0.84 g/cm3, respectively. In addition to the fact that the density of the expanded glass with the small particle 
size was higher than that of the expanded glass with the large particle size, another possible reason for the 
difference was the fact that smaller expanded glass particles, can more easily fill the interspaces in the cement 
mortar. Therefore, the density of the expanded glass with small particle size added to aerogel cement mortar was 
higher than that with a large particle size added. A comparison was made of sample 9 and sample 10 with expanded 
glass with small particle size. The densities were 0.84 g/cm3 and 0.85 g/cm3, respectively; the difference between 
them being whether mineral wool was added or not, where the density of the aerogel cement mortar increased 
slightly with the addition of mineral wool. 

From Table 3, it can be seen that sample 9 had thermal conductivity about 0.106 W/mK, which was 19.1% higher 
than that of sample 3 (0.089 W/mK). This indicated that adding less expanded glass into the cement improved the 
thermal conductivity and reduced the heat resistance. The thermal conductivity of sample 9 and sample 10 was 
0.106 and 0.094 W/mK, respectively. In the same case, where expanded glass with a small particle size was added, 
the thermal conductivity of the expanded glass with mineral wool added to aerogel cement mortar was lower than 
that without mineral wool. 
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In the water absorption test, the water absorption of the expanded glass with a small particle size decreased. The 
water absorption rates of sample 3, sample 9 and sample 10 were 37.26%, 31.04% and 33.59%, respectively. After 
the comparison, it was found that the water absorption of sample 10 with mineral wool was higher than that of 
sample 9 without mineral wool. This comparison result was different from that for the aerogel cement mortar with 
expanded glass with large particle size. 

The compressive strength of sample 9 and sample 10 was 44.63 and 45.78 kgf/cm2, respectively. The compressive 
strength of sample 9 was 10.4% higher than that of sample 3 (40.43 kgf/cm2). The results of the compressive test 
showed that compressive strength can be increased by using expanded glass with a small particle size. This was 
positively correlated with the compressive strength data provided by the manufacturer. The compressive strength 
of expanded glass with particle sizes of 1-2mm and 2-4mm was 16.30 and 14.26 kgf/cm2, respectively.  

3.4. Amount of expanded glass 

Sample 11 had the same mixture proportions as those in sample 3, where the amount of expanded glass was 
reduced. Sample 12 and sample 13 were the same proportions as those in sample 11, but more redispersible 
powder was added (1% and 2%, respectively). A comparison is shown in Table 4. Comparing sample 11 with 
sample 3, it was found that the expanded glass content decreased, and the density of the cement mortar increased. 
This could have been due to the increase in the mass percentage of the cement. An increase in the cement content 
in cement mortar led to an increase in density, so the addition of expanded glass decreased, and the cement mortar 
density would in turn increase. 0%, 1% and 2% redisperible powder was added to samples 11, 12 and 13, 
respectively. The corresponding densities were 0.81, 0.83 and 0.88 g/cm3, respectively. The density of sample 12, 
to which 1% redispersible powder was added, was 3.5% higher than that of sample 11 without adding redispersible 
powder. The density after adding 2% redispersible powder to sample 13 was 8.9% higher than that of sample 11 
without redispersible powder. Based on these results, it was concluded that adding redispersible powder in a range 
of 1-2% would improve the density of the cement mortar, density of the aerogel cement mortar to increase. Samples 
11, 12 and 13 had 0%, 1% and 2% redispersible powder added and had thermal conductivities of 0.089, 0.090 and 
0.091 W/mK, respectively. This meant that the addition of redispersible powder in the 2% range increased the 
thermal conductivity, but this effect is not significant. 

Sample 11 with less expanded glass had a lower water absorption rate than sample 3. Their water absorption rates 
were 33.59% and 37.26%, respectively. This result could be found in water absorption rates of samples 1 to 4. As 
the use of lightweight materials increased, the porosity in cement mortar increased, leading to increased water 
absorption rate. Less lightweight material was used in sample 11 than in sample 3, so the water absorption of 
sample 11 was also lower than that of sample 3. After adding redispersible powder, the water absorption rate was 
increased. The water absorption rates of samples 12 and 13 were 35.65% and 36.21%, respectively. 

Due to the reduced use of expanded glass in sample 12, the proportion of aggregate in the cement mortar 
decreased, resulting in decreased compressive strength and poor performance in the compressive test. The 
compressive strength of sample 12 was only 36.11 kgf/cm2, which was 10.7% lower than that of sample 3. 
Therefore, adding the proper amount of expanded glass was helpful to increase the compressive strength of the 
aerogel cement mortar. After the addition of the redispersible powder, the compressive strength improved 
significantly. Sample 12 with 1% redispersible powder added had a compressive strength of 41.91 kgf/cm2. Sample 
13 with 2% redispersible powder had a compressive strength of 46.83 kgf/cm2. The results showed that, with 1% 
or 2% redispersible powder added, the compressive strength of the cement mortar was improved. 

3.5. Summary 

The aerogel cement mortar prepared in this study could be classified based on the EN 998-1 specifications (EN, 
2010) (Table 5). The results showed that sample 1, sample 2, sample 8 and sample 9 complied with EN 998-1 for 
thermal conductivity (class T2). Sample 3, sample 4, sample 5, sample 6, sample 7, sample 10, sample 11, sample 
12, and sample 13 complied with EN 998-1 for thermal conductivity (class T1). For compressive strength, sample 
1 to sample 13 met the requirements for the compressive strength of thermal insulation mortar, falling into CS III 
category (EN998-1). Therefore, all the mortar prepared in this study met the requirements of the EN 998-1 standard 
for thermal conductivity and compressive strength of lightweight and thermal insulation mortar. 
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Table 5: Proportions of the mixture in the aerogel cement mortar 

Aerogel cement mortar Compressive strength (kgf/cm2) Thermal conductivity (W/m-K) 

Sample 1 65.54 (CS III) 0.141 (T2) 

Sample 2 41.48 (CS III) 0.104 (T2) 

Sample 3 40.43 (CS III) 0.089 (T1) 

Sample 4 36.96 (CS III) 0.084 (T1) 

Sample 5 42.70 (CS III) 0.098 (T1) 

Sample 6 45.10 (CS III) 0.087 (T1) 

Sample 7 38.90 (CS III) 0.091 (T1) 

Sample 8 49.97 (CS III) 0.130 (T2) 

Sample 9 44.63 (CS III) 0.106 (T2) 

Sample 10 45.78 (CS III) 0.094 (T1) 

Sample 11 36.11 (CS III) 0.089 (T1) 

Sample 12 41.91 (CS III) 0.090 (T1) 

Sample 13 46.83 (CS III) 0.091 (T1) 

4. CONCLUSIONS  

In this study, aerogel cement mortars were prepared using different proportions of aerogels, lightweight aggregate 
and fibre, which were tested to determine their properties. This investigation was divided into several parts, 
including determining the aerogel content, type of cement, particle size of the expanded glass, and the amount of 
expanded glass and proportion of added redispersible powder.  

Compared with ordinary cement mortar, the addition of aerogel into the cement mortar was found to reduce the 
density, thermal conductivity, and compressive strength. This was due to the special properties of aerogel, including 
its low density, high porosity, low strength, and whether it was coupled with lightweight materials such as perlite 
and expanded glass. Meanwhile, the contact angle and water absorption rate would be increased, because aerogel 
has a hydrophobic property and a highly porous structure. In addition, adding mineral wool was found to improve 
the compressive strength of the aerogel cement mortar. In the same mixture proportions, using white Portland 
cement to prepared aerogel cement mortar resulted in higher density than using grey Portland cement. Although 
the hydrophobic property when using white cement was lower than that when using grey cement, the water 
absorption rate performance was better. The thermal insulation when using white cement was worse than that 
when using grey cement, but the compressive strength was better than then grey cement was used. Using 
expanded glass with a particle size of 1-2mm to replace a particle size of 2-4mm to prepare mortar resulted in 
some specific properties, including a higher density, smaller contact angle and less hydrophobicity. However, the 
thermal insulation effect was reduced, and the compressive strength was increased. In addition, the results when 
adding mineral wool into the cement mortar with 1-2mm expanded glass were almost the same as that obtained 
when mineral wool was added into the cement mortar with 2-4mm of expanded glass. When the amount of 
expanded glass was reduced, the contact angle, water absorption rate and compressive strength was found to 
decrease. After the addition of redispersible powder, the density, contact angle, thermal conductivity, water 
absorption rate and compressive strength were all increased. All of the aerogel cement mortar prepared in this 
study met the requirements of the EN 998-1 standard for thermal conductivity and compressive strength of 
lightweight and thermal insulation mortar. 
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Abstract: China's carbon peak and neutrality targets make higher demands for building energy efficiency and the 
building envelope, as a bridge connecting indoor and outdoor, plays an important role in building energy 
consumption. It is of great significance to study the thermophysical properties of building envelopes to reduce this 
energy consumption. In this paper, employing inverse problem thought and particle swarm optimization algorithm, 
the ideal thermal conductivity distribution and energy saving potential of seven representative cities in five climatic 
regions in China were calculated. The results showed: (1) the ideal thermal conductivity distributions in different 
cities were different, but most of them reached the maximum value at 18~24°C; (2) the thermal conductivity in 
various temperature ranges made a huge difference in the influence of the annual energy consumption of a room; 
(3) applying the ideal thermal conductivity, Guangzhou had the highest energy saving in refrigeration. Urumqi had 
the highest energy saving in heating and total energy consumption; (4) Urumqi had the largest energy saving 
potential, and Kunming had the smallest energy saving potential. 
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1. INTRODUCTION 

Challenged by climate change, carbon emission reduction has become a global consensus. According to the 
accounting results of global energy consumption and carbon emissions by IEA (the International Energy Agency), 
in 2018, global building energy consumption accounted for 35% of global energy consumption, and CO2 emissions 
accounted for 39%. In China, these two proportions are 36% and 42% respectively (Tsinghua University Buildings 
Energy Efficiency Research Center, 2021). Evidently, improving building energy efficiency is of great significance 
for achieving the goal of "carbon peaking and carbon neutrality" proposed by the Communist Party of China in 
September 2020. 

As a bridge connecting indoor and outdoor, the building envelope plays a vital role in building energy consumption 
(Zhang et al., 2013). From a problem-solving perspective, the research on improving the performance of external 
walls can be mainly divided into two categories: (1) Positive problem method, i.e. change the structure to make the 
outer wall have better performance, for example, Trombe walls (Krüger et al., 2013; Bojić et al., 2014), double-
layer ventilated curtain walls (Kim and Park, 2011; Shameri et al., 2011), etc.; (2) Inverse problem method, i.e. find 
the optimal distribution of a certain parameter of the outer wall under given constraints (such as the lowest energy 
consumption) and provide theoretical guidance for wall design (Zhang et al., 2006; Zeng et al., 2011; Zhang et al., 
2013; Huo et al., 2015).  

The limitation of positive problem research is that it cannot find the optimal solution for the given conditions, while 
the inverse problem is expected to solve this problem. The application of inverse problem thought to analyse 
building envelopes has been extensively studied: Zeng et al. (2011) explored ideal volumetric specific heat 
distribution for interior walls of passive rooms in seven representative cities in different climatic regions of China. 
Zhang (Zhang et al., 2013) analysed the ideal thermal conductivity distribution of the exterior walls of passive 

residential buildings in Beijing, and found that the ideal thermal conductivity form was approximately a square wave 
function, which was hardly affected by the volumetric specific heat and thickness of the exterior walls. For active 
buildings, Wang (Wang et al., 2013) explored the ideal specific heat distribution of interior walls of rooms in Beijing. 
The results showed that when the additional enthalpy was above a certain value, the energy consumption for 
cooling and heating would be almost zero, and when the thermal conductivity of the inner wall was higher than 
0.5W/(m·K), it had little effect on the ideal specific heat distribution. Further, Zhang (Zhang and Tao, 2017) defined 
the thermal resistance according to the entransy dissipation theory, and obtained from the mathematical expression 
that the ideal volume specific heat of the exterior wall presented a delta function in both summer and winter. Yang 
et al. (2020 and 2021) used the inverse problem idea to study the exterior wall of the building with the thermal 
resistance and heat capacity model, and explored the optimal allocation of thermal resistance and heat capacity 
with the goal of minimizing the heat flow of the exterior wall through particle swarm optimization (PSO) algorithmic 
solution. 

The above research did not involve the ideal thermal conductivity distribution and energy saving potential of active 
building exterior walls in different climatic zones.  In this current study, we used the particle swarm optimization 
algorithm to solve the problem, and give the ideal distribution of thermal conductivity of buildings in different climatic 
regions of China, as well as their annual energy consumption. In addition, we indicate which climate zone in China 
had greater potential for building energy efficiency. 

2. METHODOLOGY 

2.1. Problem description 

China has vast terrain and complex topography and, due to different conditions such as geographic latitude, the 
climate of different regions varies greatly. In order to make the building more fully utilized and adapted to the 
different climatic conditions, China is divided into five main climate zones. The ideal thermal conductivity distribution 
of walls and energy saving rates of active building may also be different in different areas. For example, buildings 
located in severe cold areas should focus on cold protection and thermal insulation, while buildings located in hot 
summer and warm winter areas should focus on heat dissipation. Therefore, in order to compare the differences 
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brought by different regions, we choose seven cities in five climate zones in China (

 

Figure 33). They are respectively Harbin and Urumqi in severe cold area, Beijing and Lhasa in cold regions, 
Shanghai in hot summer and cold winter area, Kunming in moderate area and Guangzhou in hot summer and 
warm winter.  

For a building located in a specific region, if basic information is known, such as climate conditions, building 
dimensions, indoor heat disturbance set temperature and physical properties of the wall, then the cooling and 
heating energy consumption of a room (𝐸) is the function of thermal conductivity (𝜆(𝑡)) of external wall (Zhang et 
al., 2013). 

Equation 4: Room energy consumption function.  𝐸 = 𝑓(𝜆(𝑡)) 

 

Figure 34: Seven representative cities in five climate zones in China 

Our goal was to determine what thermal conductivity distribution of the exterior walls, under given conditions, would 
minimise the total energy consumption of the room throughout the year. Applying inverse problem thought, the 
ideal distribution form of 𝜆(𝑡) can be obtained by minimizing E. Therefore, in the next step we built a mathematical 
model to quantify the relationship between energy consumption and the thermal conductivity of exterior walls. 

2.2. Mathematical model 

Considering the complexity of solving the inverse problem, we employed a simplified two-plate room model (Zeng 
et al., 2011; Zhang, 2013) in lieu of an actual room. In this model, the external wall was simplified as one plate, 
fixing a south-facing window. The internal wall, ceiling and floor were treated as another plate (ignoring the long-
wave radiation between the three parts constituting the inner panel) (Figure 35). 
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(a)                                                                                                 (b) 

Figure 35: (a) Room model (b) Simplified two-plate model 

Equation 5: One-dimensional transient heat conduction equation 
for one plate.  

𝜌P𝑐𝑝,𝑃
𝜕𝑡𝑃
𝜕𝜏

=
𝜕

𝜕𝑥
[𝜆𝑃(𝑡𝑃)

𝜕𝑡𝑃
𝜕𝑥
] 

 

 

Equation 6: Boundary conditions for Equation 2. 

 

ℎ𝑜𝑢𝑡(𝑡𝑜𝑢𝑡,𝑎 − 𝑡𝑃,𝑜𝑢𝑡) + 𝑞𝑟,𝑃,𝑜𝑢𝑡 = −𝜆𝑃(𝑡𝑃)
𝜕𝑡𝑃
𝜕𝑥
|
𝑥=0

 

ℎ𝑖𝑛(𝑡𝑖𝑛,𝑎 − 𝑡𝑃,𝑖𝑛) + 𝑞𝑟,𝑃,𝑖𝑛 = 𝜆𝑃(𝑡𝑃)
𝜕𝑡𝑃
𝜕𝑥
|
𝑥=𝐿𝑃

 

Equation 7: Initial condition for Equation 2 𝑡𝑃(𝑥, 𝜏)|𝜏=0 = 𝑡𝑃,𝑖𝑛𝑖𝑡  

 

 

Where: 

 ρP= density of the plate (kg/m3) 
 cp,P= constant pressure volumetric specific heat capacity of the plate (J/(kg ∙ K)) 

 λP(tP)= thermal conductivity of the plate (varies with temperature) (W/(m ∙ K)) 
 tP= plate temperature (°C) 

 hout/hin= convective heat transfer coefficients of the outer/inner surfaces of the plate (W/(m2 ∙ K)) 
 tout,a/tin,a= outdoor/indoor air temperatures (°C) 

 tP,out/tP,in= outer/inner surface temperatures of the plate (°C) 

 qr,P,out/qr,P,in= thermal radiation heat fluxes of the outer/inner surfaces of the plate (W/m2) 

 LP= thickness of plate (m) 

 tP,init= initial temperature of plate (°C) 

 τ/x= time/space coordinates 

Equation 8: Heat transfer equations for 
the south-facing double-glazed window 

𝜌win,1𝑐𝑝,𝑤𝑖𝑛1𝐿𝑤𝑖𝑛,1
𝜕𝑡𝑤𝑖𝑛,1
𝜕𝜏

= ℎ𝑜𝑢𝑡(𝑡𝑜𝑢𝑡,𝑎 − 𝑡𝑤𝑖𝑛,1) + ℎ1,2(𝑡𝑤𝑖𝑛,2 − 𝑡𝑤𝑖𝑛,1) + 𝑞𝑟,𝑤𝑖𝑛,1 

𝜌win,2𝑐𝑝,𝑤𝑖𝑛2𝐿𝑤𝑖𝑛,2
𝜕𝑡𝑤𝑖𝑛,2
𝜕𝜏

= ℎ𝑖𝑛(𝑡𝑖𝑛,𝑎 − 𝑡𝑤𝑖𝑛,2) + ℎ1,2(𝑡𝑤𝑖𝑛,1 − 𝑡𝑤𝑖𝑛,2) + 𝑞𝑟,𝑤𝑖𝑛,2 

Equation 9: Total heat transfer coefficient between the two layers of glass. 
ℎ1,2 =

1

1
𝑈𝑤𝑖𝑛

−
1
ℎ𝑜𝑢𝑡
∗ −

1
ℎ𝑖𝑛
∗

 

Where: 

 ρwin= density of the window (kg/m3) 
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 cp,win= constant pressure volumetric specific heat capacity of the window (J/(kg ∙ K)) 

 Lwin= thickness of glass (m) 

 twin= glass temperature (°C) 

 qr,win= thermal radiation heat flux of the window (W/m2) 

 h1,2= total heat transfer coefficient between the two layers of glasses (W/(m2 ∙ K)) 

 Uwin= heat transfer coefficient of window (W/(m2 ∙ K)) 
 hout

∗ /hin
∗ = convective heat transfer coefficient of outer/inner surfaces of windows (W/(m2 ∙ K)) 

The subscripts 1 and 2 represent the outer and inner layer glasses.  

Equation 10: Radiative heat transfer between two plates and 
between the window and the inner plate 

𝑄𝑟,𝑃 = 𝜀𝑃,1𝐴𝑃,1𝜎 [(𝑡𝑃,1 + 273)
4
− (𝑡𝑃,2 + 273)

4
] 

𝑄𝑟,𝑤𝑖𝑛 = 𝜀𝑤𝑖𝑛𝐴𝑤𝑖𝑛𝜎 [(𝑡𝑤𝑖𝑛,2 + 273)
4
− (𝑡𝑃,2 + 273)

4
] 

Where: 

 Qr,P= thermal radiation heat transfer rate between two plates (W) 

 Qr,win= thermal radiation heat transfer rate between the window and the inner plate (W) 

 εP,1/εwin= emissivity of external plate/glass 

 AP,1/Awin= area of external plate/window (m2) 

 σ= Stefan-Boltzmann constant, 5.67×10−8 
 tP,1/tP,2= temperatures of inner surface of external/internal plate (°C) 

Equation 11: Indoor air energy conservation equation 𝑉𝑅𝜌a𝑐𝑝,𝑎
𝜕𝑡𝑖𝑛,𝑎
𝜕𝜏

=∑𝑄𝑃,𝑗

2

𝑗=1

+ 𝑄𝑤𝑖𝑛 + 𝑄𝑑,𝑐 + 𝑄𝑣𝑒𝑛 + 𝑄𝑐 + 𝑄ℎ 

Equation 12: Convective heat transfer between the 
indoor air and two plates 

𝑄𝑃,𝑗 = ℎ𝑖𝑛 × (𝑡𝑃,𝑖𝑛,𝑗 − 𝑡𝑖𝑛,𝑎) × 𝐴𝑃,𝑗  

Equation 13: Convective heat transfer between the 
indoor air and window 

𝑄𝑤𝑖𝑛 = ℎ𝑖𝑛 × (𝑡𝑤𝑖𝑛,2 − 𝑡𝑖𝑛,𝑎) × 𝐴𝑤𝑖𝑛 

Equation 14: Heat transfer by natural ventilation 𝑄𝑣𝑒𝑛 = 𝑉𝑅𝜌a𝑐𝑝,𝑎 × 𝐴𝐶𝐻 × (𝑡𝑜𝑢𝑡,𝑎 − 𝑡𝑖𝑛,𝑎)/3600 

Where: 

 VR= room volume (m3) 
 ρa= air density (kg/m3) 
 cp,a= air constant pressure volumetric specific heat capacity (J/(kg ∙ K)) 

 QP,j= convective heat transfer between the indoor air and two plates (W) 

 Qwin= convective heat transfer between the indoor air and window (W) 

 Qd,c= convective heat transfer from indoor heat source (W) 

 Qven= heat transfer by natural ventilation (W) 

 Qc/Qh= cooling/heating load of the room (W) 

 ACH= number of air changes (h−1) 

Equation 15: Room cooling and heating energy consumption 𝐸 = ∫
𝑦𝑒𝑎𝑟

𝑄𝑐𝑑𝜏 + ∫𝑦𝑒𝑎𝑟𝑄ℎ𝑑𝜏 

Solving Equations 2-15, we can get 𝐸 = 𝑓(𝜆(𝑡)). Further minimising the 𝐸 value, we can get the ideal 𝜆(𝑡) of the 

external wall. 

2.3. Model validation 

We compared the simulation results of the two-plate model with DeST (a building energy simulation software 
developed by Tsinghua University). The Simulation object was a student apartment in Beijing. Validation included 
indoor air temperature in passive and active rooms (Figure 36 (a), (b)). Furthermore, we also compared the 
temperature of the inner and outer surfaces of external wall in two-plate model and DeST (Figure 36 (c), (d)).   



179 

 

 
(a)                                                                                        (b) 

 
     (c)                                                                                        (d)    

Figure 36: Schematic of indoor air temperature of (a) passive room (b) active room, external wall temperature of (c) outer 
surface (d) inner surface. 

From Figure 36, we can see that the simulation results of the two-plate model were close to DeST in trend. The 
calculated temperature difference between the two models in the passive room was controlled within -3.9~3.1°C. 
In the active room, the difference was controlled within -1.8~4.4°C. For the outer surface of the external wall, the 
temperature difference was controlled within -8.4~2.1°C and the inner surface was controlled within - 2.0~3.7°C. 

In order to quantify whether the error of the two-plate model was in the acceptable range, we introduced the 
summation of temperature hours (𝑆𝑡) and summation of temperature difference hours (𝑆𝑑), which were defined as 
follows: 

Equation 16: Summation of temperature hours 𝑆𝑡 = ∫𝑦𝑒𝑎𝑟𝑡𝑖𝑛,𝑎𝑑𝜏 

Equation 17: Summation of temperature difference hours 𝑆𝑑 = ∫𝑦𝑒𝑎𝑟|𝑡𝐷𝑒𝑆𝑇 − 𝑡𝑡𝑤𝑜−𝑝𝑙𝑎𝑡𝑒|𝑑𝜏 

 

Where: 

 tDeST= temperature simulated by DeST (°C) 

 𝑡𝑡𝑤𝑜−𝑝𝑙𝑎𝑡𝑒= temperature simulated by two-plate model (°C) 

Table 8: Comparison of 𝑆𝑑 , 𝑆𝑡 between the two-plate model and DeST 

  𝑆𝑡 (°C·h) 𝑆𝑑 (°C·h) 𝑆𝑑/𝑆𝑡 

passive room indoor air temperature DeST 186888 5088 2.7% 

Two-plate model 191976 

active room indoor air temperature DeST 193591 4017 2.1% 

Two-plate model 197608 

outer surface of external wall DeST 141609 22175 15.7% 

Two-plate model 119434 

inner surface of external wall DeST 196581 1550 0.7% 

Two-plate model 198131 
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As can be seen in Table 5, the 𝑆𝑑/𝑆𝑡 values of the four parameters calculated under both models were less than 
16%. Simultaneously, we needed to consider the accuracy of the energy consumption calculation. The results are 
shown in Table 2. The cooling and heating errors of the two-plate model and DeST were 10.7% and 12.6%, 
respectively. Furthermore, Zhang et al. (2013) found that the relative error caused by different thermal conductivity 

(0.02-256W/(m·K)) of the external wall was less than 20%. In conclusion, it could be considered that the relative 
error caused by the two-plate model was acceptable in an active room. 

Table 9: Comparison of energy consumption between the two-plate model and DeST 

 Cooling (kW·h) Heating (kW·h) 

DeST 441.3 389.6 

Two-plate model 394.3 340.6 

relative error 10.7% 12.6% 

3. SOLUTION 

3.1. Calculation method 

It is difficult to directly obtain the analytic functional form, hence we used the discrete approach to divide the 
continuous distribution of thermal conductivity into multiple equal micro elements based on temperature (Figure 
37).  

 

Figure 37: The discrete thermal conductivity distribution form 

The inverse problem model of 𝜆(𝑡) optimisation can be written as follows: 

Optimisation objective: minimise 𝐸(𝜆1, 𝜆2, 𝜆3, … , 𝜆𝑁) 

Constrained conditions: 𝜆𝑚𝑖𝑛 ≤ 𝜆𝑖 ≤ 𝜆𝑚𝑎𝑥(𝑖 = 1,2,3,… , 𝑁). 

Considering the actual material thermal conductivity, 𝜆𝑚𝑖𝑛 and 𝜆𝑚𝑎𝑥 were set to 0.02 W/(m·K) and 35 W/(m·K), 
respectively (Zhang et al., 2013). 

To solve this nonlinear optimisation problem, we applied Particle Swarm Optimization (PSO) algorithm. In brief, 
this algorithm was inspired by the way insects, herds, birds, and fish search for food. Several previous researchers 
used the Sequential Quadratic Programming (SQP) method to solve similar problems (Zeng et al., 2011; Zhang et 
al., 2013). However, the SQP method was easy to fall into local optimum and hard to obtain the real solution. The 
PSO algorithm can overcome this problem while maintaining a fast convergence. Yang et al. (2020) used PSO 
algorithm to solve an inverse problem and found the calculation time of PSO was only 0.12% of the exhaustive 
search method. Therefore, it was feasible to apply PSO algorithm to solve this problem. 

The specific solution process was calculated with MATLAB programming. The algorithm principle can be divided 
into six steps: 

1) PSO initialized 50 random particles. Denote the position of each particle(𝑖)as 𝑥𝑖(𝜆1.𝑖 , 𝜆2.𝑖 , … , 𝜆16.𝑖), and the 

velocity as 𝑣𝑖(𝑣1.𝑖 , 𝑣2.𝑖 , … , 𝑣16.𝑖). 
2) Calculate the objective function(𝐸) value corresponding to each particle, and record the minimum value 𝐸𝑝 
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found so far for each particle and the minimum value 𝐸𝑔 found so far for all particles in each iteration 

calculation. The positions corresponding to them are denoted as 𝑒𝑝 and 𝑒𝑔. 

3) Each particle updated its velocity and location according to equation 16 and 17.  

 

Equation 18: Velocity calculation formula 𝑣𝑖 = ω × 𝑣𝑖 + 𝑐1 × 𝑟𝑎𝑛𝑑1 × (𝑒𝑝 − 𝑥𝑖) + 𝑐2 × 𝑟𝑎𝑛𝑑2 × (𝑒𝑔 − 𝑥𝑖) 

Equation 19: Displacement calculation formula 𝑥𝑖 = 𝑥𝑖 + 𝑣𝑖 

Where: 

 ω= inertia factor  

 𝑐1/𝑐2= individual/social learning factors (both set to 2) 

 rand1/ rand2= random number between 0 and 1 

ω can change linearly during the PSO search process to achieve better optimization results and in order to 
ensure stability, upper and lower limits are set for the speed and position of the particles. 

4) After the particle has a new position, recalculate the corresponding objective function (𝐸) value and compare 

it with the previous 𝐸𝑝 and 𝐸𝑔. If smaller, the corresponding 𝑒𝑝 and 𝑒𝑔 will be updated at the same time. 

5) The iteration stops when the maximum number of iterations is reached or the relative change in the last 
iteration is less than the allowable error. 

6) Output the final objective function value (𝐸) and 𝑒𝑔 (ideal thermal conductivity temperature distribution). 

3.2. Different city building parameters 

We conducted simulation analysis on the middle floor south-facing student dormitory (Figure 38). The room size 
was 5.05m (depth) × 3.15m (width) × 2.90m (height), the three inner walls were 0.2m concrete blocks, and the floor 
was 0.02m cement mortar + 0.08m reinforced concrete + 0.025m cement mortar, one outer wall faced south. The 
specific parameters of the external wall materials are shown in Table 10, and the heat transfer coefficients met the 
energy-saving design standards for residential buildings in various regions (The Ministry of Housing and Urban-
Rural Development of the People's Republic of China, 2010; 2012; 2018; 2019). The external wall was equipped 
with an ordinary double-layer hollow glass window, the window-to-wall ratio was 0.3, and the glass heat transfer 
coefficient met the energy-saving design standards for residential buildings in various regions (The Ministry of 
Housing and Urban-Rural Development of the People's Republic of China, 2010; 2012; 2018; 2019). The value of 
shading coefficient Sc was 0.75; in summer (May ~ September), considering shading, the value of Sc was reduced 
to 0.60. The physical properties of the building envelope materials are summarised in Table 11. The indoor thermal 
comfort temperature range was 18~26°C. In order to make full use of outdoor resources, when the outdoor 
temperature was in the comfortable temperature range, windows were opened for ventilation, indoor ventilation for 
5.0 h-1, and take 1.0 h-1 during the rest of the time. Meteorological data were provided by "Specialized 
Meteorological Dataset for Analysis of Thermal Environment of Buildings in China". 

 

Figure 38: Schematic diagram of the room structure 

Table 10: Summary of building parameters in different cities 
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City Climate type 

Exterior wall  
Heat transfer coefficient 

K [W/(m²·K)] 

material 
thickness 

(m) 

Exterior 

wall 

Exterior 

window 

Harbin Severe cold zone B 
0.02m cement mortar+0.36m concrete porous brick+0.08m 

extruded polystyrene board+0.02m cement mortar 
0.48 0.32 1.8 

Urumqi Severe cold zone C 
0.02m cement mortar+0.36m concrete porous brick+0.06m 

extruded polystyrene board+0.02m cement mortar 
0.46 0.40 2.0 

Lhasa Cold zone A 
0.02m cement mortar+0.24m concrete porous brick+0.06m 

extruded polystyrene board+0.02m cement mortar 
0.34 0.43 2.0 

Beijing Cold zone B 
0.02m cement mortar+0.24m concrete porous brick+0.06m 

extruded polystyrene board+0.02m cement mortar 
0.34 0.43 2.0 

Shanghai 
Hot summer and cold 

winter zone A 

0.02m cement mortar + 0.24m concrete porous brick + 

0.02m polystyrene foam + 0.02m cement mortar 
0.30 1.05 3.0 

Guangzhou 
Hot summer and 

warm winter zone B 

0.02m cement mortar + 0.24m concrete porous brick + 

0.02m cement mortar 
0.28 1.90 3.0 

Kunming Mild Zone A 
0.02m cement mortar + 0.24m concrete porous brick + 

0.02m polystyrene foam + 0.02m cement mortar 
0.30 1.05 3.0 

Table 11: Physical properties of room enclosure materials 

Material Thermal conductivity λ [W/(m·K)] Density ρ(kg/m3) Specific heat Cp[J/(kg·K)] 

Concrete porous brick 0.740 1450 674 

Double row hole concrete small block 0.690 1300 546 

Reinforced concrete 1.628 2500 837 

Cement mortar 0.930 1800 1050 

Extruded polystyrene board 0.033 29 1791 

Styrofoam 0.047 100 1380 

4. RESULTS 

Figure 39 shows the distribution of ideal thermal conductivity with temperatures in seven cities in China. The 
temperature interval ∆𝑡 was taken as 1°C. From the results, the common features were: thermal conductivity mostly 
reached the maximum value at 18~24°C, because the temperature of the external wall was greatly affected by 
outdoor meteorological parameters. When the outdoor temperature was within the comfortable range, the larger 
thermal conductivity of the external wall could better utilize outdoor resources and reduce indoor energy 
consumption. It should be noted that the underlying theoretical mechanism was extremely complicated. Different 
input parameters may lead to large differences in results.  
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Figure 39: Ideal thermal conductivity distribution in different cities 

Ideal thermal conductivity of some cities had a large value when the temperature was high (28~32°C). The reason 
may be that the higher thermal conductivity of this section could store part of the outside heat in the daytime in the 
wall, and then transfer part of the energy to the interior after the temperature dropped at night, thereby reducing 
energy consumption. In addition, the thermal conductivity of different temperature ranges had a huge difference in 
the annual energy consumption of the room. Taking Beijing as an example (Figure 40): the total annual energy 
consumption was 510.8 kWh under the ideal thermal conductivity distribution. When the thermal conductivity at 
30~32°C was changed to the minimum value of 0.02 W/(m K), the annual total energy consumption was 516.9 
kWh. The growth rate was only 1.2%. However, changing the thermal conductivity at 22°C to the minimum value 
of 0.02 W/(m·K), the total annual energy consumption was 567.9 kWh. The growth rate was 11.2%. 

 

 

Figure 40: Energy consumption comparison and energy saving rate 

Figure 40 shows the consumption comparison and the energy saving rate. The number above the green arrow in 
the figure indicates the energy saving. From calculation results, under ideal thermal conductivity of external wall, 
the energy consumption of rooms in each city decreased. Guangzhou had the highest refrigeration energy saving 
at 179.0 kWh for the whole year, and the energy saving was 18.5%. Urumqi had the highest heating energy saving 
at 202.6 kWh for the whole year, and the energy saving was 16.2%. Urumqi also had the highest total energy 
saving, with an annual energy saving of 331.5 kWh or 22.0%. Meanwhile, there were obvious differences in energy 
consumption in different regions. The total energy consumption in severe cold areas was the highest, followed by 
areas with hot summers and warm winters. The total energy consumption in mild areas was the smallest. The 
energy consumption was not only related to the local outdoor temperature, but also the solar radiation. For example, 
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Lhasa, which belonged to the same cold area as Beijing, had significantly lower energy consumption. The reason 
was that the solar radiation in Lhasa was more abundant, so the heating energy consumption was lower. In addition, 
the annual maximum temperature outside Lhasa was 27.9°C, much lower than the 37.2°C in Beijing.  

5. CONCLUSION 

In this paper, we innovatively combined the particle swarm optimization algorithm with the solution of the ideal 
thermal conductivity of the building exterior wall by utilizing the inverse problem idea. The energy saving potential 
of the ideal thermal conductivity of external walls in different climatic regions of the country was explored. 
Furthermore, the influence of thermal conductivity at different temperatures on building energy efficiency was also 
discussed. Specifically, we found that (1) the distribution of ideal thermal conductivity in different cities was different, 
and it was mainly as large as possible within the comfort temperature range of the room; (2) the influence of thermal 
conductivity in different temperature ranges on the annual energy consumption of the room varied greatly; (3) if 
applying ideal thermal conductivity, Guangzhou had the highest refrigeration energy saving and Urumqi had the 
highest heating and total energy saving.  
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Abstract: The potential of solar irradiation is different from place to place around the world. Before installing the 
physical PV system at a particular place, it is necessary to assess the solar radiation potential and radiation 
characteristics. The amount of energy production is one of the most important key performances of a PV system. 
The level of energy production is affected directly by the amount of irradiation received by PV modules. 
Conventional PV systems are commonly installed with a fixed-mount system where the angle of incidence of 
radiation on solar modules changes over time.   Solar irradiation would be optimally received by solar modules if 
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the angle of incidence was kept at zero degrees, i.e., radiation was perpendicular to the surface of the modules. 
This condition can be achieved by employing a solar tracker system for solar modules. This paper studies the 
comparison of the energy output between fixed-mount PV systems and those with solar tracking in the urban area 
of Jakarta, Indonesia. The studies were carried out using Photovoltaic Geographical Information System (PVGIS) 
online simulation tools. The objective of the study was to compare and work out the specific energy output between 
the optimized fixed-mount installation (without a tracking system) and the system with solar tracking. In general, 
the results showed that the specific energy output of a fixed-mount PV system in Jakarta was about 1379 kWh/kWp 
per year, while for the system with a solar tracking system, the specific energy production was about 1672 
kWh/kWp. The information found is expected to be a useful reference for the development and promotion of solar 
energy, particularly in Indonesia. 
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1. INTRODUCTION  

Fossil-based energy, which is the main source of energy to date,  is known as having one of the greatest impacts 
on  GHG (greenhouse gas emissions) related to the global warming effect (Anon, 2019). Meanwhile,  fossil-based 
energy resources, i.e., oil, gas, and coal, are depleting and limited (Hansen, Breyer and Lund, 2019; Al-Ghussain, 
2019; REN21 Members, 2020). For the long run and for energy sustainability, we need to find alternative energy 
sources that are clean and renewable. Electricity from solar energy using PV (photovoltaic) technology is 
considered one sustainable option. Solar energy has huge potential in the form of light or radiation. Technologically, 
it can be converted into electricity using solar cells or PV systems.  

In Indonesia, solar electricity is expected to supply power about 6.5 GW by 2025. This target is part of 45 GW of 
total renewable energy power expected to be produced in the same year (Aprilia, 2017; Hidayatno et al., 2020). 
The target is officially stated in the General National Energy Plan (Rencana Umum Energy Nasional, RUEN) 
published through the Ministry of Energy and Mineral Resources (MEMR). It is also stated in the RUEN that energy 
demand in Indonesia will be fulfilled with a renewable energy mix of 23% by 2025 (Tampubolon, 2020).   

The amount of PV system energy output is affected mainly by two factors, i.e., internal and external factors. The 
internal factors include efficiency and material properties, while external factors are related to the operational 
conditions of the PV panels. For the external factors, one of the most important is the amount of solar energy or 
irradiance received by PV panels. Theoretically, solar irradiance consists of three components: direct, diffuse, and 
reflected components. The sum of the three irradiation components is called global irradiation (Duffie and Beckman, 
2013).  

The amount of direct component irradiation falling onto a solar panel depends on the angle of incidence. As the 
Sun moves regularly and continuously, the angle of incidence for a fixed surface changes throughout the day. 
Mathematically the angle of incidence is expressed as (Duffie and Beckman, 2013): 

cos  = (sin  sin  cos  - sin  cos  sin  cos   + (cos  cos  cos  + cos  sin sin  cos )cos   + (cos  

sin  sin )sin        (1) 

Where:   

  = incindece angle of   

  = declination  

   = latitue  

  = tilt  
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   = azimut angle 

  = hour angle  

The amount of solar irradiation received by solar modules will be maximum when the modules are exposed and 
perpendicularly to the radiation. In terms of the angle of incidence, ϴ should be 0°. As the position of the sun 
changes over time, the angle of incidence would change as well. To keep the angel of incidence at 0°, a solar 
tracker system is required. The solar tracking system, however, would require additional types of equipment, which 
affects the cost of the PV system. It is important and interesting to work out the comparison energy output of the 
PV system between conventionally fixed-mount (without solar tracking) and with a solar tracking system in a 
particular area. 

The potential of solar energy is different for the different sites around the earth's surface. It is necessary to identify 
and to assess the solar irradiation potential at a particular place before building the actual installation. Simulation 
is commonly done for assessment studies. There were a lot of solar assessment studies and simulations in many 
different places found in the literature (Marcel & Tomáš, 2012; Singh and Banerjee, 2015; Shukla, Sudhakar and 
Baredar, 2016a; Shukla, Sudhakar and Baredar, 2016b; Merrouni et al., 2016; Dondariya et al., 2018). However, 
fewer studies have reported on the Indonesian case, especially in urban areas (Tarigan, Djuwari and Kartikasari, 
2015; Tarigan, 2018). 

This work simulated PV systems with and without solar tracking in Jakarta, Indonesia, and studied the comparison 
of energy output between the two systems. The simulation studies were conducted using Photovoltaic 
Geographical Information System (PVGIS) simulation tools (re.jrc.ec.europa.eu, 2022). The aim of the study was 
to calculate the specific energy output of a fixed-mounted and solar tracking PV System in Jakarta. The difference 
in specific energy between the two systems was compared. The result of the study is expected to be a useful 
reference for the development, application, and promotion of solar PV system in Indonesia. 

2. METHODS  

The energy output of PV systems in this work was obtained from simulation works. The simulations were conducted 
using Photovoltaic Geographical Information System (PVGIS) simulation tools. The software was a free online tool 
to estimate the solar electricity production of a photovoltaic (PV) system. It gave the annual output power of solar 
photovoltaic panels. As a photovoltaic Geographical Information System, it proposed a google maps application 
that made it easy to use. The simulated area in this work was Jakarta, Indonesia. The detail of the geographical 
data of the location is presented in Table 1.  

Table 1: Input parameters for simulation 

Parameters Input  

Location [Lat/Lon] -6.162,106.744 

Horizon Calculated 

Database used PVGIS-SARAH 

PV technology Crystalline silicon 

PV installed  1 kWp 

System loss 14 % 

Time zone UTC+07 

Terrain Elevation 3 m 

Inverter type String inverter 

The PV system simulated was 1000 Wp capacity with an on-grid connection system to obtain the specific energy 
output of simulated PV system. The other input parameters for simulations are shown in Table 1. Two different 
main mountings of PV systems installation were simulated, i.e., (1) fixed-mount or without a tracking system and, 
(2) a solar tracking system with a two-axis tracking system. The first installation was fixed–mounted with the 
optimum tilt of 12° from the horizontal, with a panel azimuth of 0° or facing North. The two different mounting 
systems are schematically shown in Figure 1.  
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The PV system-specific energy output is the amount of electricity output in comparison with the input solar 
irradiation under standard test operating conditions. The value was determined by comparing the energy output 
Eout,  (in kWh) with the maximum power capacity, Pmax ( kWp), under standard test conditions. Hence, the unit 
of the specific energy output was kWh/kWp. It can be mathematically defined as: 

 
STCP

ACEout
OutputEnergySpecific

max,

,
         (2) 

 

3. RESULTS AND DISCUSSIONS 

3.1. Potential solar energy  

The information on the availability and the potential of solar energy is required to assess PV potential at the 
particular site. The information includes solar irradiation, sun path, components of radiation, day length, and 
temperature. The annual Sun path in Jakarta is shown in Figure 2. The Sun path diagram also shows the 
corresponding solar elevation, civil time, and solar time, as well as the active area with solar and civil time, terrain 
horizon, and the module horizon over a year. The higher terrain horizon of an object will make a shorter period of 
the Sun above the horizon than the astronomical day length. The variation of day length and solar zenith angle in 
Jakarta are shown in Figure 3. 

 

Figure 2: Sun path in Jakarta 
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Figure 3: Day length and minimum solar zenith angle 

Estimated solar irradiation in Jakarta from 2005 to 2020 is shown in Figure 4. From this figure, it can be seen that 
the solar irradiation in Jakarta varied between 110.99 kWh/month.m2 to 200.00 kWh/month. m2. Maximum 
irradiation occurred from July to December, while minimum radiation occurred from December to March. The 
average monthly irradiation was about 140.0 kWh/month.m2 meaning that the average daily solar irradiation in 
Jakarta was around 4.7 kWh/m2. With this number, the annual potential solar energy in Jakarta was found to be 
1,716 kWh/m2. This number was quite close to other areas in Indonesia that have been previously reported (Asian 
Development Bank (ADB), 2016; IESR, 2018).  

Global irradiation consists mainly of direct and diffuse components. For some areas with higher surface reflectance, 
such as snow, ice, and water, the reflected irradiance component might be significant. In Jakarta, the component 
of diffuse varied from 21% to 55% of the global radiation. On average diffuse radiation was about 0.45% of the 
global radiation. This number was relatively high in comparison to some areas with clean sky. Diffuse and global 
irradiation ratio in Jakarta from 2005 to 2020 is shown in Figure 5. (The figures in this section were generated 
directly from the simulation software). The daily ambient temperature in Jakarta was found to be between 23°C to 
31°C. 

 

Figure 4: Monthly solar irradiation in Jakarta 
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Figure 5: Diffuse and global irradiation ratio in Jakarta 

3.2. PV system specific energy output 

The monthly specific energy output for the PV system with optimized fixed mount varied from 95.83 kWh/kWp to 
137.53 kWh/kWp. The highest electricity energy was generated during the month of September and the lowest 
was during February. The monthly specific energy output over a year is shown in Figure 6. In total, the annual 
specific energy output was found to be about 1,379.05 kWh/kWp 

Figure 7 shows simulation-specific energy output results of the PV system with solar tracking for each of the vertical 
axis, inclined axis, and two-axis, respectively. It was seen that of the three systems, the two-axis system generated 
the highest energy, however, the difference was relatively small. For all systems, the greatest energy was 
generated in August, and the lowest was in February. For a two-axis system, the monthly specific energy output 
varied from 110.9 kWh/kWp to 171.4 kWh/kWp, with an annual specific energy output of 1,672.0 kWh/kWp 

A comparison of energy output between fixed mounted and tracking (two-axis) PV system over a year is shown in 
Figure 6 and Figure 7. It shows that the solar tracking PV system generated more energy than the fixed-mounted 
system throughout the year. 

 

Figure 6: The monthly specific energy output the PV system with optimized-fixed mounted 
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Figure7: The monthly specific energy output the PV system with a solar tracking system 

The difference in the specific energy output between the fixed mounted and tracking PV system over a year ranged 
from 15% – 29%, with an average of 21%, while the system with solar tracking always produced higher energy. 
Figure 8 presents the comparison of energy output in terms of monthly percentage, and total annual specific energy 
output for five different conditions of installation is presented in Table 2. It was obvious that by applying a solar 
tracking system for PV systems in the Jakarta, area would generate about 21% more electricity than with the 
conventional fixed-mounted system.  

Table 2: Annual energy production by the different mounting of PV systems 

Mounting Annual energy [kWh/m2] Relative to Fixed -Optimized [%] 

Fixed- horizontal 1340.0 97 

Fixed-optimized 1379.1 100 

Vertical axis 1621.4 117 

Inclined axis 1615.1 117 

Two axis 1672.0 121 
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Figure 8: The difference energy in percentage 

4. CONCLUSIONS 

Simulation studies and comparisons of PV system energy outputs between fixed-mount and solar tracking system 
PV systems in Jakarta, Indonesia, were conducted. The results of the study showed that the difference of specific 
energy output between two systems ranged from 15% – 29%, where the PV system with solar tracking always 
generated more energy than the fixed-mount over the year. Annual specific energy with the fixed mount installation 
was about 1379 kWh/kWp, while the system with a two-axis tracking system was about 1672 kWh/kWp. That meant 
that by using a solar tracking PV system in Jakarta would produce energy output about 24% higher than with the 
conventional fixed-mount system.  
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Abstract: The main objective of this study was to investigate the performance of a solar PV powered electrolyser 
for green hydrogen production for renewable electricity generation to meet the electrical load of buildings in desert 
regions and the development of short-term artificial neural networks (ANN) forecasting models to predict ahead 
green hydrogen production. The goal was to develop a clean and sustainable power system with 100% renewable 
resources and alternative zero carbon fuels for future net zero energy buildings. The proposed hybrid solar PV/fuel 
cell system was used to meet the electrical loads of an educational building under harsh desert weather conditions 
(hot and humid conditions - effects of dust, temperature, and humidity). Modelling, simulation analysis, and 
optimization were carried out in this study to investigate in detail the technical, economic, and environmental 
performance of the system. The input and output data from the simulation analysis were used as input in the 
Artificial Neural Networks prediction model to forecast ahead the hydrogen production from the electrolyser using 
solar energy. The results showed that the proposed stand-alone hybrid solar PV/fuel cell power system met the 
daily (1599 kWh/day), monthly, and yearly electrical load of the building without power shortage. The yearly 
electrical production from the hybrid solar PV /Fuel cell power system showed that 79.7% (1,239,774 kWh/year) 
and 20.3% (316,346 kWh/year) were generated respectively from the solar PV and fuel cell. The total yearly energy 
input in the electrolyser was 898,415 kWh/year and the hydrogen production in the electrolyser was 19,360 kg/year 
while the fuel cell fuel consumption was 15,817 kg/year. The daily average and maximum green hydrogen 
production in the electrolyser were 2.21 and 10.8 kg/hr respectively with a specific energy consumption of 46.4 
kWh/kg. For the ANN-based forecasting models, the R values obtained for the training, validation, and test for the 
solar PV power output and green hydrogen production were respectively 0.9665 – 0.97424 and 0.97983 – 0.98187. 
The values of ANN regression model correlation R and the mean square errors MSE showed that the ANN models 
created were very accurate in projecting the power output from solar PV system and green hydrogen production 
from the electrolyser. 

 

 

Keywords: green hydrogen; solar PV; fuel cell; building energy forecasting; artificial neural networks. 

 



195 

 

1. INTRODUCTION  

Future energy demands for power generation, commercial and residential buildings, transportation, and industrial 
applications will necessitate the development of new clean and renewable energy systems and alternative fuels. 
There is a pressing need to incorporate more renewable energy systems into the global energy mix because of 
rising global energy demand, environmental impacts from greenhouse gas emissions, and the diminishing supply 
of fossil fuels (Ghenai et al., 2020; Ghenai and Bettayeb, 2019b, 180–189). Power generated by solar PV modules 

fluctuates daily and is largely determined by the amount of sunlight it receives. When it is raining or cloudy, the 
solar panels do not get enough sunlight, causing power fluctuations and unstable system operation. Therefore, a 
storage system is needed to operate a PV power system properly. Batteries, flywheels, pumped storage, and 
hydrogen storage for fuel cells (FC) are all options for storing energy. For example, Ghenai and Bettayeb (Ghenai 
and Bettayeb, 2019a, 96–103) designed and simulated a standalone solar PV/fuel cell/diesel generator (DG) 
system to meet 6540 kWh/d load demand of one of the University of Sharjah's buildings. The simulation results 
showed that the optimal hybrid system with the lowest cost of energy (COE) would have 73% of the energy obtained 
from solar PV, 3% from a DG, and 24% from FCs. Hydrogen FC (HFC), which uses hydrogen as a fuel to generate 
power, can help to improve the overall efficiency of renewable energy sources (RES). RES can store their excess 
energy in hydrogen tanks that can be used as backup or long-term energy storage units. Hydrogen generated via 
hybrid systems based on renewable energy, especially solar energy, will play a major role in the energy sector in 
the future.  

The electrolyser is powered by the excess electricity generated by the PV, and hydrogen is created via water 
electrolysis (Ghenai and Bettayeb, 2019a, 96-103; Babatunde et al., 2022; Salameh et al. 2020; Puranen et al., 
2021; El-Emam et al., 2022; Duman and Güler, 2018; and  Aziz et al., 2022). Alam and Gao (2007) developed and 
simulated a hybrid system with PV panels, a wind turbine, and a fuel cell. They found that the total electricity 
generated was 1.120.819 kWh/year. Groppi et al. (2018) conducted a case study based on the economic and 
environmental sustainability of renewable energy system components consisting of photovoltaic modules, fuel cell, 
diesel generator, battery, electrolyser, and hydrogen tank on the island of Favignana, Italy. From their simulation 
results, the COE was found to be 0.261 €/kWh. Temiz and Javani (2020) evaluated the integration of floating PV 
and hydrogen production systems in Mumcular Dam, Mugla, Turkey, using PVSyst software and the hybrid 
optimization model for electrical renewable (HOMER) modelling software with a load demand of 499 kWh/d. Their 
results revealed that the obtained COE and net present cost (NPC) were 0.612 $/kWh and $581,733, respectively. 
Pal and Mukherjee (2021) studied and examined the detailed comparative techno-economic feasibility assessment 
of hydrogen-based PV/HFC energy systems for Indian states. Their simulated findings showed that the proposed 
PV/HFC satisfied the end-user load demand of the considered geographic region throughout the year. In addition, 
they found that the optimal energy system configuration for the Indian states could be attained with 110–120 kW 
of photovoltaic array, 15 kW of fuel cells, 30–60 kW of electrolyser, 40–60kg of hydrogen tank capacity, and 15 kW 
of an inverter, based on available annual average solar radiation of 3.95–4.79 kWh/m2/day and daily annual 
average load demand of 138 kWh.  

Neural networks can aid modelling, predicting, and optimizing the performance of engineering systems such as 
renewable energy. The most frequently used machine learning technique is the ANN approach (Ghenai et al., 
2022a, 104323; Ghenai et al., 2022b, 104799). Many real-world applications have employed ANN to handle 
complex nonlinear engineering problems, saving time and money. The ANN approaches have attracted the 
attention of scientists and researchers working in renewable energy fields. However, to our knowledge, no work 
has been published on the application of ANNs to a hybrid solar PV/hydrogen fuel cell power system under desert 
weather conditions (combined effects of dust, temperature, and humidity). The study's unique features include the 
performance analysis and creation of accurate prediction models for a hybrid solar PV/hydrogen fuel cell power 
system (short-term forecasting or predicting ahead the power output from solar PV and the hydrogen production 
from the electrolyser). 

2. MODELLING AND SIMULATION ANALYSIS  

The stand-alone hybrid solar PV/fuel cell power system is depicted in Figure 1. The renewable power system 
included a photovoltaic (PV) solar power system, DC/AC inverter, electrolyser for green hydrogen production, water 
storage tank, hydrogen storage tank, and proton exchange membrane fuel cell (PEMFC). The AC load of the 
building was supplied by the hybrid power system. Air conditioning systems, lighting, and other equipment all 
contribute to a building's AC load. The renewable power system was modelled as follow: (Ghenai et al., 2020).   

2.1 Solar photovoltaics 

The power output from the solar PV (Ppv ) is a function of the solar photovoltaics power (Ppv,STC ) under standard 
test conditions STC (GSTC=1000 W/m2 , TSTC=25 °C, no wind). The derating factor DF is (fpv ) that accounts the 
solar PV power reduction due to dust accumulation on the panels, shading, aging, and wiring losses. (Ns) is the 
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number of modules, in series, in the string and (Np) is the number of strings in parallel. The solar irradiance is (G) 
and the temperature of the solar PV module is (Tc). The solar PV power output is given by:  

𝑃𝑝𝑣 = (𝑁𝑝𝑁𝑠) 𝑃𝑝𝑣,𝑆𝑇𝐶f𝑝𝑣
𝐺

𝐺𝑆𝑇𝐶
[1 + 𝛼𝑝(𝑇𝑐 − 𝑇𝑐,𝑆𝑇𝐶)                                (1)  

A DC-DC boost converter was included in the PV system to match the PV voltage to the DC-bus of the micro-grid. 

The DC-bus voltage is given by: 

𝑉𝐷𝐶 = V𝑝𝑣
1

1−d
                                                                          (2) 

2.2 Fuel cell   

A fuel cell is a device that turns the chemical energy of the fuel into electric power. An electrode, a cathode, and 
an electrolyte are all part of the device. The conversion was accomplished via a chemical reaction in which the fuel 
was oxidized and power produced. The fuel that provided the fuel cell's output voltage (VFC) was oxidized, creating 
electricity. The fuel cell's output voltage (VFC) is shown below. 

The fuel cell output voltage (VFC) was determined by the internal voltage of the fuel cell (E), the activation voltage 
(Vcon), the Ohmic voltage (VOhm), and the concentration voltage (Vcon). The following equation can be used to 
represent it (Ghenai et al., 2020): 

𝑉𝐹𝐶 = 𝐸 − 𝑉𝑎𝑐𝑡 − 𝑉𝑂ℎ𝑚 − 𝑉𝑐𝑜𝑛                                          (3) 

The fuel cell stack's output power (PFC) was dependent on several factors, including the number of cells in the  
stack (N), the output voltage (VFC), and the current flowing through the cells (IFC). The following equation can be 
used: 

𝑃𝐹𝐶 = 𝑁 ∗ 𝑉𝐹𝐶 ∗ 𝐼𝐹𝐶                                                                 (4) 

2.3 Electrolyser 

An electrolyser uses electricity to produce hydrogen through water electrolysis. By conducting an electric current 
across the water, an electric current was utilized to decompose water into oxygen and hydrogen gas. The hydrogen 
produced was compressed and stored in a hydrogen storage tank before being used in a fuel cell to generate 
electricity. The electrolyser's power consumption (PEZ) was proportional to the DC power consumed in the 
electrolyser, the mass flow rate of the hydrogen produced in the electrolyser (mH2), the heating value of the 
hydrogen fuel (HHVH2), and the electrolyser's efficiency (nEZ). The following equation can be used to (Ghenai et al., 

2020): 

𝑃𝐸𝑍 =
m𝐻2HHV𝐻2

η𝐸𝑍
                                                                                       (5) 

2.4 DC/AC Inverter  

An inverter connects the microgrid's DC-bus (PDC) to its AC-bus (PAC). The inverter regulates the microgrid's bus 
voltage and frequency, as follows (Ghenai et al., 2020): 

η𝐼𝑁𝑉 =
𝑃𝐴𝐶

𝑃𝐷𝐶
                                                                                                    (6) 
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2.5 Building AC load 

The University of Sharjah is in the Emirate of Sharjah in the United Arab Emirates. This is a desert region where 
the air conditioning system is on almost all year long. The building's cooling system is the primary source of energy 
use. The building's AC power load is determined by the building's HVAC, lighting, and other electrical equipment's 
power consumption. Solar PV and fuel cell provide the building's AC load with power. 

PL(k) = PPV(k) + PFC(k)                                                                                         (7) 

2.6 Optimization method and strategy 

In this study, an optimization method was used to calculate the best possible configuration for the power system. 
The buildings' AC loads, distributed power generation systems' capacity and design constraints (reduce energy 
cost – net present cost) were the basis for this optimization method. Solar PV, fuel cells, electrolyser, and DC/AC 
converter, and hydrogen tanks were all used for the search of the best optimized power system architecture. Load 
following or cycle charging dispatch control strategies were selected for each power system component. Models 
and simulations of various power system architectures were run to determine the best system for the given needs 
(constraints). Time steps of 15 minutes were used in the simulations (35040 data per year). Each optimization was 
limited to 10,000 simulations (limits the number of simulations for each optimization). The net present cost precision 
(the maximum relative error in cost) and the system design precision (the relative error in decision variables) were 
both set to 0.01 (convergence criteria). 

 

Figure 41: Hybrid solar PV/hydrogen fuel cell power system for university building 

Table 12: Solar PV/fuel cell power system components and specification 

 System 
Component  

Description  

Solar PV Polycrystalline solar cell (330 W), efficiency = 16%, Derating factor fPV = 80%, lifetime 25 years 

Electrolyser  DC power, efficiency 85%, lifetime 15 years 

Fuel Cell  PEM Fuel Cell (PEMFC), Fuel: Hydrogen, Efficiency = 60%, lifetime 40,000 hr. 

Hydrogen tank Hydrogen storage tank with capacity of 5000 kg 

DC/AC Inverter   Leonics S219CPH, Voltage = 48 VDC, Efficiency 90%, lifetime = 15 years 
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3. ARTIFICIAL NEURAL NETWORKS-BASED SHORT-TERM FORECASTING  

The Artificial Neural Network (ANN) learns by using interconnected nodes or neurons. The neural network can 
recognise patterns, classify data, and forecast future events by feeding it data. It is possible to train a neural network 
to recognise patterns by dividing the input into layers of abstraction. Both the way in which its components are 
connected, and the strength or weight of those connections determine its behaviour. An artificial neural network 
can learn how to correctly perform a specific task by automatically tweaking its weights during training. An artificial 
neural network's numerical prowess enables it to simultaneously perform multiple tasks. This study utilized the 
neural net time-series program to develop, visualise, and train dynamic neural networks. The neuro network 
program uses the past values of one or more time series to forecast the future values. The non-linear 
autoregressive with exogenous input (NARX) model was used in this study. The neural net time-series program 
was developed using the following steps: 1) the input x(t) and output y(t) yearly simulation data form the modelling 
and simulation analysis was imported; 2) the imported data was divided into three sets: training, validation, and 
test; 3) a new neural network was created and trained; 4) a mean squared error and regression analysis were used 
to assess network performance; 5) the prediction data was analysed using visualization charts such as validation 
performance, training state, regression model, and a mean squared error plot. 

It is essential to consider the selection of ANN input variables when determining the optimal statistical model 
function. Sifting through available data for correlations is an essential step in the development of any statistical 
model, and it relies heavily on this process to identify variables that are good indicators of model output. Among 
the input information needed are the date (year, month, and day), the time (0:00 – 23:00), the global solar (kW/m2), 
PV solar altitude (Â°), PV solar azimuth (Â°),   PV angle of azimuth (Â°), PV incident solar (kW/m2), PV cell 
temperature (oC), ambient temperature (oC), and AC primarily load (kW). A total of 35040 datasets to build the 
forecasting model, including both input and output data files were used in the present study. Training, testing, and 
validation data were generated using the total number of dataset instances or target timesteps from the modelling 
and simulation analysis. 70% of the data was used for training (24528 target timesteps), 15% for validation (5256 
target timesteps) and 15% for testing (5256 target timesteps). In this study, the neural network was trained using 
the neural network time series. New neural networks were defined and trained using NARX networks, which use 
non-linear autoregressive with external (exogenous) input. The number of neurons and input/feedback delays that 
were selected were respectively 10 and 2. As the network was trained to produce the correct current outputs, it 
was possible to supply it with the correct past outputs. The weight and bias variables were updated using 
Levenberg-Marquardt optimization. Levenberg-Marquardt was used to train the dataset. Even though it required 
more memory, it was the fastest algorithm for training. An input series x(t) or predictors and an output series y(t) 
were required for the non-linear autoregressive with external input (NARX) network (t). Based on previous or past 
values of x(t-1), x(t-d), y(t-1), and y(t-d), this neural network could predict the actual values of y(t).   

The regression correlation R and the mean squared error shown in Equations (8) and (9) were used to evaluate 
the neuro network's performance. Visualization charts such as validation performance, training state, regression 
model, time-series response, error autocorrelation and input-error cross correlations plots, and an error histogram 
were used to analyse the forecasting results (compare the modelling and simulation data – target to the ANN model 
data). The "Actual" refers to modelling and simulation data, and "Predicted" to an ANN model's predicted value. 
The forecasting model was then used to make decision such power generation forecast, balance supply and 
demand, developing advanced control system, demand-side management, and advance energy purchases.   

          (8)                      

      (9) 

4. RESULTS AND DISCUSSION  

This section will summarise the results of the modelling and simulation analysis and the ANN-based short-term 
forecasting of green hydrogen production and power output from the hybrid renewable solar PV/fuel cell energy 
systems. It was noted that the scaled annual average building energy consumption was 1599 kWh/day (based on 
the energy consumption and the electricity bills received from Sharjah Electricity and Water Authority). The yearly 
modelling and simulation analysis included a 10% day-day random variability of the energy consumption of the 
building (demand). Peak monthly energy consumption was encountered during the months of July and August in 
Sharjah, United Arab Emirates. In order to meet the daily, monthly, and yearly electrical load of the University 

𝑅 =    
 (𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑(𝑖)−𝐴𝑐𝑡𝑢𝑎𝑙          )

2𝑁
𝑖=1

 (𝐴𝑐𝑡𝑢𝑎𝑙(𝑖)−𝐴𝑐𝑡𝑢𝑎𝑙          )
2𝑁

𝑖=1

 

𝑀𝑆𝐸 =  

1
𝑁
 (𝐴𝑐𝑡𝑢𝑎𝑙(𝑖)−𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑(𝑖))

2𝑁
𝑖=1

𝐴𝑐𝑡𝑢𝑎𝑙          
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building, the optimized power system architecture obtained during the modelling and simulation analysis included 
887kW solar PV system, 500kW fuel cell power generation system, 151kW DC/AC inverter and a hydrogen storage 
with a capacity of 5000kg. The results of the yearly electrical production from the hybrid solar PV /Fuel cell power 
system showed that 79.7% (1,239,774 kWh/year) and 20.3% (316,346 kWh/year) were generated respectively 
from the solar PV and fuel cell. From the total electricity generation (1,556,120kWh), only 583,548 kWh/year 
(37.5%) was used to meet the electrical load of the building. The rest of the electricity generated by the solar PV 
was used to produce green hydrogen in the electrolyser. The total yearly input of energy to the electrolyser was 
898,415 kWh/year with yearly hours of operation of 5417 hours/year. For the hydrogen production from the 
electrolyser and the consumption in the fuel cell power generator, the results showed that hydrogen production in 
the electrolyser was 19,360 kg/year while the fuel cell consumed 15,817 kg/year. The daily average and maximum 
green hydrogen production in the electrolyser were 2.21 and 10.8 kg/hr respectively with a specific energy 
consumption of 46.4 kWh/kg. The maximum capacity of the hydrogen tank was 5000kg with energy storage 
capacity of 166,667kWh. The average daily and hourly hydrogen consumption was respectively 43.3 kg/day and 
1.81 kg/hour. Most of the hydrogen was consumed during the night for fuel cell power generation to meet the 
electrical load of the building.  

The second part of the results showed the ANN-based regression models that were created for the hybrid solar 
PV/Fuel cell power system to meet the electrical load of the building. The regression model for the green hydrogen 
production is shown in Figure 2. The results show the regression models used for the training, validation and 
testing. The data obtained from the modelling and simulation analysis is shown in the x axis as Target while the 
values obtained from the ANN-based forecasting model are shown in the y axis as output. The results also showed 
the fit equation for the predictive data obtained using the neural network, and Y = T (the perfect relation of predictive 
and target or predicted = target). The ANN predictive model loss referred to the difference between what was 
observed (simulation data) versus what was expected or predicted (ANN predictive data). Figure 2 also showed 
the correlation coefficient (R) obtained using Equation (8). The R2 coefficient of determination showed how well the 
regression predictions (ANN model) matched up with actual data (simulation or experimental data – target). If the 
regression predictions match the data exactly (Y=T), then the R2 value is one. The R values reported in Figure 2 
for training, validation, and test for the green hydrogen production were 0.97983 – 0.98187. The values of R 
reported in Figure 2 showed that the ANN models created were very accurate in projecting the power output from 
solar PV system and green hydrogen production from the electrolyser. Almost all data points were near or on the 
diagonal line, showing that the model could accurately predict different seasonal variations in solar-driven green 
hydrogen production. Another performance metric for assessing the quality of proposed regression models was 
the histogram of error. The error histogram represents the distribution of predicted and actual error values after a 
feedforward neural network has been trained. The error is the difference between the target and the output values 
generated by the neural network model. Because they represent the difference between expected values and 
actual values, these error numbers can be negative. The distribution of error or the error histogram for the green 
hydrogen production from the electrolyser is depicted in Figure 3. The bins shown in Figure 3 refer to the number 
of vertical bars on the graph. There are a total of 20 smaller bins used to break down the overall error range. The 
Y-axis shows the number of samples in each category from the dataset. As an illustration, in the middle of the error 
histogram for green hydrogen production, there is a bin with an error of -0.09061 with high instances (2.7x104) for 
training, validation, and testing data. The zero-error point is contained within the bin with a centre of -0.09061 in 
this case. The mean squared error MSE (See Equation 9) was also used to evaluate the neural network's 
performance. The Neural Networks best validation performance is shown in Figure 4. The number of epochs of 55 
produced the best validation results of 0.46186 for the MSE for the trained neural network. The mean squared error 
values for the training, validation, and test regression models as well the correlation R are shown in Table 2. This 
is the average squared error between the estimated values (predicted by ANN) and the actual value (from modelling 
and simulation analysis). A lower number indicates that the regression models were more accurate. A better model 
has a lower value, and a perfect model has a value of 0. The regression models' higher accuracy is demonstrated 
by the low MSE values in Table 2.  

Table 2: Mean square error and correlation R for ANN-based regression model for green hydrogen production forecasting 

 System Component  Target Values   Mean Square Error (MSE)  Correlation R 

 
Training  

 
24528 

 
4.39943e-1 

 
9.813790e-1 

Validation   5256 4.61857e-1 9.799827e-1 

Testing   5266 4.35396e-1 9.818730e-1 
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Figure 2: ANN-based regression models for green hydrogen production (kg/hr.) 

 

 

Figure 3: ANN-based Regression Models Error Histogram for Green Hydrogen Production. 
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Figure 4: ANN-based regression models best validation performance for green hydrogen production. 

5. CONCLUSION  

In this research, the performance of stand-alone hybrid solar PV/Fuel cell power system for building application 
was modelled and simulated. Additionally, dynamic time series artificial neural networks were used to develop solar 
PV power output and green hydrogen production short-term forecasting models. The proposed hybrid solar PV/fuel 
cell system was used to meet the electrical loads of an educational building in harsh desert weather conditions (hot 
and humid conditions - effects of dust, temperature, and humidity). Homer software was used for the modelling, 
simulation, and optimization of the proposed off-grid renewable power system. As a machine learning approach for 
power and green hydrogen production forecasting, an Artificial Neural Network (ANN) was developed. Input and 
output data for the training (70 percent), testing (15 percent), and validation (15%) data were all generated from 
the modelling and simulation results. The forecasting model's accuracy and reliability were evaluated over a total 
of 35040 dataset. The most important findings for the current study on the design, performance analysis, 
optimization, and development of forecasting models for the hybrid solar PV/fuel cell power system to meet the 
electrical load of university building were:  

 The proposed stand-alone solar hybrid solar PV/fuel cell power system met the daily (1599 kWh/day), 
monthly, and yearly electrical load of the building without power shortage.  

 The yearly electrical production from the hybrid solar PV /Fuel cell power system showed that 79.7% 
(1,239,774 kWh/year) and 20.3% (316,346 kWh/year) were generated respectively from the solar PV and 
fuel cell.   

 From the total electricity generation (1,556,120 kWh/year), only 583,548 kWh/year (37.5%) was used to 
meet the electrical load of the building. The rest of the electricity generated by the solar PV was used to 
produce green hydrogen via the electrolyser.  

 The total yearly energy input in the electrolyser was 898,415 kWh/year and the hydrogen production in 
the electrolyser was 19,360 kg/year while the fuel cell fuel consumption was 15,817 kg/year.  

 The daily average and maximum green hydrogen production in the electrolyser were 2.21 and 10.8 kg/hr 
respectively with a specific energy consumption of 46.4 kWh/kg.  

 The average daily and hourly hydrogen consumption in the fuel cell was respectively 43.3 kg/day and 1.81 
kg/hour. 

 For the ANN-based forecasting models, the R values obtained for the training, validation, and test for the 
solar-driven green hydrogen production were 0.97983 – 0.98187.  

 The values of ANN regression model correlation R and the mean square errors MSE showed that the 
ANN models created were perfectly accurate in projecting the power output from solar PV system and 
green hydrogen production from the electrolyser.  

Microgrid power systems that rely on intermittent renewable resources like solar PV and green hydrogen produced 
from solar energy can benefit from the development of accurate forecast models. The developed building energy 
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consumption, green hydrogen production, solar photovoltaic (PV) and fuel cell power output forecast models could 
help resolve industry-related issues by forecasting power production to balance supply and demand, development 
of advanced power control systems, building operation and maintenance, demand-side management, and advance 
purchase of energy.   
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Abstract: A  microgrid  can  acquire a better  quality  voltage  profile,  high  power  performance,  and  fast  connection  
or  disconnection  of  a  distribution  power  source  to  the  microgrid  by  using  a  neural  network  control  strategy.  
In  this  paper,  we  propose  a multilayer  artificial  neural   network  perceptron  based on the Maximum Power 
Point Tracking (MPPT)  algorithm  to  improve energy  performance  and  reduce  power  losses  in  the  power  
distribution  system  among  microgrids  by  imposing  a  short   distance  between  them.  The system  model  was  
built out  in  the  MATLAB/SIMULINK environment. 
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1. INTRODUCTION  

The future of power is supposed to be the technology of the smart grid. Since the conventional grid is not intended 
for two-way power flows, electricity grids are difficult to accommodate backflows of electricity from wind and solar 
generation sources. To prevent major environmental pollution, enhance energy efficiency, and maintain power 
system stability, a large number of renewable energy systems have recently been integrated into regional and 
global utility systems (Azad et al., 2019; Arritt and Dugan, 2011; Larik et al., 2015; Hossain et al., 2019; Fadlullah 
et al., 2011).  

The produced energy in the electrical distribution system comes from an energy network known as a microgrid. In 
recent years, a lot of studies have been done on the size, control, power management, and performance of 
microgrids (Azad et al., 2019). Microgrids (MGs) are self-contained electrical distribution networks with specialized 
monitoring systems that have power quality for a variety of loads. The MG facilitates a wide reach of distributed 
energy by allowing for the dynamic interaction with local distributed generation into the mains supply (Bank, 2020). 
The core objective of a microgrid aims to meet power demands by utilizing green energy in terms of power 
generation produced via extra suppliers like power generators. However, power loss between microgrids remains 
an issue (Savier and Das, 2007; Manimegalai et al., 2017). 

Artificial Intelligence (AI) techniques also provide more effective and reliable solutions to deal with the constraints 
of the conventional grid structure. As the energy market becomes more dynamic, intelligent mechanisms are 
required to efficiently control the system and make real-time responses. Generally, artificial neural networks (ANN), 
reinforcement learning (RL), and multi-agent systems (MAS) frequently use AI approaches for categorization, 
prediction, network management, enhancement, and control strategy challenges (Ali and Choi, 2020). To 
decrease power wastage in the grid, Artificial Intelligence (AI) approaches can be utilized to improve power quality 
(Neves et al., 2018). Recently, an artificial neural network (ANN) approach was used for microgrid control. ANN 
monitors have shown a high response time as well as a high rate of balance and dependability (Al Sumarmad et 
al., 2022). 

Loss minimization and enhanced efficiency of distribution systems were always important goals for power system 
design and operation (Manimegalai et al., 2017). The goal of reducing distribution system power losses among 

microgrids will bring the following benefits to the power grid: a high level of cost-effectiveness; a high level of 
reliability; a high level of stability; a boost in effectiveness; enhancement of voltage profile; and satisfying peak load 
demand. Maximum Power Point Tracking (MPPT) inverters enable us to gather as much energy as possible from 
PV panels and wind turbines and an approach to predict the Maximum Power Point (MPP). Using ANNs, we can 
provide MPP tracking that is both rapid and exact. The controller's efficacy is used in the hidden layer, as is the 
level of training of the neural network (GM Abdolrasol et al., 2021). This study aims to utilize a multilayer artificial 
neural network (MANN) to reduce power loss between microgrids coalitions which is an essential element of the 
power distribution system, and also to improve cost and voltage profile. 

2. MICROGRID  MODELLING 

The mature distinct microgrid consisted of a set of renewable resources (photo - voltaic and wind), a storage system 
serving as a backup power supply, and load.  

2.1. Photovoltaic system 

Figure 1 depicts the use of the suggested and developed Maximum Power Point Tracking (MPPT) technique, which 
was constructed on a Multi-layer Artificial Neural Network (MANN). The MATLAB simulation model's result was 
tested during different climatic situations. 

 

Figure 1: MANN simulation model of Photovoltaic energy MPPT algorithm block diagram (Tanuja and Usha, 2021). 
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The photovoltaic cell is a current source that is diode-dependent and has additional series and parallel resistors. 
In the absence of solar light, no power is generated and the PV cell functions as a p-n junction diode. The amount 
of sunlight that strikes the PV cell influences the actual current drawn from the current source (PV cell). Figure 2 
(Rupesh, 2021) depicts an equivalent electrical circuit that may be used to represent photovoltaic cells. 

 

Figure 2: Equivalent electrical diagram of a photovoltaic cell. 

2.2.  Open circuit voltage (Al Sumarmad et al., 2022) 

The output voltage of a PV cell is affected by voltage drop throughout the p-n junction diode, 

                                       (1) 

Where: 

- V = open circuit voltage of the PV cell (V) 
- N =  constant of a diode  
- K = Boltz constant  
- T = temperature in Kelvin (K) 
- Q = elementary charge  
- IL = current produced by light (A) 
- Io = diode saturation current (A)  

2.3.  Current generated by light (Tanuja and Usha, 2021)  

                 (2) 

Where:  

- G = instantaneous radiation  
- Gref = reference radiation under normal conditions  
- IL ref = photoelectric reference current  
- Tc = The instant temperature  
- TC ref = model's temperature at 298.0 Kelvin 
- α IS = temperature co-efficient of short circuit current 

2.4.  Reverse saturation current (Tanuja and Usha, 2021) 

                        (3) 

                        (4) 
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Where: 

- Io = saturation current  
- Ior = reverse saturated current 
- Eg = silicon diode bandgap 

                  (5) 

As a reference module, we utilized a MATLAB/Simulink-implemented PV model (Sun Earth Solar Power 
TDB156x156-60-P  215W). 

Table 1: Characteristics  of  (Sun  Earth  Solar  Power  TDB156x156-60-P  215W)  PV  model 

Parameters             Values 

Maximum  power 215  W 

Maximum  power  voltage 29.7  V 

Maximum  power  current 7.24  A 

Open  circuit  voltage 36.8  V 

Current  short-circuit 7.92  A 

Cellule  numbers 60   

Temperature  coefficient  of  
open-circuit  voltage 

0.34  %/◦C 

Temperature  Coefficient  of  
current  court-circuit 

0.05  %/◦C 

Shunt  resistance 98.9  ohms 

Series  resistance 0.368  ohms 

To collect the maximum amount of power produced and distribute it to the customer, a static DC/DC power 
converter is used as an adaptor between PV generators and loads. To maintain optimal power efficiency at all 
times, the boost converter is regulated by a maximum power point tracking (MPPT) controller (Villegas-Mier et al., 
2021). To acquire the most power from the PV, our proposed software adopted a method based on an algorithmic 
procedure as illustrated in Figures 3 and 4 below. 

 

Figure 3: The training flow chart for an artificial neural network (Sakunthala et al., 2017) 
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Figure 4: Flowchart of MPPT algorithm (Elgendy et al., 2012)  

In MPPT controllers, ANNs are used to anticipate the output voltage (V) or power (P) at any given moment. The 
load cycle is determined by comparing the estimated value to the acquired instantaneous data. The first layer of 
the network's inputs will be independent variables like temperature (T) and irradiation (G). Other input variables, 
such as the panel's V and I can also be used. The hidden layers will take care of the processing. The number of 
neurons in the hidden layers, the activation function used, and the training strategy adopted will all affect ultimate 
performance. 

2.5.  Wind turbine system 

As shown in Figure 5, the proposed and built Maximum Power Point Tracking algorithm, which was Multi-layer 
Artificial Neural Network based, was used on a wind turbine system with a capacity of 30 kW. The Simulation 
results model's outputs were studied under various environmental circumstances. 

By adjusting the regulating torque, the Maximum Power Point Tracking (MPPT) controller monitored the rotor speed 
of a wind turbine. The response time was delayed due to the blade pitching drive. The wind turbine was subjected 
to mechanical stress as a result of this. Despite common opinion, the rotor speed of the generator may be 
mechanically modified to improve the quantity of power produced. To increase this number to 14, MPPT control 
approaches based on the max power coefficient (MPC) were also developed. Power electronics-based converters 
were used in variable-speed wind energy systems to vary generator output power. 
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Figure 5: Wind energy MPPT approach block diagram of multi-layer artificial neural network (Tanuja and Usha, 2021). 

3.  SIMULATION AND RESULTS 

Figure 6 illustrates the overall simulation model while Figure 7 shows the PV simulation model. The micro-grid 
system included numerous components: Sun Earth Solar Power TDB156x156-60-P 215W panels, 10 in series and 
12 in parallel, offer a total power of 15KW. The wind turbine was a PMSG type with a maximum power output of 
30 KW. The Li-ion battery had a capacity of 3000 Ah and a voltage of 230V.  

 

Figure 6: Overall Simulation model 
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Figure 7: PV Simulation model 

Figure 8 shows the PV MPPT Power Waveform, Figure 9 illustrates the PV and DC-DC boost converter voltage 
diagrams while Figure 10 demonstrates the wind energy simulation model. The variance of the PV output power 
used a Multilayer artificial neural network, which had a maximum value of 1.448*104 Watt at 0.337sec. 

 

Figure 8: PV MPPT Power Waveform 
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Figure 9: PV and DC-DC Boost Converter Voltage diagrams.  

 

Figure 10: Wind Energy Simulation model 
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Figure 11: Wind Output Power Waveform 

 

 Figure 12: Wind speed waveform 

The diagram shown above in Figure 11 describes wind output power using a Multilayer artificial neural network 
with a maximum value of 2.852*104 Watt at 1.019sec, and Figure 12 depicts the variance of the wind speed 
according to the time, as shown in the period between [1-2.5] sec have a higher value of wind power (at 12 m/s). 

 

Figure 423: Total Renewable Energy Production 
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The graph shown in Figure 13 describes the total power for renewable energy sources under different weather 
circumstances.  

4. CONCLUSIONS 

In this paper, an MPPT algorithm based on a multi-layer ANN controller for microgrids was presented. Distributed 
power generating sources are defined as sources of renewable energy that are located throughout a community. 
In such a case, the electricity is generated close to the customer. Examples include solar and wind energy systems 
built on rooftops and the power is being distributed to nearby consumers. In this research effort, we employed a 
sophisticated ANN controller to produce electricity under a variety of weather circumstances, which was then 
distributed to a nearby customer.  As a result, the transmission distance was extremely short and there was very 
little power loss. Whatever amount of electricity is generated by solar and wind energy systems, it is integrated into 
the power grid with acceptable power losses owing to power conversion equipment. Finally, the electricity 
generated by renewable energy sources is distributed to local consumers in a consistent and high-quality manner, 
with no fluctuations. 
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Hotels are one of the most energy intensive sectors of the tourism industry. Research indicates that hotels consume 
more than half of their overall energy consumption for space conditioning alone. The building fabric has a major 
influence on hotels space conditioning needs. Atria, which are popular in hotel designs for their aesthetic value, 
can act as a thermal barrier between the exterior and interior spaces, therefore potentially contributing to a 
reduction in the space conditioning needs of a building. Despite this theoretical advantage, the body of available 
literature discussing the performance of atria in hotels is limited. In this work, the authors contributed to this 
knowledge gap through evaluating the performance of an atrium in a hotel based in Nottingham, UK. In situ 
temperature monitoring and dynamic building simulations were used. The atrium was initially assumed in a free 
running mode to test the thermal performance of the building envelope alone, and numerous cases were developed 
where parameters such as building orientation, fenestration characteristics, openings for ventilation and skylight 
properties were varied. Integrated Environmental Solutions Virtual Environment software was used to generate 
thermal comfort evaluations and to assess summer overheating risk. The simulation findings suggested that the 
skylight glazing ratio was the most important characteristic that influenced the indoor thermal condition which, 
combined with natural ventilation, significantly contributed to the overall hotels’ energy usage. Based on the initial 
assessment, the existing atrium configuration in a free running mode would provide only 41% of comfort hours, 
and be at a risk of overheating for 8.7% of the summer. A substantial improvement in the thermal performance with 
83% of comfort hours achieved in the summer and 0% risk of summer overheating was demonstrated through a 
combination of the proposed passive strategies along with natural ventilation in summer months. The best 
optimised case also presented an 88% reduction of summer cooling loads and 18% reduction of winter heating 
loads when active systems were assumed. Therefore, the authors concluded that there was significant room for 
the optimisation of the design of atria as contributors to comfort and energy efficiency in hotels in temperate climate 
zones. 

 

 

Keywords: thermal comfort; atrium; energy efficiency; passive design strategies; building façade 
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1. INTRODUCTION  

The current scenario of energy use in hotels worldwide and their contribution to the depletion of energy supplies is 
significant (CHOSE, 2001). According to studies on energy consumption in hotels in Europe, they use between 
200 and 400kWh/m² of energy per year (Hotel Energy Solutions project publications, UNWTO, 2011), with over 
half of this consumed by heating, cooling and air conditioning alone (Energy efficiency in hotels, Cibse.org). It was 
also projected that energy costs would rise higher in the future, reaching up to 10% of overall gross revenue 
(Pateman, 2001). The high emissions at hotels can be ascribed to the fact that hotel guest comfort is generally 
prioritised (Energy policy, 2008). Moreover, hotels are open 24 hours a day, 365 days a year.  

Furthermore, the necessity of sustainable design solutions has been recognised due to the worldwide rise of climate 
change, electricity shortages and sick building syndrome related to heavy use of space conditioning (Wand and 
Wong, 2006). This has sparked an interest in the use of passive design strategies, which may help hotels cut 
expenses. Among the numerous elements of the building envelope, atria, which comprises of the majority of hotel 
transitional spaces, not just adds grandeur to the building but also serve the purpose of improving daylighting and 
solar gains inside the building (Vujošević and Krstić-Furundžić, 2017). Atria may have three times the energy 
consumption per unit area or volume as the rest of the interior (Pitts and Jasmi, 2006). Also, it can be a cost-
effective method of regulating its conditions using natural ventilation (Mohammad et.al, 2012) and help reduce the 
thermal discomfort usually caused by abrupt temperature changes for occupants moving in and out of the hotel 
(Nakano, et al., 1999). Additionally, the vast entrance doors and the extensive atrium glazing contribute to a 
stronger thermal link between the external and internal spaces, thereby giving a scope for reducing the dependence 
on fully air-conditioned systems (Hui et al., 2014). However, predicting their thermal performance is exceedingly 
challenging particularly in the temperate climate zone (Aldawoud, 2013). Therefore, it is worth looking at how this 
building type performs in UK hotels. The aim of this work was to evaluate the thermal performance of atria and 
their contribution to the energy demands for space heating and cooling of hotel buildings in the UK. The main 
objectives of this research were the following:  

 To propose strategies to help mitigate the risk of summer overheating;  

 To determine whether naturally ventilating the atrium zone of the hotel alone can reduce thermal 
discomfort during the summer months of temperate climate zones; 

 To examine the impact of hotel atrium on the energy demands for space heating and cooling. 

2. LITERATURE REVIEW 

The key issues affecting the design of hotels are the site, shape, orientation, means of access, views from the hotel 
and storey height. Over the years, the sizes of guestrooms have become standardised for different quality of hotels. 
While the guest rooms still make up most of the floor area in most hotels, it is the public spaces that are most 
diverse and independent in design and type (Bohan Lin, 2011). This suggests that the two most common design 
objectives based on public space planning are to design and accommodate the public areas around the central 
lobby and to organise the public spaces with an understanding of their location in relation to the guestroom structure 
(Rutes et al., 2001). It has also been stated that atrium hotels are becoming a popular building type for newly 
constructed hotel buildings all over the world (Vujošević and Krstić-Furundžić, 2017).             

2.1.  Atrium in hotel design and its energy efficiency potential 

The atrium zone is considered to be the largest and longer-term occupancy zone of a transitional space compared 
to the other transitional spaces such as the circulation areas and entrance areas. These spaces account for about 
10% - 40% of the total building volume, with an estimated energy demand per unit area being as high as three 
times that of the rest of the building (Pitts and Jasmi, 2006). The main reasons being large glazing areas and 
significant air exchanges with the outside climatic environment (Hui and Jiang, 2014). 

An atrium building typically consists of four commonly used forms as shown in Figure 1 i.e.: centralised atrium, 
semi-enclosed atrium, attached atrium and linear atrium 

                                                   

                                                     Figure 1: Four types of atria (Source: Hung and Chow, 2001)  
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It suggested that for the UK’s temperate climate zone, in order to utilize most of the winter solar heat gain and to 
offer better views from the building during the different seasons, the attached and semi enclosed atrium types are 
the most effective forms. 

2.2.  Thermal comfort in atria 

The thermal comfort standards considered for hotels include ASHRAE standard 55 and ISO standard 7730. The 
acceptable winter and summer operative temperature ranges for hotel lobby and foyer spaces as indicated by the 
CIBSE Guide A (2006, p. 9) are 19°C -21°C and 21°C – 23°C respectively. However, the operative temperature 
ranges for various facilities of the hotel have been slightly modified by the industry to suit their requirements. Hence, 
the proposed winter and summer comfort operative temperatures recommended for non-air conditioned hotel 
spaces suggests as 18°C -20°C in winters and 27±1°C in the summer months (Lawson, 2001). It has also been 
estimated that lowering the interior temperature by 1°C saves 10% of the heating costs (Gillan, 1999). In the UK, 
research has shown that on hot summer days, 25°C is an acceptable indoor temperature in non-air conditioned 
buildings (CIBSE Guide A, 2006, pp. 11-12). However, between 25°C and 28°C, an increasing number of 
occupants feel uncomfortable. Hence, building design should incorporate an assessment of the risk of overheating 
through the methods of thermal modelling. CIBSE guideline benchmark further suggests that in the UK, indoor 
operative temperatures of 30°C or more are rarely acceptable to occupants (CIBSE Guide A, 2006, p. 12). 

3. CASE STUDY - ORCHARD HOTEL, NOTTINGHAM  

The Orchard Hotel chosen for the purpose of this case study is a full-service mid-market business and leisure hotel, 
in Nottingham, UK (Figure 2). It is a four-star rated sustainable BREEAM certified hotel run by the De Vere hotels 
and constructed in the year 2012. Though there are plenty of hotels with atrium across the UK of a similar scale 
and category, this hotel was selected because of its sustainable design strategies which were worth considering 
not only for the current research, but also to find out possible design flaws, if any, with respect to the thermal 
performance of the atrium. Furthermore, the hotels’ post-occupancy evaluation report and previous case study 
reports have little recorded documentation on the atrium space.  

                                             

Figure 2: Aerial view of Orchard Hotel (Photo Courtesy: Robin Macey, blogs.nottingham.ac.uk, 2014) and Interior and exterior 
of the atrium building   

 

Figure 3: Floor plan of the hotel 
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Designed by RHWL Architects and built by BAM Construction, this 9,300m² hotel is divided into three buildings 
consisting of two 5-storey guest room wings and a grand 2-storey atrium in the centre. The hotel consists of a total 
of 202 rooms which are oriented facing the north and south. All the rooms are suitably sized and configured for 
natural ventilation and daylight penetration.  

The atrium building is a timber-laminated structure with extensive glazing on all facades. It is located between the 
two linear, north and south facing guest room wings with a total area of 647.9 m². As illustrated in Figure 3, the 
atrium is east – west oriented with the longer facades facing north and south and the entrance is from the west 
façade of the building. It is a double height space of height 6.4m. The lower level consists of the main entrance, 
reception lobby, library and a free-standing bar. The atrium has a large skylight of area 192 m², which is shaded 
by a timber canopy consisting of a series of angled fins acting as a brise soleil. 

4. METHODOLOGY AND BASE CASE                

The hotel atrium was simulated and assessed for its thermal and energy performance. For this, an initial model 
was developed with the existing design inputs and simulated using Integrated Environmental Solutions Virtual 
Environment software (IESVE). The criteria for this assessment were a free running mode which implied there may 
be a wider scope of energy savings in buildings compared to those with centralized HVAC systems. The parameters 
considered for the simulation are listed in Table 1 

Table 1: Thermal Simulation Assumptions and Input data 
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4.1.  Base case scenarios  

The following were the cases considered for the baseline simulation: 

 Case 1: This case represents just the atrium envelope with the skylight and without any shading or canopy.  

 Case 2: This case consists of the atrium with skylight, equipped with a shading system. A set of 6 

horizontal fins act as shading elements, to control the solar ingress. These metal fins run all along the 
atrium building perimeter and are projected out by 0.5m and are fixed 0.9m apart.  

 Case 3: This case represents the current hotel atrium scenario with the skylight, shading system (same 

as that of case 2) and an addition of a timber canopy over the atrium roof. The canopy consists of a series 
of angled louvers (a tilt of 30° facing south) which acts as a brise soleil.   

 Case 4: Case 4 is the same as case 3 but is evaluated by changing the parameter of fixed wall glazing 

and skylight to partially operable, hence enabling natural ventilation in the warm seasons. 15% aperture 
opening was considered for both the building fenestration and the aperture type were louvers. The 
windows were assumed open when the resultant temperature in the atrium zone begin to exceed 19°C 
and closed when the external temperature was low to reduce heat loss from the building.  

 Case 5: Case 5 is similar to case 4 but with an addition of occupants in the assessment which will 

contribute to the internal heat gains. This was done to finally assess the space when in use. 

Table 2: Summary of all base case simulations  

Case Type 

Maximum 
summer 
resultant 
temperature 
(triple 
glazing) 

Maximum 
winter 
resultant 
temperature 
(triple 
glazing) 

CIBSE 
recommended 
summer 
comfort 
temperature 
band         (21°C 
– 25°C) 

CIBSE 
recommended 
winter comfort 
temperature 
band         (19°C 
– 21°C) 

Summer 
overheating 
risk above 

28°C criteria 

 (% of hours) 

Case 1 

 

60.5°C 33.5°C X 

 

X 

 

42.2% 

Case 2 

 

47.7°C 20°C X 

 

√ 

 

27.7% 

Case 3 

 

34.8°C 13.7°C X 

 

X 

 

8.7% 

Case 4 

 

25.3°C -    

(Windows 
closed) 

√ 

 

- 

 

0% 

Case 5 

 

28.4°C -   

(Windows 
closed) 

√ - 

 

0.3% 
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4.2.  Results and discussion 

A summary of thermal performance simulations for all the baseline cases are illustrated in Table 2. The simulations 
indicated that Case1 achieved significantly high summer and winter resultant temperatures, which did not comply 
with the CIBSE comfort range. This was due to the extensive glazing which resulted in the atrium acting as a heat 
trap and storing high amounts of solar gains thus resulting in thermal discomfort.  

Next, Case2 with shading was analysed. This case showed a slight reduction in the percentage of hours reaching 
summer over heating risk criteria. However, it did not fit in the comfort temperature band either.  

To test for further improvements, Case3, which is as built (present atrium) was evaluated. The addition of a canopy, 
indicated a significant improvement by achieving 41% of hours between the comfort range. Additionally, there was 
a massive improvement in reducing the summer overheat risk factor to 8.7% of hours. 

In order to further reduce the summer overheating values, Case4 was tested which proved to eliminate the risk of 
summer overheating completely to 0% and reduced the overall percentage of discomfort hours (25°C and above) 
to 0.2% only. The maximum summer operative temperature as shown in Figure 4 was recorded as 25.3°C and the 
relative humidity period within the CIBSE recommended comfort range was 53.1%. 

 
Figure 4: IES generated summer operative temperatures for case 4 

It also showed that the fluctuations in temperature band in this case were relatively low. This indicated that the use 
of active cooling systems could be totally avoided even in the summer months inside the atrium space, thus allowing 
a massive positive impact on the building cooling loads and energy savings. However, in spite of the extensive 
glazing on all facades, the winter temperatures were below the comfort band throughout for all the cases, indicating 
that winter heating was inevitable. This was possibly due to the well-insulated building envelope hence not having 
a great impact on solar gains. Therefore, active heating measures should be employed to maintain thermal comfort 
within the space in the winter period.   

The final case (Case5), which was as Case4 but with the addition of occupancy density, indicated that the 
percentage of discomfort hours based on summer overheat risk criteria was just 0.3%. A comparative evaluation 
of operative temperatures with Case4 suggested that the overall summer temperatures had just a marginal 
increment of 1°C, whereas the lower temperature range (minimum values) showed a rise in temperatures by 3°C. 
This indicated that the internal gains from occupancy did not adversely affect the overall summer operative 
temperatures and actually positively contributed to the energy savings by reducing the heating loads of the building. 
Therefore, out of all the baseline cases evaluated, it was concluded that the thermal comfort was best achieved in 
the final case. 

5. PASSIVE STRATEGIES PARAMETRIC STUDY  

To further assess the thermal performance of the atrium, suitable passive strategies were adopted to the baseline 
design such as orientation, wall glazing optimization and roof optimization.  
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5.1.  Orientation 

The following four orientations were considered for simulation (as illustrated in Figure 5) with Case-A representing 
the current base case (as built): 

 

Figure 5: Different orientation of the basic atrium type hotel building 

Results: The simulations suggested that the least effective orientation with very high summer solar gains, high 

summer temperatures and very low winter solar gains was observed in Case C. The possible reason being the 
majority of the glazed eastern portion of the atrium was exposed to the morning sun and the glazed atrium also 
acting as a heat trap resulting in temperature gains and external conduction gains and losses throughout the day.  

However, the most effective orientations were identified as Case A and Case D. Case A, which is the current atrium 
with longer axis running east – west, recorded the lowest solar gain value in the summer period, suggesting the 
least possibility for summer overheating compared to all the other cases.  

5.2.  Wall glazing optimisation 

In the current case, the elongated facades of the double height atrium, i.e. the north and south facades, face the 
5-storey guestroom wings. Of this, the north façade remained completely in the shade of the north wing, whereas 
for the south façade, 38% of the glazing was exposed to the exterior which was not affected by the shadow from 
the southern guestroom wing. Furthermore, since outside views are considered a priority in hotels, the glazing on 
the east and west (main entrance) facades were not altered.  

Hence, based on the factors mentioned above, two scenarios were considered for assessment. A summary of the 
building envelope areas indicating the proposed changes in the cases are illustrated in Table 3.  

Table 3: Building envelope areas for the cases 

 Wall glazing 
optimization 

     Roof glazing optimization 

 Case- 1a Case- 2a Case- 1b Case- 2b Case- 3b 

Total Atrium area including mezzanine (m²) 648 648 648 648 648 

Roof area (m²) 480 480 480 480 480 

Other spaces area (m²) 8,652 8,652 8,652 8,652 8,652 

Gross Wall Area (m²) 646 646 646 646 646 

East Façade glazing ratio (%) 90 90 90 90 90 

West Façade glazing ratio (%) 90 90 90 90 90 

North Façade glazing ratio (%) 0 42 0 0 0 

South Façade glazing ratio (%) 45 25 45 45 45 

Skylight area (m²) 191.6 191.6 96 191.6 384 

Roof glazing ratio (%) 40% 40% 20% 40% 80% 

Skylight opening aperture (%) 0 0 0 0 0 
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o Case- 1a: Removing the north glazing – In this case, the entire north glazing is eliminated. The reason 

being that the entire façade remains in shade and faces the north guestroom wing. 
o Case- 2a: Reducing the glazing on the south – In this case, the effective and exposed portion of the 

south façade is retained which is 38% of the entire wall area to get maximum useful solar gains. However, 
the part of glazing which remained in shade (20m² area) from the adjoining south wing was removed and 
simulated for further assessment of the thermal performance. 

Results: The results from the simulations revealed that Case 1a did not show a significant change in the summer 

operative temperatures compared to the dry bulb temperatures. This is because the north glazing had less impact 
on summer solar gains. The maximum summer and winter dry resultant temperature was recorded as 24.2°C and 
10.7°C respectively. However, the proposed complete elimination of north glazing resulted in better values and 
total reduction of heat loss from the north side, thus showing a positive impact in increased winter resultant 
temperatures.  

For Case 2a, the reduction of the glazing on the south side showed very little difference in the temperatures 
compared to the base case, indicating a negligeable positive impact on the overall thermal performance. Therefore, 
after the evaluation of the two cases for wall glazing optimization, it was concluded that Case 1a, with the removal 
of north glazing, performed better and hence can be included in further assessment scenarios. 

5.3.  Roof glazing optimisation 

A summary of the cases for building envelope roof glazing ratios simulated under different scenarios is illustrated 
in Table 4.  

Table 4: Summary of all case simulation 

Case 
Type 

Glazing 
ratio 

Maximum 
summer 
resultant 

temperature 

(Non 
ventilated 
scenario) 

Discomfort 
hours in 
summer 

(Non 
ventilated 
scenario)     
(> 25 °C)     

(% of hours) 

Overheating 
risk criteria 

(Non 
ventilated 
scenario)     
(> 28 °C)     

(% of annual 
hours) 

Maximum 
summer 
resultant 

temperature 
(Day 

ventilation 
scenario) 

Maximum 
summer 
resultant 

temperature 
(Day 

ventilation 
scenario + 
no north 
glazing) 

Comfort hours 
achieved in 

summer      
(Day 

ventilation 
scenario + no 
north glazing) 
(18°C- 25°C)   
(% of hours) 

Case 1b 20% 32.8°C 14% 1.6% 24.4°C 23.8°C 83% 

Case 2b 
40%   

(as-built) 
34.8°C 18% 2.4% 25.2°C 24.5°C 81% 

Case 3b 80% 40.9°C 28% 5% 26.7°C 26°C 78% 

Results: The above cases indicate that a combination of proposed passive strategies along with ventilation has 

significantly improved the thermal comfort levels and the summer operative temperatures would not exceed 28°C 
in the warm period, indicating no risk of summer overheating either. 

The assessment of all the three cases indicated that the case that performed better in terms of thermal comfort 
was Case 1b with a glazing ratio of 20%. The differences in the results between the Case 1b and Case 2b were 
not substantial. However, the lower temperature values contributed to offsetting any additional internal gains such 
as those from the equipment, occupants and lighting. Hence atrium with 20% glazing ratio was considered the 
most optimum roof glazing configuration of the three cases. 

6. DISCUSSION - THERMAL COMFORT AND ENERGY EFFICIENCY 

In this chapter, the thermal performance and energy efficiency of the best performing and efficient passive strategy 
were compared to the base case in order to evaluate the percentage of improvement potential achievable in terms 
of thermal comfort and to assess if the strategy proposed could contribute to effectively reducing the overall heating 
or cooling loads of the hotel. 

6.1.  Main findings - summer temperatures  

A comparison of the best performing passive strategy scenario i.e., atrium with 20% roof glazing and no north 
glazing, with the base case showed significant improvement in the thermal comfort performance in the summer 
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months. The optimized strategy achieved 0% of discomfort hours compared to 18.2% discomfort hours in the 
summer months for the base case. This suggested that, by reducing the skylight ratio by 20%, removing the north 
wall glazing and by enabling natural ventilation during the warm summer period, the optimized strategy performed 
better and resulted in mitigating the risk of summer overheating by 100%. Figure 6 demonstrates that the cooling 
loads of the atrium reduced drastically in the optimised case compared to that of the base case by 88%. Overall, 
the result indicated that mechanical cooling during the warmer period can be avoided or used when necessary, 
thereby resulting in a significant improvement in the energy performance.  

6.2.  Main findings - winter temperatures 

Though the optimised strategy showed improvement in increasing the indoor operative temperatures compared to 
that of the baseline case, the percentage of hours within the comfort band (i.e., 18°C - 25°C) remained low with 
46% of the hours below 18°C. This indicated that mechanical heating during the winter period is inevitable. 
However, the overall dependency on active heating was reduced by 18% (refer Figure 6). Hence, the winter period 
also showed some improvement in the overall energy performance.  

               

 

Figure 6: Annual heating and cooling loads - case comparison 

7. CONCLUSION 

The rapid deterioration of urban ecosystems along with rising energy prices should be compelling reasons to 
improve energy efficiency and conserve energy, not least in the hotel business. Even in hotels, the adaptive 
approach to thermal comfort has the potential to become a viable alternative. But this strategy is difficult to 
implement in hotel guest rooms since the rooms are independently controlled by the occupants. Hence the most 
effective implementation of this proved to be in the hotel atria which usually houses the majority of the hotel 
facilities. Moreover, the rising popularity of atria in hotel designs and the vastness of space and extensive glazing 
gives more scope for implementing passive strategies with an adaptive approach. However, there is still a lot of 
ambiguity about how hotel guests would react to the adaptive strategies of the hotel. Nevertheless, on a positive 
note, there is hope that these strategies will eventually gain prominence and serve as future successful cases.  

The main purpose of atrium design is for use as a thermal buffer zone and to be more comfortable and useable for 
longer periods, in addition to the aesthetic, social and cultural objectives. Overheating during the summer months 
and the possibility of excessive heat loss during the winter months were some of the concerns addressed in this 
research. It also demonstrates that considerable savings in energy may be realised by just changing the hotel’s 
fabric. The entire research proposal was to choose an acceptable range of passive design outputs from the case 
study hotel and to investigate other alternative inputs, such as what is achievable using natural ventilation 
compared with mechanical. According to the simulation results, the skylight glazing ratio was the most critical factor 
in influencing the thermal condition with natural ventilation. The final outcome indicated a considerable 
improvement in the thermal performance, along with mitigating the risk of summer overheating and eventually, its 
contribution to overall energy efficiency.  

As will be evident throughout this research, one size does not fit all, and each hotel is unique. Despite the fact that 
the interventions necessary may vary, the rationale and technique outlined here give a high-level framework for 
establishing a thermally efficient atrium in a hotel. 



224 

 

8. REFERENCES 

1997. ECG36-Energy-Efficiency-in-Hotels-a-Guide-for-Owners-and-Managers. [Document] 

https://www.cibse.org/getmedia/070252ba-cd5e-4b74-ba0b-4bb51e8d55c2/ECG36, Oxford. 

Aldawoud, A., 2013. The influence of the atrium geometry on the building energy performance. Energy and 
Buildings, 57, pp.1-5. 

ASHRAE (2013) Thermal Environmental Conditions for Human Occupancy ANSI/ASHRAE Addendum g to 
ANSI/ASHRAE Standard 55-2010 (Atlanta GA: ASHRAE) (available at https://www.ashrae.org/File%20 
Library/docLib/StdsAddenda/55_2010_g_Final.pdf) 

Bohdanowicz, P., & Martinac, I., 2002. Thermal comfort and energy saving in the hotel industry. 

CIBSE (2013) Limits of thermal comfort: avoiding overheating in European buildings CIBSE TM52 (London: 
Chartered Institution of Building Services Engineers) 

Hui, S. C. M. and Jiang, J., 2014. Assessment of thermal comfort in transitional spaces. Conference 
Proceedings, 2014, p. 1-13 

Hung, W. and Chow, W., 2001. A Review on Architectural Aspects of Atrium Buildings. Architectural Science 
Review, 44(3), pp.285-295. 

Mills, F., 1990. Environmental design of atrium buildings in the U.K. Atlanta: ASHRAE Transactions, vol.96, pt. 1. 

Said, D., Youssef, K. and Waheed, H., 2017. Energy efficiency opportunities in Hotels. Renewable Energy and 
Sustainable Development, 3(1), pp.99-103. 

Szokolay, S., 2008. Introduction to architectural science. 2nd ed. London: Routledge, pp.33-68. 

Vujošević, M. and Krstić-Furundžić, A., 2017. The influence of atrium on energy performance of hotel 
building. Energy and Buildings, 156, pp.140-150. 

Wang, L., Huang, Q., Zhang, Q., Xu, H. and Yuen, R., 2017. Role of atrium geometry in building energy 
consumption: The case of a fully air-conditioned enclosed atrium in cold climates, China. Energy and Buildings, 
151, pp.228-241. 

  



225 

 

 

#338: The thermal performance of a prefabricated 
modular hotel room 

A case study of Hotel Jakarta, Amsterdam 

 Praveena POCHAMPALLI1, Lucelia RODRIGUES2, Lorna KIAMBA3 

1University of Nottingham, University Park, Nottingham NG7 2RD, UK, praveena.kedilaya@gmail.com 
2University of Nottingham, University Park, Nottingham NG7 2RD, UK, Lucelia.Rodrigues@nottingham.ac.uk 

3University of Nottingham, University Park, Nottingham NG7 2RD, UK, L.Kiamba@nottingham.ac.uk 
 
 

 

 

 

Abstract: The use of prefabricated modular unit “pods” for guest rooms in hotels are a relatively new technology in 
the hotel industry and offers immense potential in terms of quality control and precision, construction time, 
replicability, economies of scale and safety. However, literature reporting on the performance of these pods is very 
limited. In this work, the authors investigated the performance of a prefabricated guest room pod by conducting a 
series of thermal comfort studies. The pod was initially assessed for its as-built thermal comfort performance and 
later compared to a model with varying parameters such as shading and ventilation. The individual pod 
performance was considered within its surroundings, i.e., including other pods and the building envelope. Programs 
used were Integrated Environmental Solutions Virtual Environments, Passive Design Assistant and Sefaira and 
particular attention was taken to the risk of summer overheating. The simulation results showed that cross-
ventilated pods with an enclosed balcony were more efficient than the basic pod configurations currently 
manufactured. The investigation also demonstrated that the current pod design installed at the hotel performed 
fairly well in both summer and winter with the aid of natural ventilation from the enclosed balcony. It was also 
observed that these balcony spaces were an added advantage as it served various purposes like sunspaces, wind 
barriers, private outdoor seating and as smoke zones. Beyond the design parameters, the authors conclude the 
work with an additional study on the integration of renewable energy to the pods’ facade. 
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1. INTRODUCTION  

The hotel industry is considered as one of the most energy intensive sectors of the tourism industry, with space 
conditioning (heating, cooling and ventilation) alone accounting for about 50% of the total energy consumption. 
The effort to maintain required levels of thermal comfort has immense effect on the overall energy consumption, of 
which, guest rooms account for up to 80% in spite of being identified as typically unoccupied for at least 70% of 
the time (Bohdanowicz, 2002). Despite the use of energy intensive space conditioning systems, guests often 
complain about inadequate air quality and thermal discomfort where there is difficulty in individual adjustment to 
control and regulate guest room air temperatures. To address this underlying issue the foremost envelope of each 
individual room must be thermally insulated and designed with efficient passive measures ensuring optimum 
natural ventilation and solar gains without the risk of overheating the rooms. Moreover, the use of renewable energy 
sources and sustainable and efficient construction materials greatly reduces the demand for heating, ventilation 
and air conditioning systems (HVAC).    In this respect, the hotel industry across the globe has adopted many 
innovative and efficient prototypes in the design and construction process with an intention to improve the comfort 
of guest room user. One such innovative process is the use of prefabricated modular units for hotel guestrooms 
known as “pods”. A pod is a module unit that is prefabricated and prefinished in factory and then transported and 
assembled as a whole on site. Compared to the conventional constructions, modular units have great advantages. 
Prefabrication of hotel rooms speeds up construction, offers better flexibility, reduces construction time, cuts waste 
on site and provides an improved construction quality (Rakotonjanahary et al., 2020). However, owing to the 

relatively new pod concept in guest room design, there is very little theoretical and documented literature that 
measures the performance of these pods. Thus, the aim of this study was to explore the issues around the thermal 
performance of prefabricated modular guest room units in a free running mode and also to assess the summer 
overheating risk.  

1.1.  Hotel Jakarta  

Hotel Jakarta is a 4-star energy neutral hotel in Amsterdam, Netherlands, run by the West Cord chain of hotels 
(Figure 1). Designed by SeARCH architects and constructed in 2018, this 9-storey load bearing timber structure 
houses a total of 176 prefabricated modular pod guest rooms, each of 30m² area (Figure 2). The hotel building has 
a triangular shaped plan with a central atrium and the guest rooms are primarily facing north and south as seen in 
Figure 3.            

 

Figure 1: Hotel Jakarta and location map (SeARCH 2014) 

                  

Figure 2: Assembling of the prefabricated modular units (Ursem Bouw, 2017) 

http://www.ursem.nl/projects/view/id/97/title/200-hotelkamer-hotel-jakarta
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Figure 3: Hotel typical floor plan (SeARCH 2014) 

1.2.  The guest room pod – hybrid module 

The hotel rooms consist of cross-laminated timber (CLT) modules. The pods are constructed of 140mm thick 
reinforced concrete floors, 140mm thick five-layer cross-laminated timber panels for walls with a white fir wood as 
the visible interior surface with a colourless wood glaze finish and 100mm thick five-layer cross-laminated timber 
panels (glulam panels) for the ceilings.         

Each of the pods featured a balcony with a single layered glass curtain, complete bathroom for plug and play and 
the south and east facing façades were partially covered with Building integrated Photovoltaics (BIPV panels). 
These modules were completely prefabricated with all technical contents included. The concrete floor slabs were 
slightly canted at their edges and core activation was provided to run the room heating and cooling systems. 
Furthermore, the thin concrete slabs were used for structural stability to accommodate all the pods stacked as 
building blocks of 9 storeys. It also had a better impact on the sound insulation thus reducing the noise transmission 
between the rooms. The pod facades facing south were installed with BIPV panels which support the water heating 
demand for the shower units of the individual pods. The pods facing the north house a set of anodized perforated 
aluminium panels of the same size as the solar photo voltaic panel serving as an elevation design feature.  

The dimensions of the modules were 9.5m length, 3.25m width and 2.4m height as illustrated in Figure 4. The 
framing of the modules was made of timber I- beam and column structure. The ducting system for the electricals, 
plumbing and HVAC system was integrated into the concrete floor of the modules and was connected via a plug- 
in system. Each guest room pod offered 17m² of usable living space. The thermally decoupled balcony 
prefabricated as a part of the modules project 1m with a full height single glazed window of 3m wide and 2.4m high 
mounted on the front façade of the balcony. The rear façade of the balcony adjoining the room houses a floor-to-
ceiling triple glazed insulated sliding doors of size 3m width and 2.4m height. The rest of the frame profiles and the 
doors are made of larch wood. 

              

Figure 4: Typical guest room module design and floor plan (Ursem Bouw, 2017) 

http://www.ursem.nl/projects/view/id/97/title/200-hotelkamer-hotel-jakarta
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2. COMFORT STANDARDS  

Special HVAC systems are designed to cater to the growing energy needs of the hotel industry (McDonough et al., 

2001) and are becoming increasingly common to satisfy the comfort factors within guest rooms. Moreover, because 
of the inefficiency in maintaining optimal thermal comfort throughout the year by strategic passive measures, even 
lower rated hotels which rely on natural ventilation as a source of fresh air and cooling, are resorting to sophisticated 
space conditioning methods (Figure 5). Figure 6 explains the European hotel star classification criterion which 
proposes higher scores to guest rooms with individual adjustable space conditioning, thus encouraging the use of 
independent control mechanisms to ensure improved occupant comfort and greater energy savings.  Out of all the 
hotel facilities, guest rooms alone account for 65 – 85% of the total area of hotels (Lawson, 2001) and generate a 
significantly large energy consumption profile. Despite the heavy use of intensive space conditioning systems, 
occupants often complain of discomfort. User review’s suggests that guests can be reasonably satisfied with the 
thermal conditions when they are given full control of the individual room thermostat settings as well as operable 
windows and doors. However, in these cases, abiding by the narrowly fixed comfort temperature ranges for 
conditioning the indoor guest room spaces remain questionable especially against the increasing need of energy 
conservation and efficiency (Bohdanowicz and Martinac, 2002). Additionally, while thermal comfort needs to be at 
maximum when a room is occupied, loads should be adjusted to considerably when unoccupied. 

                Figure 6: European hotel star classification criterion  

 

Figure 5: Minimum HVAC system requirements for hotels according to World Tourism Organization 

2.1.  Thermal comfort standards- hotel guest room 

The thermal comfort standards considered for the hotel industry include ASHRAE Standard 55 as well as ISO 
Standard 7730. The operative temperature ranges have been slightly modified by the industry to suit the 
requirements in various facilities of the hotel (Figure 7). The CIBSE Guide A recommendations propose that the 
effective comfort temperature for guest rooms in summer and winter as 24°C and 20°C- 22°C respectively. 
However, field surveys have indicated that thermal comfort figures generated based on theoretical and research-
based models do not necessarily hold true in real site conditions (Bohdanowicz and Martinac, 2002). It has also 
been estimated that a decrease in the indoor temperature of 1°C accounts for approximately a 10% reduction in 
heating costs (Gillan, 1999). 

                                             

 

Figure 7: ASHRAE 55- 2010 Adaptive comfort model and CIBSE Guide A - Recommended comfort criteria 

                

2.2.  Thermal comfort standards- prefabricated modular units 

Literature regarding thermal comfort assessment of plug-in modular units is limited. However, a modular unit 
assessment conducted by Fifield et al. on the summer overheating of thermally lightweight, well insulated and 
naturally ventilated healthcare buildings in the UK proposed that there were two methods to assess the risk of 
summer overheating: these were in-use observation and modelling. The in-use observation gave necessary inputs 
for both static and adaptive overheating criteria.  The static criteria considered indoor environmental factors like 
dry resultant temperatures, operative temperatures and air temperatures. Whereas adaptive criteria considered 
personal comfort parameters. It was also stated that the ASHRAE method was the most suitable thermal comfort 
assessment based on adaptive criteria. It proposed the PMV (predicted mean vote), which suggested that 24.3°C 
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and 26.7°C were the highest comfort temperatures in winter and summer respectively (ASHRAE Standard-55, 
2004).  

2.3.  Passive measures  

The net zero carbon hotels proposed by Arup (2021) have suggested improvements to the thermal performance of 
hotel guestrooms and building fabric by incorporating some of the passive measures, namely:  

1) good insulation and air tightness with a focus on reducing heating demand thereby reducing the potential 
overheating risk and improving guest comfort;  
2) glazing and daylight which aims to balance the unwanted summer solar heat gains and useful winter gains by 
adopting optimal glazing insulation levels (double or triple glazing), proper shading strategies such as brise soleil 
or curtains  and suggesting that the right window to wall ratio on guest room facades optimizes solar heat gains, 
changes in heat loss and thereby reducing the dependency on artificial lighting.  
3) the importance of eliminating thermal bridging is informed by careful detailing in early design and construction 
stages and  
4) providing natural ventilation to guestrooms through operable windows to achieve additional cooling in summers 
and maintain a healthy indoor air quality.  

3. METHODOLOGY 

The quantitative assessment for thermal comfort was performed in a systematic order by the following three main 
parts: the first part described the weather data file; the second part informed the thermal simulation parameters 
and the third part conducted a building model simulation for a final assessment.  

3.1.  Weather data file 

Hotel Jakarta is situated in Amsterdam, which is the capital city of Netherlands with a latitude of 52.3° North, 
longitude of 4.77° East and elevation of 2m. The climate of Amsterdam is classified as warm temperate climate 
with high humidity levels and warm yet comfortable summer temperatures. Climate Consultant 6.0 was used to 
extract the climate information with a data source input of IWEC Data 062400 WMO Station number and the 
Adaptive Comfort Model in ASHRAE Standard 55- 2010 was used for assessing the model.   

The hotel was built on the quay of Java Island and is surrounded by water on three sides, which suggests that 
there is a possibility of harsh winds predominantly from the southwest, hence the addition of possible wind barriers 
such as an enclosed balcony spaces for the building pods were proposed. The temperatures in Amsterdam typically 
vary from 1°C to 24°C but occasionally exceed 25°C or even up to 30°C in the summer months. This suggested a 
possible potential risk of overheating of the indoor spaces that needed to be identified and addressed. Also, the 
low winter temperatures suggested that a better insulated envelope with south facing windows for maximum solar 
heat gains would be preferable. 

3.2.  Thermal simulation assumptions 

The following parameters were considered during the simulation process: 

 All the cases were considered on a free running mode i.e., no heating was assumed during summer and 
no cooling was assumed in any of the simulation cases. 

 Weather: The weather data used for all the cases were ASHRAE standard 2005 climate data. Climate 
Consultant 6.0 was used to extract the climate information with a data source input of IWEC Data 062400 
WMO Station number. It was assumed for all the cases that summer outdoor minimum dry bulb 
temperature and summer outdoor maximum dry bulb temperature were considered for the month of July 
as 10°C and 30°C respectively. Similarly, it was assumed for all the cases that winter outdoor minimum 
dry bulb temperature and maximum dry bulb temperature for the month of January as 1°C and 6°C 
respectively. 

 Occupancy: Assuming that a typical hotel guest room pod would be occupied by a maximum of 2 people, 
the occupancy level was noted as 16 m² per person for all the cases. The daily profile was considered 
based on the effective occupancy hours of standard check in and check out time noted as 2pm and 11am 
respectively, with 0.5 modulating value (i.e., assuming the guest room occupant is either out for work or 
lunch for at least 50% of the time) 

 Lighting loads: Assuming the use of 6nos. low energy 8w LED lights for a typical guest room, the lighting 
loads were considered at a low value of 6 W/m². The internal gains were dependant on the people and 
lighting loads. 



230 

 

 Power loads: The loads from appliances and equipment in a typical guest room were assumed on a 24 
hour regime from a mini fridge, a kettle, an electrical point for a laptop and a television. It was estimated 
as 5 W/m². 

 Infiltration: For all the cases, the infiltration rate was set at 3 m³/h/m² @ 50 Pa which is the part L1A best 
practice level. 

 Natural ventilation: Both single sided ventilation and cross ventilation parameters were considered for 
each of the cases. The benchmarks suggested by the Chartered Institution of Building Services Engineers 
(CIBSE) were used i.e., suggested ventilation rate at 0.4 – 1 ach. Evidence shows that the ventilation 
rates in rooms below 0.2 ach may degrade the occupant health as they are associated with higher 
likelihood of aggravating symptoms of allergies from indoor pollutants (Moreno-Rangel et al., 2020).  

 Comfort Temperature Range: For all the cases, CIBSE recommended benchmarks for hotel rooms and 
ASHRAE 55- 2010 adaptive comfort model were assumed i.e.,18°C - 23°C as the winter operative 
temperature comfort range and 21°C - 25°C (with a maximum comfort high of 26°C) as the summer 
operative temperature comfort range. 

 Sizes: Present pod size of 9.5m length, 3.2m width and 2.4m height were considered for all the cases 
(C1, C2, C3, C4, C5 and C6 as referred in Table 1). The size of the window was considered the same as 
the built module i.e., 3m width and 2.3m height for all the cases. The operable area for the windows was 
considered as 50% and modulating value as 0.5 (assuming 50% of the time the occupant was out for work 
or lunch between 11AM and 2PM). Since outside views are considered a priority in hotel rooms, the sizes 
were not altered and remained the same (maintaining the same window-to-wall ratio). An overhang depth 
of 1.5m was considered for the cases with shading strategy (C3 & C4 as referred in Table 1) based on 
the shading depth calculation for a window height of 2.3m and solar latitude angle of 60.8° in Amsterdam 
for the summer solstice (June 21st). Balcony depth of 1m was noted for the current cases with balcony 
strategy (C5 & C6 as referred in Table 1).  

 Material: The current pod had cross laminated timber (CLT) for the walls and ceiling with a thickness of 
140mm for the walls and 100mm thickness for ceiling. The thermal conductivity was considered as 
0.13W/Mk. The floor was precast reinforced concrete of 140mm thickness. The same material was 
considered for all the other cases.                                      

3.3.  POD Simulations 

The simulations were performed on IESVE and Passive design assistant on a free running mode with no active 
heating or cooling systems integrated. Construction material, pod size and window sizes were maintained constant 
for all the case simulations. The modelling simulations were performed with the surrounding rooms included and 
explored them within the hotel building setting.  

A set of cases were considered for evaluation. Case 1 represented a basic pod of standard modular unit 
configuration with one sided ventilation. Case 2 represented a basic pod configuration but with cross ventilation 
i.e., assuming the use of an acoustic vent above the guest entry door opening to the corridor. The pod configuration 
for Case 3 was the same as Case 1 but with the addition of shading overhang of 1.5m depth on its south exterior 
façade. This arrangement facilitated only single side ventilation. Case 4 was the same as case 3 with external 
shading but maintaining cross ventilation with the addition of a similar acoustic vent as in Case 2. Case 5 explained 
the current pod scenario with an enclosed balcony embedded to the guest room pod. The front façade of the 
balcony was fully glazed with a part of it operable to facilitate natural ventilation. Case 6 was similar to Case 5 but 
an additional acoustic vent introduced above the room entry door at the far end of the room to facilitate cross 
ventilation. All the cases which involved cross ventilation used acoustic vents on the corridor side to facilitate cross 
ventilation alone and to cut the noise transmission from the corridors into the rooms or vice versa. The size of the 
acoustic vent was taken as 1m wide and 0.6m height, with 29% operable area. 

4. RESULTS AND DISCUSSION 

A summary of thermal simulation results is illustrated in Table 1 for all the pod cases configured. Each simulation 
result is explained in the text and the values presented in the table.  The achieved summer and winter operative 
temperatures for all the cases were compared with the CIBSE recommended comfort temperature range to 
investigate if they achieved the target comfort scale.  
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Figure 8: Summer Operative Temperatures generated in PDA 

      

                  Figure 9: Winter Operative Temperatures generated in PDA 
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                                Figure 10: IES Generated summer and winter operative temperatures for Current POD 

 

Table 1: Summary of all cases   

 

The simulations for Case 1 and Case 2 indicated that they did not reach the comfort benchmark. The graphs 
indicated that the basic pod configuration achieved significantly high summer operative and winter operative 
temperatures in spite of the use of triple pane glazing and were not within the CIBSE recommended comfort 
temperature bands. It was also noted that introducing cross ventilation for these pods as in Case 2 did help in 
slightly lowering the indoor temperatures, nevertheless, it did not reach the comfort range.   

Case 3 and Case 4 complied with the CIBSE comfort temperature range for the achieved winter operative 
temperatures but failed to reach the comfort band for their summer operative temperatures, thus posing a risk of 
overheating in the summer months. However, there was a significant improvement in the temperatures with the 
addition of cross ventilation (Figures 8 & 9).  

Case 5 and Case 6 with the additional balcony design seemed to have achieved the comfort levels for both summer 
and winter operative temperatures (Figure 10) with Case 6 having better cross ventilation having a major factor in 
optimising the temperatures further. Figure 11 shows that the fluctuations in temperatures throughout the year in 
such cases were relatively low. Hence, there was a possibility of efficient controlling of temperatures within all the 
guest room pods. Furthermore, in cases of extreme temperatures where the exterior windows needed to be closed, 
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the internal acoustic vent played a positive role in facilitating cross ventilation and thus maintaining a minimum of 
0.2 ach for a better and healthy indoor air quality.   

   

 Figure 11: IES Generated summer operative temperatures for Current POD with Cross Ventilation (CASE 6) 

4.1. Other recommended strategies 

To further improve the efficiency of the pod, a few other renewable strategies were proposed like moveable 
intelligent facade panels that respond to the desired room temperature and outside climate, and the installation of 
photovoltaic panels on the pod façade. For this, a simple method of calculation on photovoltaic -software.com was 
conducted to identify how much a PV panel installed on a pod could generate and contribute. The calculation 
shown in Figure 12 derived the average output of one solar PV panel of 2m² in size to be 300KWh/yr. It was 
observed that the average electrical consumption of a typical hotel room had an ideal range of 1800 KWh/yr (Said, 
Youssef and Waheed, 2017). While considering that a single panel of 2m² could generate one sixth of this power 
demand, this micro analysis could be better observed from a macro perspective where an entire cluster of these 
panels, designed and placed strategically, could not only add aesthetic value but also cumulatively and 
substantially provide some relief to the average annual electrical load of the hotel grid.  

 

                                        Figure 12: PV power calculation by Photovoltaic-software.com  

5. CONCLUSION 

The paper concludes by highlighting the thermal comfort performance of the pods used in the hotel. It was observed 
that these pods exploit the passive design strategies to deliver the best outcome in terms of thermal efficiency and 
space comfort. The pod assessment informed that the balcony does not just act as a buffer for the guest room 
spaces but also work as a sun space and regulates the internal temperature. The outside air was conditioned in 
the sunspace and then transferred to the guest room spaces. During the winters, some of the over warmed trapped 
air in the enclosed balcony would aid in retaining the heat within the room and maintain a comfortable indoor quality. 

It was also observed that the thermal comfort range did not always holds good for hotel rooms and varied as per 
occupant comfort so must be viewed from an adaptive comfort approach.  

This report only investigated the performance of the current pod with the practice of natural ventilation. Whereas 
the strategies to further improve the thermal comfort of the pods are plentiful, they should be investigated further 
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like the use of different material for the pod fabric with better insulation values, reconfiguring the overall size of the 
pod or even by altering the sizes of the windows. Additionally, introducing PV solar panels on pod facades would 
further significantly contribute to the efficiency of these pods.     
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Abstract: A substantial portion of Russia's energy production is used to meet European countries energy demand. 
Since the beginning of the Russia-Ukraine conflict, the European energy industry, which is still highly reliant on 
Russian oil and gas, has faced major disruptions. The main objective of this research and analysis work was to 
establish the percentage change in the energy generating mix for a group of European nations (Macedonia, 
Finland, Latvia, Bulgaria, Germany, Italy, Poland, France, Netherlands, and Romania) during the Russia-Ukraine 
conflict. The European countries were picked based on their share of Russian gas supplies (10% -100%).The 
analysis included electricity generation using fossil fuels, nuclear, and renewables. During the first month of the 
Russia-Ukraine conflict, the percentage change in total electrical loads, total generation, renewables, fossil fuels, 
and nuclear generation, renewables share, CO2 emissions, and the average day-ahead price of electricity were 
compared to data from the same period the previous year. According to the findings, the total electricity generation 
declined throughout the crisis by 4.7, 10.6, 19.8, 6, 32.3, and 0.1% for Macedonia, Finland, Latvia, France, 
Netherlands, and Romania, respectively. The overall amount of electricity generated by natural gas fell sharply by 
72.5, 99.2, 26.5, 8.1, 0.2, 42.3, and 4.3% for Finland, Latvia, Germany, France, Netherlands, and Romania. It was 
noted that the proportion of Russian gas supplies to Finland, Latvia, Germany, France, Netherlands, and Romania 
represented respectively 94, 93, 49, 24, 11, and 10%. It was apparent that the countries with the highest share of 
natural gas supplied by Russia have experienced the greatest fall in electricity generation from natural gas. 
However, except for Finland and Latvia, all the examined countries saw a rise in coal-fired energy generation 
ranging from 0.7 to 112.7 percent. This will have a detrimental impact on the environment since greenhouse gas 
emissions will rise as coal power output increases. The results also revealed a significant increase in the average 
day ahead price of electricity for all the examined countries ranging from 105.5 to 474.6 percent. The findings of 
this study on the short-term repercussions of Russia's conflict with Ukraine underline the need for policymakers to 
speed up the transition to clean energy. During crises such as COVID-19 and the Russia-Ukraine conflict, more 
resilient power systems based on local resources, investments in renewable energy, and a reduction in reliance 
on fossil fuel imports are required. 

 

Keywords: energy policy; Russia-Ukraine conflict; power generation mix; European Union; natural gas; coal; 
nuclear; renewables; CO2 emissions 
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1. INTRODUCTION  

Russia is a major player in the global energy markets being one of the world's top crude oil producers along with 
Saudi Arabia and the United States. Russian oil and condensate output peaked at 10.5 million barrels per day in 
2021, accounting for 14% of global supply. For the natural gas markets, Russia is just behind the United States as 
the world's second-biggest natural gas producer, possesses the world's greatest gas reserves, and is the world's 
largest exporter of natural gas. Russia generated about 762 billion cubic meters of natural gas and exported around 
210 billion cubic meters through pipelines in 2021. It is also a major producer and consumer of coal, ranking fourth 
in the world with 437.2 million tons produced in 2019 and is also the third-largest supplier of coal for power 
production in the world. The federal budget of Russia is similarly significantly reliant on oil and natural gas income, 
which will account for 45 percent of the country's budget in 2021 and is the European Union’s biggest oil, natural 
gas, and coal supplier. A significant amount of Russia's energy production is used to fulfil the energy demands of 
the European Union. For example, Russian pipeline gas accounted for 41% of European Union gas imports in the 
third quarter of 2021, according to the European Commission's quarterly gas market report. The European Union's 
reliance on energy imports has increased in recent years because of declining domestic non-renewable energy 
generation (coal, gas, oil, and nuclear) combined with constant energy demand. The European energy industry, 
which is still heavily reliant on Russian oil, gas, and coal, has been severely disrupted since the start of the Russia-
Ukraine conflict in February 2022. It should be mentioned that natural gas prices had already risen significantly 
before the Russia-Ukraine crisis. The present Russia-Ukraine conflict will have a considerable influence on pricing 
levels throughout Europe. The European Union countries will have to find out how to increase its energy 
independence and security, and to accelerate the clean energy transition; the European Union's climate plan aims 
to dramatically reduce carbon emissions and achieve net zero emissions by 2050. This may be accomplished by 
phasing out coal for power generation while increasing the amount of renewable electricity generation using solar, 
wind and biomass, while the European Commission is also proposing to increase the renewable energy 
contribution target by 2030. In addition to the increase of penetration of renewables, the European Union's total 
energy consumption must be reduced through the development of more efficient energy systems. The current 
energy efficiency directive targets are for 32.5 percent energy savings by 2030 in relation to a business-as-usual 
scenario.  

During significant pandemics, wars, and conflicts, the energy industry is severely disrupted. The short- and long-
term effects of a big crisis on the local and global energy sectors must be thoroughly researched to develop an 
appropriate energy strategy and policies. Rodríguez-Fernández et al. (2020) assessed the advancements in gas 
supply security in the EU-27 Member States in the aftermath of the 2006 and 2009 gas crises. The findings revealed 
that the EU-27's gas supply security had not improved: one group of nations’ gas security had deteriorated, another 
group had made little attempt to improve, and still another group had made no effort to improve. Van de Graaf and 
Colgan (2017) investigated the relationship between energy security and the 2014 Ukraine conflict. The results 
showed how energy had contributed to the region's crisis and that Russian gas price was a critical context element 
in sparking the Ukrainian conflict. Lee (2017) investigated the 2009 gas confrontation between Russia and Ukraine, 
specifically seeking to discover the causal processes behind their interaction in the gas domain and the gas conflict. 
The results showed that the 2009 Russia-Ukraine gas war was caused by two main causative processes. In the 
backdrop to the 2008 global fiscal crisis and Ukraine's anti-Russian attitude, Russia and Ukraine both saw debts, 
pricing, transit taxes and Ukraine's pipeline system as critical factors in the gas trade. As a result, when Russia 
offered demands accompanied by economic threats, Ukraine refused to comply. Lochner (2011) suggested an 
infrastructure and dispatch model for the European gas market that provided for short-term supply security or the 
degree of physical market integration in the European gas market. Ex-post application of the model to the Russia–
Ukraine war in January 2009 found that the market's reaction to the crisis was close to the ideal least-cost response, 
implying that the gas industry handled the transit disruption effectively. Theoretical and empirical understanding at 
the intersection of energy politics and conflict intervention by examining the complex processes that link energy 
resources, civil war, and outside state assistance for rebel groups was investigated by  San-Akca et al. (2020). 
This analysis established two causal lines tying energy resources, notably natural gas, to state support for rebels 
by focusing on the motivations of outside state backers for: (1) rivalry over supply to global markets; and (2) secure 
access to resources and supply channels. Several other studies (Bagheria and Akbarpourb, 2016; Richman and 
Ayyılmaz, 2019; Mohsin, 2010; Harsem and Claes, 2013; and Romanova, 2014) investigated in depth the impacts 
of the Russia-Ukraine crisis and Russian power on the energy sector.  

Several recently published studies have also analysed the influence of the COVID-19 pandemic crisis on the energy 
industry (Szczygielski et al., 2021; Micheli et al., 2021; Lazo et al., 2022; Gollakota and Shu, 2022; Bhattacharya 
et al., 2022; Menhat et al., 2021, Gardumi et al., 2021). During the COVID-19 pandemic lockdowns, Ghenai and 
Maamar (2021) looked at the electrical generator mix in Europe. The main objective was to determine the 
percentage changes in energy supply, energy demand (actual loads), and greenhouse gas emissions (CO2 

emissions), as well as their impact on the energy transition. Through comparison to fossil fuels (coal and natural 
gas) and nuclear power, renewable energy generated the most electricity during the COVID-19 pandemic 
lockdowns in Europe. Electricity output from coal, natural gas, and nuclear power plants fell by up to 35, 25, and 
20%, respectively, while renewable energy production increased by up to 9%. The outcomes of this study illustrated 
the need to build clean energy systems for energy transition, as well as the importance of these clean energy 
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technologies amid global health and economic crises. Ghenai (2022) evaluated the short-term resilience of 
renewables during COVID-19 First Wave Lockdowns in Germany. To examine the resilience of renewable 
electricity during this pandemic crisis, the total renewable generation, the proportion of renewables, renewable 
capacity expansion, and CO2 emissions were investigated. Renewable capacity increase from wind, solar, 
biomass, hydro and hydro storage accounted for 58.74 percent of total installed capacity, while CO2 emissions 
reduced by 11.8 percent, according to the findings. The electrical generating mix data during Germany's COVID-
19 lockdowns showed highlighted renewables' short-term resilience during the pandemic crisis and economic 
depression.  

The primary objective of this research is to look at the short-term effects of the Russia-Ukraine conflict on the power 
generation mix of selected European Union countries (Macedonia, Finland, Latvia, Bulgaria, Germany, Italy, 
Poland, France, Netherlands and Romania). The analysis included power generation using fossil fuels, nuclear, 
and renewables, the share of renewables, CO2 emissions, and the cost of power during the first months of this 
conflict. 

2. METHODOLOGY: EUROPEAN UNION ENERGY MIX ANALYSIS DURING RUSSIA-UKRAINE 
CONFLICT   

2.1.  Selected European Union countries and study period 

The following countries were selected for the European Union energy mix analysis during the Russia-Ukraine 
conflict: North Macedonia, Finland, Latvia, Bulgaria, Germany, Italy, Poland, France, Netherlands and Romania. 
These European countries were chosen based on their proportionate share of Russian gas supplies. North 
Macedonia, Finland, Latvia, and Bulgaria had the biggest share of Russian gas supply, with 100%, 94%, 93%, and 
77%, respectively. Romania, the Netherlands, and France had the smallest share of Russian gas supply, with 10%, 
11%,  24%, respectively. The share of Russian gas supplies for Germany, Italy, and Poland was between 40%-
49%. It was also noted that Russia supplied 49.1 percent of the European Union's hard coal imports in 2020. Russia 
had consistently been the EU's main hard coal supplier during the last decade. In 2020, the United States was the 
second-largest source of hard coal imports to the EU, accounting for 15.2 percent of total imports. The main 
objective of this research analysis was to investigate the short-term impacts or the percentage change in electrical 
loads and power generation of selected European Union Countries during the first month of Russia-Ukraine 
Conflict. The tensions between the two countries started in mid-February and it is still ongoing in August 2022. On 
February 24, 2022, the Russian Federation declared war on Ukraine. The selected study period for this study was 
February 15 – March 15, 2022 (short term impacts). 

2.2.  Actual loads of the examined European Union countries 

The electrical energy supplied by power plants is the real load for each country. In the case of a nationwide network, 
this is equal to the sum of the net electrical energy production provided by all power plants in the country, less the 
amount consumed concurrently for pumping and heat sold via heat pumps and electric boilers. It is then adjusted 
downward or upward because of exports to or imports from other nations. Transmission and distribution losses 
comprise all losses incurred because of electrical energy transfer and distribution. The overall energy consumption 
equals the total energy provided less the distribution losses. The overall energy consumption for any nation is the 
amount actually reported in end-use categories: residential (households) and commercial (business and office 
buildings in both the public and private sectors); transport (rail transportation; urban or suburban transportation 
systems such as metro, tram; road eg electric buses, electric cars and trolley buses, charging batteries); and 
industrial applications (coal mining; oil and gas extraction; furnaces; oil refineries; gasification plant; iron and steel; 
machinery; food and beverage; pulp, paper and printing; wood products; construction and textile). The total actual 
electrical load is given by Equation 1:   

𝐿𝐴𝑐𝑡𝑢𝑎𝑙 =  𝐿𝑖
3
𝑖=1 = 𝐿𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔𝑠 + 𝐿𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 + 𝐿𝐼𝑛𝑑𝑢𝑠𝑡𝑟𝑖𝑎𝑙 𝐴𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛     (1) 

2.3.  Power generation: fossil fuel, nuclear, and renewable power plants    

Fossil fuels are utilized to create electricity in steam and gas-fired power plants, as shown in Figure 1. Coal and 
oil-fired power plants generate electricity by producing steam from burning coal or oil in a boiler. Superheated 
steam expands into a turbine turning a generator to create electricity (Rankine cycle). The steam is condensed 
back into water after cooling and returned to the boiler, where the cycle is repeated. In modern power plants using 
the Rankine cycle, the overall thermal efficiency is about 35%. Several techniques are used to increase the thermal 
efficiency of the Rankine cycle: (1) increase the temperature of the superheated steam at the inlet of the steam 
turbine; (2) increase the high pressure in the boiler; (3) decrease the condenser pressure; (4) reheating; and (5) 
regeneration. Natural gas is used to generate energy in a gas power station. In the combustor, natural gas is 
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combined with compressed air and burned. The combustion products expand in the gas turbine and spin a 
generator to create power (Brayton cycle). The Brayton cycle produces higher overall thermal efficiency (40-45%) 
compared to the Rankine Cycle. Similarly, to the Rankine cycle, the thermal efficiency of the Brayton cycle can be 
improved by: (1) increasing the pressure ratio in the compressor, (2) co-generation and (3) combined cycle. To 
improve system efficiency, excess heat from cogeneration facilities can be used to heat buildings, supply hot water, 
or heat materials on a large scale. In combined cycle gas turbine (CCGT) power plants, basic cycle gas turbines 
that use the Brayton cycle can be followed by a heat recovery steam generator and a steam turbine that employs 
the Rankine cycle. The efficiency of CCGT power plants is higher (up to 60 percent). Natural gas power plants 
supply more than a quarter of the world's electricity and contribute to global greenhouse gas emissions. 

 

Figure 1: European Union Power Generation Mix 

A nuclear power plant is a form of thermal power plant that generates heat from a nuclear reactor. Heat is utilized 
to produce steam which powers a steam turbine attached to an electrical generator, as is characteristic of thermal 
power plants. In nuclear power plants, the heat produced by nuclear fission (seen in Figure 1) is used to heat water. 
Nuclear fission is the process of ripping apart atoms to create smaller atoms and release energy. 

Figure 1 also illustrates renewable energy as part of the mix. Electricity is generated from the sun (solar PV and 
CSP), wind, hydropower, geothermal, ocean, and biomass resources. Solar photovoltaic panels turns sunlight into 
electricity with the use of solar cells, which are typically made of semiconducting material and generate electricity 
when exposed to light. Solar thermal-electric plants are also used to produce electricity using steam turbines 
(Concentrated Solar Power). Wind turbines create electricity by harnessing the kinetic energy of the wind. Water 
turbines convert the potential and kinetic energy of water into electricity in hydroelectric plants. After flashing, heat 
generated from within the earth's crust is used to generate power using dry steam or high enthalpy brine. 
Mechanical energy derived from tides, waves, or ocean currents is also employed to create electricity. Biofuels and 
hydrogen derived from renewable resources are also included in this category. Sustainable energy is generated 
from renewable resources which produces no greenhouse gases and lowers some forms of air pollution. 
Renewable energy sources will help to diversify energy sources and minimize reliance on imported fuels. Although 
renewable energy sources produce low GHGs and traditional air pollutants, they do produce some emissions and 
pollutants during the manufacturing process and transport phases. Toxic chemicals, for example, are created 
during the production of solar PV cells, which can contaminate water supplies. The total electricity generation, the 
total generation from renewable resources and the share of renewables are given respectively by Equations 2, 3 
and 4:   

𝐺𝑇𝑜𝑡𝑎𝑙 =  𝐺𝑖 =
4
𝑖=1 𝐺𝑁𝑎𝑡𝑢𝑟𝑎𝑙 𝐺𝑎𝑠 + 𝐺𝐶𝑜𝑎𝑙 + 𝐺𝑁𝑢𝑐𝑙𝑒𝑎𝑟  + 𝐺𝑅𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒𝑠     (2) 

𝐺𝑅𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒𝑠 =  𝐺𝑖 =
6
𝑖=1 𝐺𝑆𝑜𝑙𝑎𝑟 𝑃𝑉 + 𝐺𝑆𝑜𝑙𝑎𝑟 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 + 𝐺𝑊𝑖𝑛𝑑  + 𝐺𝐻𝑦𝑑𝑟𝑜 + 𝐺𝐺𝑒𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 +

                                   𝐺𝑇𝑖𝑑𝑒/𝑊𝑎𝑣𝑒/𝑂𝑐𝑒𝑎𝑛          (3) 
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𝑆𝑅𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒𝑠 =
𝐺𝑅𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒𝑠 

𝐺𝑇𝑜𝑡𝑎𝑙 
          (4) 

2.4.  Greenhouse gas emissions (CO2) from electricity generation and average day ahead price  

The type of fuel or energy source used, as well as the type and efficiency of electric power plants, all have an 
impact on emissions from electricity generation. The amount of CO2 produced per kWh produced during any given 
time will vary based on the electricity sources supplied to the electric power grid at the time. As a result, CO2 

emissions from energy and CO2 emission factors will vary on an hourly, daily, monthly, and yearly basis. On a 
monthly and annual basis, the total CO2 emissions (g/kWh) from electricity generation are the sum of CO2 emissions 
from coal and natural gas combustion (fossil fuel power plants) and are calculated as follows: 

𝐶𝑂2−𝑇𝑜𝑡𝑎𝑙 = 𝐶𝑂2−𝐶𝑜𝑎𝑙 + 𝐶𝑂2−𝑁𝑎𝑡𝑢𝑟𝑎𝑙 𝐺𝑎𝑠      (5) 

3. RESULTS AND DISCUSSION  

This section presents the findings on the short-term impacts on electrical loads, power generation mix (fossil fuel, 
nuclear and renewables), CO2 emissions, and average day ahead price for selected countries in the European 
Union (Macedonia, Finland, Latvia, Bulgaria, Germany, Italy, Poland, France, Netherlands, Romania) during the 
first month (February 15 – March 15, 2022) of the Russia-Ukraine conflict. It should be emphasized that the data 
or information was sourced from the WRTSILA energy transition laboratory's energy platform (an open-data test 
environment for the energy industry). Overall electrical load (energy consumption), total electricity generation 
(energy supply), renewable and non-renewable electricity generation, share of renewables, CO2 emissions, 
average day ahead price, and percentage changes in all these performance indicators compared to the data for 
the same period from the previous year (February 15 – March 15, 2021) were among the findings. Figure 2 depicts 
the actual loads, total generation, and generation by fuel type (natural gas, coal, nuclear, and renewables) for the 
countries studied during the first month of the Russia-Ukraine conflict. The results showed that France, Germany, 
and Italy had the largest electrical loads of 39.08, 38.07, and 22.13 TWh, respectively. The electricity loads in 
Finland, the Netherlands, and Poland were 6.7, 7.43, and 13.61 TWh, respectively. North Macedonia, Latvia, 
Bulgaria, and Romania had the lowest electricity loads reported during this conflict, with 0.41, 0.58, 3.38, and 4.62 
TWh, respectively. These countries' total electrical generation followed the same pattern as their total electrical 
loads. Germany, France, Italy, and Poland had the highest electricity generation of 42.14, 40.73, 18.96, and 13.02 
TWh, respectively. It should be emphasized that electrical generation in Germany and France exceeded electrical 
loads and they would be able to trade surplus electricity generation (net trade) to the rest of Europe. Figure 2 
depicts the variation in electrical generation by fuel type (natural gas, coal, nuclear, and renewables) for the 
countries studied throughout this conflict. Germany generated the most renewable energy (21.59 TWh), followed 
by coal (12.57 TWh), natural gas (3.9 TWh), and nuclear power (2.6 TWh). France, on the other hand, generated 
the most electricity from nuclear (26.92 TWh), followed by renewables (9.27 TWh), natural gas (3.28 TWh), and 
coal (3.28 TWh) (0.51 TWh). With 9.19 TWh, natural power plants produced the most electricity in Italy. Poland 
had the most electrical generation from coal power plants, with 9.5 TWh. It was noted that North Macedonia, 
Finland, Latvia and Bulgaria who had the highest share of gas supplied from Russia (77 – 100%) produced 
electricity using other resources than natural gas such as renewables and coal. During the first month of conflict, 
the maximum electricity generation from North Macedonia, Finland, Latvia, and Bulgaria was 0.18 TWh (coal), 2.4 
TWh (renewables), 0.43 TWh (renewables), and 2.13 TWh (renewables) (coal). This is mostly because of 
restrictions on imported natural gas to European countries following the intensification of the Russia-Ukraine 
conflict. 
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Figure 2: Actual loads, total generation, generation by fuel type (natural gas, coal, nuclear, renewables) for European Union 
countries during first month of Russia-Ukraine Conflict  

The percentage change of the actual loads; total generation; natural gas, coal, nuclear and renewable electrical 
generation; for the selected countries during the first month of Russia-Ukraine Conflict are shown in Figure 3. It 
was noted that reported data during this conflict were compared to the data from the previous year for the same 
period. Figure 3 demonstrates that most of the analysed countries (North Macedonia, Bulgaria, Germany, Italy, 
Poland, France, the Netherlands, and Romania) reported a rise in energy generation from coal-fired power plants 
ranging from 0.7 to 112.7 percent. Italy had the biggest increase in electricity generation from coal power plants 
(112.7 percent). North Macedonia, Bulgaria, Germany, and France increased their coal-fired energy generation by 
25.2 percent, 68.4 percent, 31.5 percent, and 57.3 percent, respectively. Finland was the only country with a 
reduction in coal-fired electricity output by 17.6 percent. Other countries, including Romania, the Netherlands, and 
Poland, reported a modest increase in coal-generated electricity (0.7 - 7.1 percent).  

In terms of natural gas power generation, the figures reported in Figure 3 revealed a net drop (0.2 – 99.2 percent) 
for most of the countries considered in this study (Finland, Latvia, Germany, Poland, France, Netherlands, 
Romania). Latvia (99.2 percent), Finland (72.5 percent), the Netherlands (42.3 percent), Germany (26.5 percent), 
and Poland (8.1 percent ) all reported reductions in electrical generation. France and Romania, for example, saw 
a 0.2 percent and 4.3 percent reduction in natural gas power generation, respectively. The exceptions were Italy 
and Bulgaria, who increased natural gas power output by 5.3 percent and 3.4 percent, respectively, throughout the 
conflict. This was mostly due to the natural gas reserves of these countries. 

For renewable electricity generation, North Macedonia, Finland, Bulgaria, Italy, France, and Romania reported a 
net decrease (1.7% - 60.4%) during this conflict. North Macedonia reported the highest decrease in renewable 
production by 60.4% during this conflict. Coal-fired power plants provided most of the electricity in North Macedonia. 
The remainder of the countries studied, such as Latvia, Germany, Poland, and the Netherlands, showed increases 
in renewable electricity generation of 33.3 percent, 13.1 percent, 29.3 percent, and 12.9 percent, respectively. 

For the electricity generation from nuclear power plants all the examined countries except for Romania saw a net 
decrease. Except for Romania, all of the countries studied witnessed net drop or no change in the electricity 
generation from nuclear power reactors. Finland, Bulgaria, Germany, France, and Netherlands reported a net 
decrease of 3.2%, 1.5%, 51.1%, 5.5%, and 3.6% in electricity generation from nuclear power plants. Germany 
reported the highest decrease of electricity generation (51.1%) from nuclear reaction. Other countries, including 
Macedonia, Latvia, Italy, and Poland, reported no change in nuclear power generation in the first month of the 
Russia-Ukraine war as compared to the same period last year. It was noted that Romania was the only country 
that recorded a rise of 7% of electricity generation from nuclear power plant during this conflict.  
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Figure 3: Percentage change of the actual loads; total generation; gas, coal, nuclear and renewables generation; for European 
Union countries during the first month of Russia-Ukraine conflict  

Figure 4 shows the share of renewable generation (SRG), average day ahead price (ADAP), and carbon dioxide 
(CO2) emissions of the examined European Union countries during the first month of Russia-Ukraine conflict. The 
share of electricity generation from renewable resources was between 15 – 92%. The top five European countries 
with the highest share of renewable electricity generation were Latvia (92%), Germany (52%), Finland (46%), 
Romania (42%),and Italy (31%). Bulgaria, North Macedonia, and Poland reported the lowest share of renewable 
generation at 14%, 15%, and 19% respectively. The average day ahead price of electricity for the selected 
European countries during the first month of the conflict was between 90.32 and 291.02 Euro/MWh. The lowest 
reported electricity price was 90.32 Euro/MWh in Finland. The highest electricity prices reported during this stage 
of the conflict were 291.02, 262.49, 255.42, 239.49, and 238.44 Euro/MWh respectively for Italy, France, Romania, 
Netherlands, and Bulgaria. The carbon dioxide CO2 emissions related to electricity generation for the countries 
during this conflict were between 35 and 693g CO2/kWh. In Latvia, the lowest greenhouse gas emissions were at 
35g CO2/kWh. This was mostly owing to the significant amount of power generated from renewable sources (92 
percent). During the first month of this conflict, Latvia generated 0.47 TWh of total electricity and 0.43 TWh of 
renewable electricity. Poland, Bulgaria, and the Netherlands, on the other hand, had the highest CO2 emissions in 
Europe, with 693, 503, and 461 g CO2/kWh, respectively. This was due to the high electricity generation from coal-
fired power plant as shown in Figure 2.  

 

Figure 4. Share of renewable generation (SRG), average day ahead price (ADAP), and carbon dioxide (CO2) emissions for 
European Union countries during the first month of Russia-Ukraine conflict 

Figures 5 and 6 show the percentage change of the average day ahead price (ADAP), CO2 emissions, and share 
of renewable generation (SRG) for the examined European countries during the first month of the Russia-Ukraine 
Conflict. Figure 5 depicts a noticeable increase in the average day-ahead price of power for all the European 
countries studied. Electricity rates increased by 105.5 percent to 474.6 percent, according to reports. Finland and 
Poland reported the lowest increase of the electricity price of 105.5% and 117.3%, respectively. France, 
Netherlands, Italy, Romania, Bulgaria, and Germany had the largest increases in power prices, at 474.6, 420, 
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407.7, 391.2, 384.3, and 379.9 percent, respectively. This rise was mostly due to natural gas supply difficulties 
from Russia since the conflict began.  

For the CO2 emissions, Latvia reported the highest percentage decrease of CO2 emissions by 82.4% during this 
conflict due to an increase in the power generation from renewables as shown in Figure 5. Bulgaria had the biggest 
percentage rise in CO2 emissions, at 36.7 percent due to a significant percentage increase in coal-fired power 
generation (68.4 percent). Except for Finland and Latvia, all the countries studied showed an increase in coal-fired 
electricity output of between 0.7 and 112.7 percent. This would have a negative impact on the environment since, 
as coal power generation rises, so will greenhouse gas emissions. 

Figure 6 illustrates the percentage shift in the share of renewable power generation during the first month of the 
Russia-Ukraine conflict. It was noted that North Macedonia, Bulgaria, Italy, France, and Romania reported a net 
decrease of share of renewable electricity generation by 20.4%, 5.9%, 5.7%, 1.6%, and 0.7%. Finland, Latvia, 
Germany, Poland, and the Netherlands all recorded net percentage increases in renewable power generation of 
3.5%, 36.7%, 4.3%, 3.1%, and 9.1%, respectively. The increase of the share of renewables was needed for the 
European countries specially during this conflict where the supply of gas from Russia has substantially decreased.   

 

Figure 5. Percentage change of the average day ahead price (ADAP) and CO2 emissions for European Union countries during 
the first month of Russia-Ukraine conflict  

 

Figure 6. Percentage change of share of renewable generation for European Union countries during the first month of Russia-
Ukraine conflict 

4. CONCLUSION  

The current study examined the short-term impact of the Russia-Ukraine conflict on the electricity generating mix 
in European Union countries. The goal of this research analysis was to determine the percentage change in the 
electrical loads, energy generating mix, average day ahead electricity price and CO2 emissions for selected 
European countries (Macedonia, Finland, Latvia, Bulgaria, Germany, Italy, Poland, France, the Netherlands, and 
Romania) during the first month of the Russia-Ukraine conflict. The energy generating mix included fossil fuel 
power plants (natural gas and coal), nuclear electricity, and renewables. The major findings of this research were 
as follows: 
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 The overall power generation in Macedonia, Finland, Latvia, France, the Netherlands, and Romania 
decreased by 4.7, 10.6, 19.8, 6, 32.3, and 0.1 percent respectively throughout the crisis. This the mostly 
due to limitations on imported natural gas to European countries as the Russia-Ukraine crisis has 
escalated. 

 The countries that consumed the most natural gas supplied by Russia saw the biggest reduction in natural 
gas-based energy generation. In fact, for Finland, Latvia, Germany, France, the Netherlands, and 
Romania, the total quantity of power generated by natural gas declined by 72.5, 99.2, 26.5, 8.1, 0.2, 42.3, 
and 4.3 percent, respectively. Finland, Latvia, Germany, France, the Netherlands, and Romania got 94, 
93, 49, 24, 11, and 10% of Russian gas supply, respectively.  

 All countries examined in this study except for Finland and Latvia showed an increase in coal-fired 
electricity output between 0.7 and 112.7 percent. This has a negative impact on the environment since as 
coal power generation rises, so will greenhouse gas emissions.  

 The top five European countries with the highest share of renewable electricity generation during this 
conflict were Latvia (92%), Germany (52%), Finland (46%), Romania (42%), and Italy (31%). Using local 
and renewable resources to generate power the the most sustainable and resilient option, especially 
during a crisis or conflict.  

 Latvia had the biggest reduction in CO2 emissions throughout the conflict, at 82.4 percent. This was due 
to an increase in renewable energy generation. Bulgaria, on the other hand, saw the greatest increase in 
CO2 emissions, with a 36.7 percent increase due to a considerable increase in coal-fired power 
generation. 

 For the price of electricity, a considerable rise in the average day-ahead price for all the countries studied 
during this conflict, ranging from 105.5 to 474.6 percent.  

Several programs and efforts to redirect natural gas supplies and transfer power generation from natural gas to 
coal, nuclear and other resources were undertaken to alleviate the short-term shortage, but prices would be 
prohibitively expensive. There is a worry over the societal consequences of such energy price increases. In 
addition, the short-term impacts of the ongoing conflict between Russia and Ukraine strengthens the need for 
policymakers to speed up the clean energy transition. Transitioning to clean energy and diversifying energy 
supplies are critical for both climate change mitigation and supply security. The clean energy transition would 
include increasing the penetration of renewables (solar PV with wind turbines on a large scale), improving energy 
efficiency (building, transportation, and industrial applications), and developing low and zero carbon fuels such as 
biofuels, green hydrogen, and green ammonia (alternative fuels). During crises like COVID-19 and the Russia-
Ukraine conflict, more robust and resilient power systems are required. Renewables, rather than hazardous fuels 
like coal, should be used to replace high-cost natural gas. For the long-term, European countries must increase 
the use of local resources and boost renewable energy penetration, while decreasing their reliance on imported 
fossil fuels like natural gas. New energy policies and smart strategies are needed for European Union countries for 
the diversification of the energy supplies, reduce the reliance on Russia’s fossil fuels (energy independence or 
increasing their reliance on domestic or regional energy sources) while also mitigating climate change by boosting 
efficiency and increasing the penetration of renewables in the energy mix (scaling up renewables). The European 
Union clean energy transition should include decarbonization, digitization, and decentralization of the energy 
sector. Renewable energy technological advancements (Decarbonization of the energy sector), development of 
advanced and low-cost energy storage, digitalization innovation (Digitalization – Digital energy technologies), and 
increasing distributed energy generation (Decentralization) will all contribute to the speed up of the European 
energy transition. Alternative fuels like hydrogen, as well as their production and usage, can assist the European 
Union achieve energy independence. Green hydrogen still has a long way to go before it is economically practical 
and the green form of the gas, which is created by electrolyzing water with renewable energy, is still expensive. 
The European Union needs to boost the green hydrogen aspirations to achieve energy independence. Scaling up 
electrolyzers and reducing the cost of green hydrogen production should be at the top of the priority list of the 
European Union energy strategies and policy makers. 
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Abstract: Covering urban courtyards allows for the creation of interesting public or semi-public spaces, sheltered 
from bad weather and possibly with a controlled climate. In addition, the use of a transparent or semi-transparent 
roof allows the advantage of natural lighting. The use of this type of roof is a common solution in the countries of 
central and northern Europe, but difficult to apply in Mediterranean temperate climates because it would cause 
overheating for a good part of the year unless appropriate solar control strategies are applied. In this work, a case 
study of the courtyard of a former Venetian convent was considered. A number of types of partially transparent 
roofing and some solar control strategies were compared by means of computer simulations. The various solutions 
were compared from the point of view of visual and thermal comfort, as well as from that of primary energy demand 
for supplementary artificial lighting and possible energy demand for heating, ventilation and air conditioning if the 
relative system was present. Given the profusion of this type of courtyard in the Italian territory, its thermal and 
luminous behaviour was also simulated in the warmer climate of Palermo. The simulation results showed that the 
better solutions were those based on the use of dynamic solar control devices.  
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1. INTRODUCTION  

Covering urban courtyards make it possible to create interesting public or semi-public spaces, sheltered from bad 
weather and possibly with a controlled climate. In cities like Venice, when the climate allows it, urban spaces are 
often used for social activities such as outdoor film screenings, neighborhood parties, meetings or outdoor bars. 

The use of transparent or semi-transparent roofs would allow the public to take advantage of natural lighting 
(Berardi et al., 2014; Rymarov, 2019; Taleghani et al., 2014). This is a common solution in the countries of central 
and northern Europe, but it is difficult to apply in temperate Mediterranean climates. Indeed, it would cause 
overheating for a large part of the year if appropriate design choices were not taken in order to control the solar 
radiation entering through the roof (Aldawoud, 2013; Aram & Alibaba, 2019; Palma, 2014; Salata et al., 2016; Wang 
et al., 2014; Yaşa & Ok, 2014). In fact, these climates are often characterized by cold winters and hot-humid 
summers, with a high seasonal variability of the benefits from incoming solar radiation, therefore the optimal 
transparent part of the roof. Its oversizing could result in high thermal losses in winter and overheating in the rest 
of the year, while its undersizing would penalize daylighting levels especially in winter. Therefore, it is advised to 
explore the possibility of using variable geometries of the transparent area by means of appropriate solar control 
devices, e.g. curtains, movable slats or more complex daylighting systems. 

In this work, the courtyard of the former Venetian convent of San Pietro di Castello (Figure 1) was taken as a case 
study. Currently the buildings surrounding the courtyard are used as dwellings and the inclusion of a partially 
transparent roof has been hypothesized (Figure 2 and 3) and various solar control strategies were compared. 

 
Figure 1: The examined courtyard 

The study was performed only by means of unsteady state building energy simulations. The software operated on 
a simplified digital model of the courtyard. In formulating the solar control strategies, the criterion of optimizing the 
conditions of thermal and luminous comfort were adopted, guaranteeing daylighting as much as possible. Given 
the diffusion of this type of courtyard in the Italian territory, its thermal and luminous behaviour was also simulated 
for the warmer climate of Palermo. 

  
Figure 2:  Schematic representation of the hypothesized roof 
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Figure 3:  Section of the courtyard with the hypothesized roof 

2. THE CASE STUDY 

The digital model of the court was simplified from the geometric and thermo-physical point of view; it included the 
roof, the walls of the buildings delimiting the courtyard and the ground of the same.   

These were buildings of the sixteenth century with structural internal and external brick walls, 0.35m thick, plastered 
on both sides: their total thickness was about 0.4m, their transmittance (U-value) was about 1.65 W٠m-2٠K-1, and 
their front thermal capacity (Cfront) was about: 640 kJ٠m-2٠K-1. Windows occupied approximately 10% of the façade 
surface, double-glazing with wooden frame was assumed, with U-value equal to 1.69 W٠m-2٠K-1. It was assumed 
that the interiors of these buildings were maintained in every season at the comfort temperatures by means of their 
systems.  

The courtyard was paved with stones, about 0.15m thick. In the thermo-physical model used for the simulations a 
0.5m thick layer of soil was included. The total frontal thermal capacity of this floor was estimated equal to 3704 
kJ٠m-2٠K-1 and its U-value was about 1.65 W٠m-2٠K-1. 

In a first phase, only a partial confinement of the covered urban space and the absence of any mechanized heating, 
ventilation and air conditioning system (HVAC) were hypothesized. Therefore, the various solutions were compared 
only from the point of view of visual and thermal comfort, as well as from that of primary energy demand for 
supplementary artificial lighting. It was assumed that the lamps were switched on when the natural illuminance was 
less than 300 lx. Subsequently, the hypothesis of totally confining the courtyard and inserting a full air modular 
HVAC system was considered. This system was sized for the maximum presence of 100 people. In this case, 
design solutions were also compared from the point of view of primary energy demand of this system.  

The following types of roof and solar control strategies were compared: 

 a translucent roof in PVC, 0.008m thick with U-value equal to 4.64 W·m-2·K-1 (e.g. courtyards of British 
Museum in London or M9 Museum in Venezia-Mestre), 

 a double-glazed roof, with U-value equal to 1.6 W·m-2·K-1, and a semi-transparent and diffusing internal 
fabric curtain. Its coefficient of transparency was 0.5, while the internal and external reflection coefficient 
was 0.425 both in energy and light field. The curtain was mobile and was used when necessary to avoid 
glare phenomena (e.g. courtyards of the California Institute of Sciences in San Francisco or Sony Center 
in Berlin), 

 the same roof in transparent glasses of the previous point with external mobile slats system (Figure 4). 
Slats were controlled in order to minimize energy demand for internal environmental control, if HVAC plant 
was present, and optimize general comfort conditions (e.g. foyer of Muse Museum in Trento), 

 the same system described in the previous point combined with the semi-transparent and diffusing internal 
curtain described above. In this case, the external slats were inclined in order to minimize energy demand 
and optimize thermal comfort, while the internal curtains were positioned when necessary to avoid any 
glare phenomena if detected, 

 An opaque roof with four light tubes served by heliostats (e.g. foyer of the Airport of Manchester). In this 
case the opaque roof was made up of 0.15m thick sandwich panels, with external and internal steel 
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cladding and inner expanded polystyrene insulation material, U-values: 0.6 W·m-2·K-1. The heliostats were 
of the type shown in Figure 5 and were stably combined with a fixed internal diffusing element. The section 
of the light tubes occupied 6.33% of the roof area, the U-value of the device was equal to 0.35 W·m-2·K-

1. The values shown in the Table 1 were averaged on the surface.  

The possibility of inserting PV cells on the mobile slats, occupying 80% of their surface, or on the 60% of the roof 
equipped with heliostats was also explored. 

The main thermophysical characteristics of building elements are summarised in Table 1.  

Table 13: Main thermal characteristics of the classrooms 

Configuration U-value [W∙m-2∙K-1] Cfront [kJ∙m-2∙K-1] 

Brick wall 0.40 m thick 1.65 640 

Windows 1.69 37.3 

Ground of the courtyard 0.55 3704 

Roof in PVC 4.64 14.8 

Double-glazed roof 1.64 40.8 

Opaque roof with four light tubes 0.59 31.7 

 

 

Figure 4: Section of the roof in glasses with external mobile slats 

 

Figure 5: Sample of heliostat, system “Lux tracker”. From catalogue of Lux Service Lucernari s.r.l. http://www.luxservice.it/ 

http://www.luxservice.it/
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In the HVAC system, the heating and cooling coils capacities were sized with respect to the maximum summer and 
winter loads of the various locations examined; this was variable depending on the hypothesized solar control 
devices. In the most demanding configuration, which was the one with the roof in PVC, the heating coil design 
capacity was 53.8 kW in Venice and 34.8 kW in Palermo, while the cooling coil design capacity was -74.9 kW in 
Venice and -97.9 kW in Palermo. The corresponding maximum air flow rates were 5.35 m-3·s-1 in Venice and 6.99 
m-3·s-1 in Palermo. Correspondingly, these capacities and air flow rates were greatly reduced when using the best 
performing roofs. 

The air-handling unit of the HVAC system was equipped with electrically driven chillers providing the cooling coils 
with cool water, while hot water for the heating coils was primarily provided by the condensers of the chillers, 
integrated by gas-boilers when necessary. The chillers had a nominal Coefficient of Performance (COP) equal to 
4.5, which was modified according with the part load ratio, while boilers had an efficiency of 0.9. The primary energy 
conversion coefficient were 1.05 and 2.77 for gas and electricity respectively, in accordance with Italian standards. 

3. METHODS 

Normally this type of analysis is carried out using different software to simulate the thermal and luminous behaviour 
of the building, usually EnergyPlus for energy and Radiance for lighting simulations. However, these do not allow 
simulating within each calculation step or the interactions between solar control actions and energy demand for 
lamps and HVAC. Therefore, a specific homemade software, Ener_Lux, was used here (Carbonari, 2012, 2017). 

Which was mainly aimed at supporting the design of solar control devices and related control strategies. It took 
into consideration the physical system composed by a room, its glazed surfaces, internal and external solar control 
devices (slats, blinds, overhangs, and any element shading the opening) as well as the surrounding urban 
environment. It simulated the dynamic thermal and luminous behaviour of the physical system at hourly time steps.  

Within each calculation step, it checked the conditions of thermal and luminous comfort relatively to some significant 
positions of occupants inside the room by calculating the relative evaluation indexes. These positions must be 
chosen in the instruction phase of the program. Concerning the thermal comfort, these indexes were the Predicted 
Mean Vote (PMV) and Predicted Percentage of Dissatisfied (PPD) (Fanger, 1970; UNI, 1997). In luminous field the 
calculated indexes were: Daylighting Glare Index (DGI) for wide light sources (Chauvel et al., 1982; UNI, 2000) or 
Unified Glare Rating (UGR) for smaller sources (CIE, 1995; Hamedania et al., 2019), and a uniformity factor of the 
internal illuminances value (Uo) (DIN, 1979). The visual comfort check was performed only when the lamps were 
turned off.  

 

Figure 6: Flowchart of the software used, when simulating a solar control system including external slats and internal curtain 
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The position of the occupants in the room affects the calculation of the view factors between their bodies and the 
surrounding surfaces, therefore the mean radiant temperature (MRT) perceived by each occupant. The evaluation 
indices of luminous comfort are related to the position and possible lines of sight of each occupant, which must be 
specified.  

Once the comfort checks have been carried out, any necessary feedback on the solar control devices and/or on 
the set-point temperatures, if a HVAC system was present, was automatically simulated and the calculation of the 
hourly time-step repeated. When adjustable devices were present, all the solar control actions, such as slats tilting 
or screen lowering, were simulated by modifying the digital model. Then the program calculated the primary energy 
demand for HVAC and artificial lighting (Figure 6).   

In energy field, the program used an algorithm based on a finite difference method and heat balance of elementary 
zones (e.g. a single layer of a wall or a glass): a thermal grid model (Buonomano et al, 2016; Fraisse et al., 2002; 
Kämpf, 2007; Underwood, 2014;). This algorithm provided the thermal flows between the nodes and their 
temperatures. The temperatures of the nodes corresponding to the internal surfaces were also used for the 
calculation of thermal comfort indices. At present only one node, in the centre of the room, represented the air 
mass. To use more air nodes it would be necessary to sophisticate the model with a fluid-dynamic part, which was 
currently absent. 

Starting with the latitude and climatic data of the site, the program calculated solar energy impinging on each 
surface of the physical system and its energy flow was associated with the affected nodes (Collares-Pereira & 
Rabl, 1979; Lazzarin, 1981). The instantaneous values of the two radiation’s components, direct from Sun and sky 
diffuse, were calculated taking into account any shading effects. The part of impinging radiation due to mutual 
diffuse reflections between surfaces was calculated solving an equation system. A similar process was used in the 
luminous field to calculate the illuminance value on each surface and its luminance (Cucumo et al., 1997).  

      
Figure 7: Samples of output of the algorithm used to calculate DGI or UGR indexes, in different positions in the courtyard 

The calculation of DGI and UGR indexes values were performed by means of an algorithm that simulated the 
human field of view and used the calculated luminance values of each point of it (Luckiesh & Guth, 1949; 
Peterbridge & Longmore, 1954). The field of view was delimitated according to the indications of Professor H. M. 
Traquair (Traquair, 1938) (Figure 7).  

The method should be completed with an analysis of the entire life cycle (LCA) of the intervention.  

4. FIRST RESULTS 

In the following evaluations, the average temporal presence of thirty people, with their sensible and latent thermal 
loads, was assumed. When the courtyard was served by an HVAC system, it was assumed that it provided the 
required renewal air flow of 15 m2/hour per person. When the court was only partially confined and without an 
HVAC system, two possible ventilation rates, depending on different wind speeds, were simulated. They were 
respectively of one and three total air changes per hour. 

https://www.google.it/search?hl=it&tbo=p&tbm=bks&q=inauthor:%22Harry+Moss+Traquair%22&source=gbs_metadata_r&cad=7
https://www.google.it/search?hl=it&tbo=p&tbm=bks&q=inauthor:%22Harry+Moss+Traquair%22&source=gbs_metadata_r&cad=7
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4.1.  Thermal and luminous comfort 

The assessment of both thermal and luminous comfort conditions was carried out with reference to four possible 
positions of an occupant in the courtyard. These positions were in four different areas, near the four corners of the 
courtyard at a distance of about two and a half meters from the walls. 

       

Figure 8: Venice. Spatial and daily averaged operative temperature (to) values in monthly typical days, in absence of HVAC 
system, with different solar control strategies. With a ventilation rate of one (on the left) and three (on the right) total air changes 

per hour 

Without an HVAC system, solar control strategies based on mobile slats or heliostats provided operative 
temperature (to) values closest to those of comfort, especially in the hottest period, when the translucent roof in 
PVC and the glass roof with internal curtains caused greater overheating (Figure 8 and 9). Mobile slats and 
heliostats also provide better conditions of visual comfort. 

    

Figure 9: Palermo. Spatial and daily averaged operative temperature (to) values in monthly typical days, in absence of HVAC 
system, with different solar control strategies. With a ventilation rate of one (on the left) and three (on the right) total air changes 

per hour 

The comparative assessment of luminous comfort was conducted only for the devices that did not include the 
permanent presence of a diffuser, which should eliminate any type of glare, therefore only for the internal mobile 
curtain and the various types of slats. The graphs in Figure 9 show the percentage frequency of the occupant-
hours of visual comfort and discomfort on the total hours of use, which were found, in the absence of HVAC, after 
the actions aimed at thermal control and before the actions aimed at controlling glare. 

The differences between the two strategies based on the slats were because they modify the incoming radiation 
differently. Therefore, the internal surface temperatures and the inclination of the slats which optimizes to at the 
next hour were also modified.Discomfort glare from extended light surfaces was evaluated by calculating the DGI 
index. Given the location of the extended light source (sky) in the upper part of the field of view, this type of 
discomfort never occurs and the DGI values were always within the limits. Instead, discomfort may occur due to 
the presence of direct radiation on a hypothetical visual task of the occupants (e.g. reading a newspaper at a bar 
table) (Robbins, 1986). This type of discomfort was more frequent in the absence of slats (Figure 10).  

In both locations examined, the control actions aimed at maintaining visual comfort did not reduce the number of 
hours of possible daylighting. 
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Figure 10: Percentage frequency of occupant-hours of visual comfort and discomfort on the total occupant-hours of use with the 
various solar control strategies, in Venice (on the left) and Palermo (on the right) 

In Palermo, the number of hours of comfort was greater because, given the greater intensity of solar radiation, the 
slats could intercept a larger fraction of radiation while still allowing an adequate internal illuminance (Figure 10).  

4.2.  Energy demand 

If the covered space was served by an HVAC system, from the energy point of view, the worst solution was the 
fixed semi-transparent roof in PVC, mainly due to the higher energy demand for cooling that it would entail. The 
roof in glass with movable internal semi-transparent and diffusing curtains improved the results slightly and could 
allow sight of the sky. The external slats would be much more convenient, primarily because they could control 
overheating better. The slats not combined with an internal diffuser or PV cells were the most convenient, but the 
differences were not relevant. 

The opaque roof with heliostats was the more convenient solution. In fact, its transmittance was much lower than 
that of the other roofs examined, and this would save especially on heating (Figure 11).  

 

Figure 11: Annual specific primary energy demand (per square meter of floor area) for heating and cooling coils of the air-
handling unit of the HVAC system and for lamps, with various solar control devices. In the climate of Venice (on the left) and 

Palermo (on the right) 

If PV cells were added to the slats or to the opaque roof equipped with heliostats, the courtyard could export 
electricity. If the slats were inclined in order to maximize PV production while still ensuring daylighting when 
possible, the consumption of the HVAC system increased a little, but the electricity produced largely compensated 
for this higher cost.  

5. CONCLUSION  

The results of the simulations provide some useful design recommendations. 

 From the point of view of energy and comfort, it is advisable to limit the transparent part of the roof and 
insulate the opaque part in order to limit winter heat losses and excessive solar gains in other periods.  
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 Dynamic solar control devices, as external movable slats, are advisable on the transparent part of the 
roof. Compared to the semi-transparent roof and the transparent roof equipped only with internal mobile 
curtains, they allow a considerable improvement in thermal and luminous comfort. Moreover, if the court 
is equipped with a HVAC system, they also allow considerable energy savings.  

 The use of a smaller transparent roof area served by heliostats allows further energy savings, and further 
improves winter thermal comfort. Unfortunately, this choice prevents sight of the sky. 

6. REFERENCES 

Aldawoud, A., 2013. The influence of the atrium geometry on the building energy performance. Energy and 
Buildings, 57, 1–5. https://doi.org/10.1016/j.buildenv.2015.11.023 

Aram, R., & Alibaba, H.Z., 2019. Thermal Comfort and Energy Performance of Atrium in Mediterranean Climate. 
Sustainability, 11(4), 1184-1213. https://doi.org/10.3390/su11041213  

Berardi, U., & Wang, T., 2014. Daylighting in an atrium-type high performance house. Building and Environment, 
76, 92-104. https://doi.org/10.1016/j.buildenv.2014.02.008  

Buonomano, A., De Luca, G., Montanaro, U. & Palombo A., 2016. Innovative technologies for NZEBs: An energy 
and economic analysis tool and a case study of a non-residential building for the Mediterranean climate. Energy 
and Buildings, 121, 318–343. https://doi.org/10.1016/j.enbuild.2015.08.037 

Carbonari, A., 2012. Thermal and luminous comfort in classrooms: a computer method to evaluate different solar 
control devices and its operating logics. PLEA 2012 - The 28rd Conference, Opportunities, Limits & Needs Towards 
an environmentally responsible architecture, Lima, Perù, 7-9 November 2012. Lima: PUCP. 

Carbonari, A., 2017. Solar control of extensively glazed facades: a computer method for predicting the effects of 
various devices and building’s thermal inertia. SET 2017 – 16TH International Conference on Sustainable Energy 
Technologies. Bologna, 17-20 Luglio 2017. Bologna: WSSET and Alma Mater Studiorum Università di Bologna. 

Chauvel, P., Collins, J. B., Dogniaux, R. & Longmore J., 1982. Glare from Windows: current views of the problem. 
Lighting Research & Technology, 14(1), 31-46. 

Collares-Pereira, M., & Rabl A., 1979. The average distribution of solar radiation. Correlations between diffuse and 
hemispherical and between daily and hourly insolation values. Solar Energy, 22, 155 and following. 

Commission Internationale de l’Eclairage – CIE, 1995. Discomfort Glare in interior lighting. Technical report 117. 
CIE. 

Cucumo, M., Kaliakatzos, D., Marinelli, V. & Vivacqua, M.D., 1997. Metodi di calcolo della luminanza del cielo e 
dell’illuminamento naturale su superfici esterne (Calculation methods of sky luminance and daylighting of external 
surfaces), Condizionamento dell’Aria Riscaldamento Refrigerazione, 5, 485-496. 

Deutsches Institut für Normung – DIN, 1979. DIN 5035 Innenraumbeleuchtung mit künstlichem licht. Deutsches 
Institut für Normung. 

Ente Nazionale Italiano di Unificazione – UNI, 1997. UNI EN ISO 7730: Moderate thermal environments - 
Determination of the PMV and PPD indices and specification of the conditions for thermal comfort. UNI. 

Ente Nazionale Italiano di Unificazione – UNI, 2000. UNI/TS 10840: Luce e illuminazione Locali scolastici: criteri 
generali per l’illuminazione naturale e artificiale. UNI. 

Fanger, P.O.,1970. Thermal Comfort. New York: Mc Graw-Hill. 

Fraisse, G., Viardot, C., Lafabrie, O., & Achard G., 2002. Development of a simplified and accurate building model 
based on electrical analogy. Energy and Buildings, 34, 1017–1031. https://doi.org/10.1016/S0378-7788(02)00019-
1 

https://doi.org/10.1016/j.buildenv.2015.11.023
https://doi.org/10.3390/su11041213
https://doi.org/10.1016/j.buildenv.2014.02.008
https://doi.org/10.1016/j.enbuild.2015.08.037
https://doi.org/10.1016/S0378-7788(02)00019-1
https://doi.org/10.1016/S0378-7788(02)00019-1


254 

 

Hamedania, Z., Solgia, E., Skatesa, H., Hineb, T., Fernandoa, R., Lyonsa, J., & Duprea K., 2019. Visual discomfort 
and glare assessment in office environments: A review of light-induced physiological and perceptual responses. 
Building and Environment, 153, 267-280. https://doi.org/10.1016/j.buildenv.2019.02.035 

Kämpf, J. H., & Robinson, D., 2007. A simplified thermal model to support analysis of urban resource flows. Energy 
and Buildings, 39, 445–453. https://doi.org/10.1016/j.enbuild.2006.09.002 

Lazzarin, R., 1981. Sistemi solari attivi, manuale di calcolo. (Solar passive systems, a calculation handbook). 
Padova: F.Muzzio & C. 

Luckiesh, M., & Guth, S. K., 1949. Brightness in visual field at borderline between comfort and discomfort (BCD). 
Illuminating Engineering, 44 (11), 650 - 670. 

Palma Rojas, D., 2014. Atrium building design: key aspects to improve their thermal performance on the 
Mediterranean climate of Santiago de Chile. International Journal of Low-Carbon Technologies, 9, 327–330. 
https://doi.org/10.1093/ijlct/ctt009 

Peterbridge, P., & Longmore, J., 1954. Solid Angles Applied to Visual Comfort Problems. Light and Lighting, June 
1954, 173 - 177. 

Robbins, C. L. (1986). Daylighting, design and analysis. New York: Van Nostrand Reinhold Company.  

Rymarov, A., 2019. Energy saving in the formation of covered courtyards. Proceedings of 11th Conference on 
Interdisciplinary Problems in Environmental Protection and Engineering (EKO-DOK 2019) Polanica-Zdroj, Poland 
8 - 10 April 2019. Editors: Bartosz Kazmierczak Piotr Jadwiszczak Malgorzata Kutylowska Urszula Miller. ISBN: 
978-1-5108-8832-6.  https://doi.org/10.1051/e3sconf/201910000072  

Salata, F., Golasi, I., De Lieto Vollaro, R., & De Lieto Vollaro, A., 2016. Outdoor thermal comfort in the 
Mediterranean area. A transversal study in Rome, Italy. Building and Environment, 96, 46-61. 
https://doi.org/10.1016/j.buildenv.2015.11.023 

Taleghani, M., Martin Tenpierik, M., & Van Den Dobbelsteen, A., 2014. Indoor thermal comfort in urban courtyard 
block dwellings in the Netherlands. Building and Environment, 82, 566-579.  
https://doi.org/10.1016/j.buildenv.2014.09.028  

Traquair, H. M., 1938. An introduction to clinical perimetry. Edinburgh: sby. 

Underwood, C.P., 2014. An improved lumped parameter method for building thermal modelling. Energy and 
Buildings, 79, 191-201. https://doi.org/10.1016/j.enbuild.2014.05.001 

Wang, F., Pichatwatana, K., Sue Roaf, S., Zhao, L., Zhu, K. & Jingyan, L., 2014. Developing a weather responsive 
internal shading system for atrium spaces of a commercial building in tropical climates. Building and Environment, 
71, 259-274. https://doi.org/10.1016/j.buildenv.2013.10.003  

Yaşa, E., & Ok, V., 2014. Evaluation of the effects of courtyard building shapes on solar heat gains and energy 
efficiency according to different climatic regions. Energy and Buildings, 73, 192-199.  

https://doi.org/10.1016/j.enbuild.2013.12.042  

 

  

https://doi.org/10.1016/j.buildenv.2019.02.035
https://doi.org/10.1016/j.enbuild.2006.09.002
https://doi.org/10.1093/ijlct/ctt009
https://doi.org/10.1016/j.buildenv.2015.11.023
https://doi.org/10.1016/j.buildenv.2014.09.028
https://www.google.it/search?hl=it&tbo=p&tbm=bks&q=inauthor:%22Harry+Moss+Traquair%22&source=gbs_metadata_r&cad=7
https://doi.org/10.1016/j.enbuild.2014.05.001
https://doi.org/10.1016/j.buildenv.2013.10.003
https://doi.org/10.1016/j.enbuild.2013.12.042


255 

 

 

#347: Sustainability impact assessment of hospital 
master plans  

Abdurrahman MOHAMED             
 Antalya Bilim University, Antalya, Turkiye, a.mohammed@antqalya.eduy.tr 

 
 
 
 
Abstract: The Sustainability Impact Assessment (SIA) has been developed as a tool for the evaluation of proposed 
or existing development projects to improve their environmental quality, economic feasibility, and social 
commitment. Several approaches and tools have been used for SIA to facilitate the study and analysis of 
sustainability levels. Increasing attention has been directed to sustainability in hospital master plans yet little 
attention is paid to SIA as a tool for the management and control of their sustainability levels. King Hamad University 
Hospital (KHUH) in Bahrain is a leading health institution in the country and the region. There are no publicly 
available documents of its master planning and there is no reference for sustainability planning and management 
in any of the available resources. This research uses the Sustainable Project Appraisal Routine “SPeAR” as an 
SIA tool for the assessment of social and environmental components of the master plan of KHUH. The research 
revealed that there was a need for the preparation of a sustainable master plan for KHUH with suitable sustainability 
indicators and measures with continuous monitoring. The research represented the first attempt to study the master 
plan of KHUH and its sustainability levels. It will provide a guideline for other hospitals in Bahrain and the region. 
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1. INTRODUCTION  

Hospitals are considered among the most important components of the built environment because of their 
functional, operational, and spatial complexity. They also represent the institutions for the protection of human life 
which is one of the main five essential objectives of Islamic law “Makasid Al-Shari’ah” (Foundation of Dar al Iftaa 
al Misriyyah, 2022). The development of hospital planning, design, and management is therefore considered a vital 
necessity for community development and a serious responsibility for both private and governmental bodies and 
institutions. Health care services consume a considerable percentage of the gross national product and domestic 
national product worldwide. From this expenditure, hospital development consumes the largest portion. Although 
statistics are available through the World Health Organization, research on hospital development and investment 
does not respond to the increasing demand for hospitals (Rechel, Wright, and Edwards et al., 2009). Modern 

hospitals have changed the 19th century image as places where people go to die. In the 21st century hospitals have 
faced many changes e.g., mobility of health care workers, new treatment technologies, changing patterns of 
diseases, and complying with sustainability demands in planning construction and function. Hospital planning is 
increasingly affected by several factors that include new trends in community healthcare services and innovations 
in building materials and construction technologies (Kunders, 2004). One new approach to the planning of hospitals 
is that which concentrates on the circulation of both pedestrians and vehicles with an emphasis on visibility and 
easy access to the main entrance, clear connection with the main public space, separation between different types 
of entrances, and convenient drop-off and parking (Sprow, 2011). This planning approach in addition to other 
considerations such as required services, number of users, required spaces, and building systems all need to be 
adjusted and fine-tuned until arriving at a flexible and expandable hospital design concept.  

The hospital is a distinguished component of the built environment where all issues of the three pillars of 
sustainability mingle together in a very complex manner. The need here is for a sort of framework to bring balance 
and tranquillity to the interrelated connections of many factors (Azreena et al, 2016). Social and cultural 
manifestations express the way how people look to hospitals in terms of the sense of place, the spatial experience, 
and the attitudes towards services. They also exist in the conduct ethics of the staff and their values. Sustainable 
hospitals need to provide a venue where all these interactions can positively enhance the health of the community. 
This is not possible by only providing a long list of do’s and don’ts. More importantly, it is the master plan which 
can cater to this through the treatment of interior and exterior spaces, buildings, and the landscape. It is this 
treatment that can also provide for the care for resources in terms of land area, built-up area, building cost, and 
energy consumption. All this eventually will determine to what extent this hospital is hostile to the environment or 
friendly adding to its value through decreasing pollution, preserving natural habitat, and preventing contamination 
(Kars, 2010). Sustainability has evolved as a response to the escalating environmental, social, and economic 
problems of the modern production cycles. Healthcare is one of the important fields desperately striving for 
sustainability (Carpenter and Hoppszallern, 2010). Sustainability is not only needed for the management and 
operation of hospitals, to cut costs and increase savings, or to control hazardous materials. It starts from the early 
stages of searching for a site and extends to site development and building construction. The development of 
sustainable hospitals could never fulfil its goals without the availability of sustainable sites and buildings for hospital 
services.   

The master plan is a document of long-term planning to establish a framework for development and improvement, 
setting out inputs, outputs, gains, and costs. This is in addition to steps, phases, work plans, and monitoring and 
feedback. All these processes are time-bound, and the temporal framework of the master plan has great importance 
to define points of fulfilling goals and evaluating progress (Australian Capital Territory, 2022).  As a form of planning, 
the master plan is future-oriented and depends on past outcomes and present developments. It draws the overall 
framework for steps to follow. In the built environment, the master plan of a development project is part of the 
planning system which is the government program for the control and management of land use development 
(Nassar, 2007). The master plan is usually a set of site maps, plans, images, and documents that all illustrate the 
development process of an area. Its level varies from regional scale to medium and small scale. It includes present 
and future land use, urban design, and landscaping. The main purpose of the master plan is to help create the 
most suitable form of the built environment with high-quality standards of living. It connects people and spaces in 
such a way as to enhance social interaction and the sense of place (Planning and Architecture Division, 2022).  
The master plan is by nature a sustainability framework for the preservation of land, the conservation of the 
environment, and providing prosperous happy living places.  

2. SUSTAINABLE HOSPITAL MASTER PLANS IN ARAB COUNTRIES  

A survey for sustainable hospital master plans in some of the Arab countries in the Gulf Region was conducted at 
the beginning of 2022 using Google search. The aim was to discover to what extent the websites of these hospitals 
and healthcare facilities are concerned about sustainability and sustainable hospital master plans.  
The hospitals reviewed included: 

- Citymed Hospital, Riyadh, Saudi Arabia: The master plan was not available, and sustainability was not 

mentioned nor promoted (CityMed Hospital, 2022). 

http://www.dar-alifta.org/Foreign/Module.aspx?Name=aboutdar#1
http://www.dar-alifta.org/Foreign/Module.aspx?Name=aboutdar#1
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- Johns Hopkins Aramco Healthcare: Also, the master plan was not available, and sustainability was not 
mentioned nor promoted (Johns Hopkins Aramco Healthcare, 2022). 

- Jeddah Medical City, Jeddah, Saudi Arabia: The website mentioned that this medical city implemented 

sustainable design principles. No documentation was found about the master plan of this city and its 
sustainability (Jeddah Medical City, 2022).   

- Interhealth Canada: This was a Canadian healthcare company that established several hospitals in the Gulf 
countries like Saudi Arabia and United Arab Emirates (Interhealth Canada, 2022). Their main webpage 
mentions that it was providing sustainable healthcare solutions for the international market. Nothing more 
was provided on sustainability in hospital master plans. The website mentioned that they followed the 
principles of sustainable design in the project of Shaikh Khalifa Medical City “SKMC” in Abu Dhabi, UAE. 
No more explanation was given. The website of the SKMC did not provide any information on the master 
plan or its sustainability (Shaikh Khalifa Medical City, 2022).   

- King Saud University- Medical City, Riyadh, Saudi Arabia: It was a large complex of several hospitals and 
health centres. Unfortunately, its website informed nothing about its master plan and sustainability 
components (King Saud University- Medical City, 2022). 

- Farwaniya Hospital in Kuwait: It was a government hospital serving wide areas of Kuwait City. Nothing was 
mentioned on sustainability and sustainable master plans (Farwaniya Hospital, 2022).   

- Jahra Medical City, Kuwait: One of the largest healthcare centres in the Middle East. Again, nothing was 
mentioned about sustainable master planning of healthcare facilities (Jahra Medical City, 2022).  

- Primary Health Care Corporation “PHCC”, Qatar: It was responsible for many healthcare centres providing 
a wide range of healthcare services. Nothing was mentioned on the website of the corporation or any of its 
health centres on sustainable master planning. Only on the page ‘Our Facilities’ was it mentioned that the 
corporation strived for facilities that were sustainable and environmentally conscious. No more clarification 
was given on how these healthcare facilities could fulfil these two criteria (Primary Health Care Corporation, 
2022).  

- The American Hospital Dubai: This was another distinguished healthcare facility that also provided nothing 
about its master plan sustainability measures (The American Hospital Dubai, 2022).   

3. SUSTAINABLE HOSPITAL MASTER PLANS IN NORTH AMERICA  

Case studies for this purpose were chosen through an online search using the Google search engine. They were 
randomly chosen according to their consideration for sustainability. It was regrettably admitted here that nothing 
was found on precise consideration of SIA in these master plans. 

3.1 Children’s hospital and regional medical centre concept plan, City of Seattle, USA 

This master plan carefully dealt with the goals, objectives, design principles, and environment. Many aspects of 
sustainability were considered generally without any concentration on sustainability or SIA. Design Principles and 
Environmental Stewardship sections of the master plan indirectly considered some sustainability issues (Seattle 
Children’s Hospital and Regional Medical Centre, 2007). 

3.2 The Cayuga Medical Centre, Ithaca, USA  

The master plan’s main purpose was to provide a comprehensive indoor and outdoor healing environment. A great 
concern was paid to the landscape not only in outdoor spaces but also to bringing it forward to indoor spaces as 
well. Architecture, landscape, stormwater management, and sustainable agriculture all met together to enhance 
the sustainability of the master plan. This interest in providing an increased dose of natural environment and 
landscaping to provide a distinguished healing environment help the hospital to achieve LEED silver certificate for 
sustainable sites (Michaels and Callahan, 2011).  

3.3 Delta Hospital High Level Concept Plan, Delta, British Columbia, Canada 

The master plan report of March 2012 provided a good account of several sustainability issues including 
environmental, economic, and social parts.  Sustainability was named twice: the first time as a guiding planning 
principle and the second as an approach to rethinking health care facilities. No consideration was given to the 
assessment of these sustainability practices (Delta Hospital High Level Concept Plan Report, 2012). 

3.4 The University of Texas at Austin Medical District Master Plan, USA  

Several recommendations were made to enhance the sustainability level of the medical district. Interestingly, they 
constitute a way for measurement and assessment. Despite the importance of these points, they did not formulate 
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a comprehensive framework for sustainability assessment, especially in the land-use master plan. The planning 
and development of the medical district paid attention to many sustainability issues that would be applied in the 
master plan. They included among many other points parking, stormwater, energy, landscape, community, mobility, 
and economic development (The University of Texas at Austin Medical District Master Plan, 2013). 

4. CONCLUDING REMARKS ON ARAB AND NORTH AMERICAN HOSPITALS 

Arab hospitals, medical cities, and healthcare facilities constitute multi-billion industries and many of them represent 
giant projects of millions of square metres. Despite their distinguished master plans and the special environmental, 
economic, and social settings, they provide very little information if nothing at all about these master plans and 
their relationships with their special contexts. No documentation was publicly available about these issues to 
present their achievements in establishing these relationships and to educate the public on them. This highlights 
the need to work on the preparation of comprehensive hospital master plans within the framework of sustainability 
and its assessment indicators and measures. 

On the contrary, the North American hospitals showed since the late 20th century, a well-informed consideration 
of hospital master planning with some level of consideration of sustainability criteria and environmental quality. The 
above hospital master plans showed interest in enhancing the level of sustainability. This reflected a belief in the 
importance of sustainability for the development of hospitals as vital environmental and socio-economic institutions. 
The main concern in these projects remained too bound by environmental issues such as resource conservation 
especially energy and water. It was also evident that these master plans did not show a common ground for any 
kind of framework for sustainability applications, evaluation, and assessment. This clearly highlights the need to 
search for such a framework. 

5. SUSTAINABILITY IMPACT ASSESSMENT 

In the built environment, it is no longer acceptable to limit the application of sustainability to increasing green areas 
or providing bicycle lanes. There is a need for a more holistic approach that considers all the three pillars of 
sustainability and their branches and sub-branches as one complete set. This application is a continuous process 
that needs continuous input, monitoring, and evaluation. Evaluation or assessment includes both qualitative and 
quantitative techniques (Brandon and Lombardi, 2011). To measure the level of sustainability in any project, and 
to know to what extent an institution is committed to sustainability, several sustainability indicators and measures 
should be determined. It has been argued that the number of main formal sustainable indicator sets in use 
worldwide exceeds 600. This is in addition to the secondary and informal sets and subsets that exist in the field. 
Indicators are communication tools that simplify complex issues, encourage decision making and create a means 
of measurement.  They are also a means of collecting data in a systematic way regarding sustainability issues and 
practices. They provide the base for the understanding, analysis, and counting of this data. Yet it should be 
addressed here that using indicators would never mean achieving sustainability in an ideal form. They only provide 
a tool to examine successes and failures in caring for the environment, resources, and community in a more general 
wishful manner. Yet this is not hindering the use and application of indicators to control and manage urban 
development and their sustainable impacts. SIA can help to prepare policies for development and strategies for 
improvement. It can help to identify objectives and to apply monitoring and control. SIA also provides a 
comprehensive framework to link the site with buildings and with the surrounding context (OECD, 2010). 

6. SPEAR TOOL FOR SIA  

Sustainable Project Appraisal Routine (SPeAR) was developed by ARUP company as a holistic flexible software 
tool for sustainability assessment of development projects throughout their whole life cycle (ARUP, 2022). It 
referred to several internationally common indicator-based frameworks such as Leadership in Energy and 
Environmental Design, LEED, GRI Draft CRESS (Construction & Real Estate Sector Supplement), UN Indicators 
of Sustainable Development, and UK Indicators for Sustainable Development (ARUP, 2017). The aim was to arrive 
at the best sets of indicators and sub-indicators that cover the widest spectrum of sustainability main segments: 
environmental, economic, and social. SPeAR uses questions to evaluate all these sets of indicators and sub-
indicators on a scale from -1 for the worst case and 3 for the best case (Figure 5). This scale does not represent 
actual numerical values for the indicators or sub-indicators; it is like the scale of the Likert questionnaires. Some of 
the questions can be answered based on qualitative judgment and many others can use quantitative measures. It 
also has no representations for geographical information of any type to link the indicators, sub-indicators, and 
measures with project sites and contexts. On the other hand, SPeAR is distinguished by its comprehensiveness 
and its easy and simple manoeuvring of the assessment process. McGregor and Cole (2003) believed that SPeAR 
had many advantages including adaptability transparency of the assessment methodology, identification and 
optimization of improvement opportunities, and the possibility to trace all assessment steps easily and clearly.  
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7. KING HAMAD UNIVERSITY HOSPITAL  

King Hamad University Hospital (KHUH) was established by Royal Decree No. 31 of 2010, which affiliated it to the 
Bahrain Defence Force. It was officially opened by his majesty King Hamad Bin Isa AL Khalifa on 2/2/2012.  KHUH 
is a university hospital primarily serving the Royal College of Surgeons of Ireland, Bahrain branch, which was just 
at its west border. KHUH has a capacity of 312 beds and 1731 employees (KHUH, 2022). The project started in 
2003 as King Hamad General Hospital to help meet the increasing healthcare needs in Bahrain. KHUH now is a 
specialized hospital for the delivery of state-of-the-art healthcare, teaching, and research, in addition to fulfilling the 
national agenda defined in Bahrain Vision 2030 (Al Kassim, 2010). The site lies in a distinguished area close to all 
amenities in the cities of Moharraq and Manama (Figure 1). The area of the hospital site is 227,000m2 while the 
total floor area of the buildings is 64,000m2. The building complex is composed of 3 buildings of 3 floors all rising 
above a large podium. The building complex was laid in the centre of the site surrounded by huge parking lots on 
all sides separated from the buildings and from each other with small green areas. A long ramp leads to the main 
entrance of the hospital in the central building. Although the main entrance exists on the north façade, it is covered 
with what is believed to be one of the longest canopies in the world (Gulf Construction, 2022) (Figure 2). Large 
areas of green grass occupy the area in front of the main building entrance while the approach road to the entrance 
is defined by rows of trees on both sides. An unshaded visitor’s car park with very little green occupies the west 
side of the building (Figure 3). A shaded staff car park was constructed at the northern edge of the site (Figure 4). 

 
 

Figure 1: KHUH site Figure 2: KHUH main buildings with the main entrance in the 
middle. 

  
Figure 3: KHUH visitor’s car park Figure 4: KHUH staff northern car park.  

8. SPEAR SIA FOR KHUH 

8.1   KHUH data 

Unfortunately, no document was found on the master planning of KHUH hospital. The author approached the 
administration of the hospital seeking information on its planning, design, and construction. The denial of giving 
any access to any information on the hospital came in an official letter from the lieutenant colonel director of the 
hospital even though some information was already available on the internet. The hospital was also open to the 
public despite being under the administration of the Bahrain Defence Force. The description and analysis of the 
hospital depended on the personal visits by the author to the hospital and the surrounding areas and on information 
available on the internet.  
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8.2   Methodology 

This research used the case-study methodology for the study and analysis of the sustainability levels in KHUH 
using qualitative data on the sustainability segments, indicators, and sub-indicators of the Evaluation Version of 
ARUP SPeAR V. 11.1.4.0 2013, Oasys Ltd. 

The economic segment of SPeAR was ignored for the lack of information. For the same reason, not all the 
indicators and sub-indicators in the social and environmental segments were used nor were all the questions 
considered. Some of the questions were also altered to suit the ability of judgement on the issue. The author visited 
the hospital and its surroundings several times and had long observations of the different parts of the complex. 
Studies were conducted on all that was available about KHUH on the internet either on the hospital website or 
other websites. Afterward, the suitable data was entered into SPeAR.  

8.3   Results and analysis 

After finishing the evaluation of the project according to the chosen segments, indicators, sub-indicators and 
questions, SPeAR gave the results in detailed reports in rtf. and excel file format. These reports show the evaluation 
scale, the segments pie chart, and the total average evaluation scores of the indicators (Figure 5) in addition to 
long text tables containing the details of the evaluations.  

Table 1 shows the results brief of the environmental segment with the justifications for the scores used. Four 
indicators were used. The environmental segment overall performance showed good practice level. The 
performance came with minimum standard in the indicators of soil and land, and biodiversity while the indicators 
of waste and materials showed best practice performance. This indicated that the development of the project 
concentrated more on the buildings while less concentration was directed to the outdoor spaces and their natural 
components.  
 
 

 
1 

 
2 

 
3 

 
4 

Figure 5: 1) Segments pie chart, 2) performance scale, 3) social segment pie chart, and 4) environmental segment pie chart. 
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Table 1: indicators and sub-indicators of the environmental segment and their scores 

 

 
Table 2 shows the results brief of the social segment with the justifications for the scores used. Four indicators 
were also used. The social segment overall performance showed best practice level. This was due to strong 
institutional, educational and healthcare structure of KHUH. All the sub-indicators had scores of 1 and above except 
for the Art sun-indicator of the Culture indicator which came below the standard level. There was a lack of public 
art works in the outdoor spaces that would enhance the positive aesthetical experience of the users and their 
appreciation of the quality of the project. Also, there was a lack of space and landscape furniture that could be used 
for art activities in the project.  

8. CONCLUSION 

Nothing could compensate for the official document of the master plan for this very distinguished hospital that is 
considered a masterpiece of architectural and urban design in Bahrain. It is worth making an appeal to the hospital 
administration in Bahrain to help disseminate information on the project because this practice is in itself a 
sustainable conduct that is desperately needed to raise public awareness of these important issues. The declared 
interest in sustainability from the decision-makers can be seriously hindered by the lack of information. It is no 
longer acceptable that other countries consider sustainability in the master plans of their hospitals since the late 
20th century while  Bahrain and other Gulf Countries lag far behind this level in the 21st century. It is hoped that this 
research would find a way to be extended for detailed and in-depth study by KHUH in the near future. On the side 
of SPeAR, it was found helpful in giving general qualitative ideas on sustainability issues of the project. It was also 
flexible and user friendly, and indicators, sub-indicators, and the questions can be easily adapted to the needs of 
the user and the project under consideration. Yet although it covered a wide range of sustainability issues, it was 
too broad and descriptive; it left a wide gap for the subjective judgment of the sustainability practitioner. Many 
sustainability issues can be quantitatively measured and can have numerical ranges for the accepted levels. It is 
hoped that future research will be conducted on the development of SPeAR to provide more accurate and 
generalized quantitative models for Sustainability Impact Assessment.     

 

 

Environmental segment 

Indicators  Sub indicator score score Av. 
score 

Soil and Land Soil quality 
 

The project, although providing some protection of soil profiles and improved soil 
quality, had no documentation available concerning on-site management, storm water 
management or landscape management. 

0 0 

Drainage 
systems 

Although the different treatment of the master plan and its landscaping show concern 
towards drainage issues, no sustainable drainage system had been applied. 

0 

 Biodiversity Protected 

species and 

habitats 

Although KHUH enhances the natural life and biodiversity in the site, there is still a need 
to prepare and disseminate ecology and biodiversity management plans. On the other 
side, the performance was better in  
 

0 0 

Conserving 

and improving 

local 

biodiversity 

The landscaping of the project will be contributing to the conservation and improvement 

of the biodiversity in the site but there is still a need to compensate for the disturbance 

in the natural environment due to the development of the project. 

0 

Habitat 

Connectivity 

The project represents an important hub for connection between different natural 

elements in the context but there is a need for more in-depth studies and plans to 

mitigate the effect of the continuous movement in the site due to its function. 

0 

Waste Waste in 
operation 

KHUH represent a benchmark in the planning and management of waste since this is 
one of the most serious problems in hospitals. The details of the management plans in 
operation need to be disseminated for monitoring and feedback.  

2 2 

Hazardous/ 
special waste 

KHUH also pays a greet attention to the safety measures in the treatment of hazardous 
waste and the discharge of its containers. 

1 

 Materials Materials 
efficiency  

Materials used in the development of KHUH have been chosen according to high 
standards either in the buildings and the outdoor spaces without any clear sign of 
wasting or neglect.  

2 2 

Environmental 
and 
sustainability 
impacts of 
materials 

Although there is apparent harm to the environment from the materials used in the 
project, there is a need for a detailed and in-depth study and analysis of the 
sustainability impact of these materials. 

1 

Healthy 
materials 

Health measures are clearly applied in the materials used in the hospital. 2 

Overall segment average score  1 
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Table 2: indicators and sub-indicators of the cultural segment and their scores 

Indicators Sub indicator Justification  score Av. 
score 

Community 
facilities 

Education  KHUH is now considered the university hospital of RCSI-Bahrain. It is the newest and most 

modern medical education institution in the country. KHUH has its own educational spaces 

within its premises that are used by its staff, students, and outside guests.  

 

2 2  
 

Healthcare 
 
 

KHUH provides state of the art health care services for all people of Bahrain. It is equipped 

with all needed modern equipment and the qualified staff are available in all medical services 

of the hospital. All medical services are offered free of charge for Bahraini citizens regardless 

of age, gender, ethnic group or religion. 

 

2 

Recreation Although KHUH is not an open public space, it provides excellent indoor and outdoor leisure 

facilities and green spaces that can be easily used by the staff, visitors, the patients and the 

students of RCSI.  

 

2 

Retail KHUH provides modern retail services to serve the staff, visitors, patients and students of 

RCSI for the whole length of their stay in the hospital. These include small shops, a coffee 

shop and a restaurant. 

1 

 Culture Respecting 

socio-cultural 

identity 

KHUH represents with its modern design the dynamism of Bahraini culture that is open, 

liveable and developing. At the same time, it is preserving its roots and principles as an Arabic 

multi-ethnic multi-religious culture.  

 

2 1 

Cultural and 

religious facilities 

All cultural groups have equal access to all parts of the complex without any kind of barrier or 

discrimination. 

 

2 

Use of 

environment 

The site of KHUH was a vacant urban site. The project's master plan transformed the site into 

a monumental landmark with wide and diversified green elements.  

 

2 

Intergenerational 

and gender 

practice 

KHUH respects the fact that the majority of the people of Bahrain are Arab Moslems. The 
freedom of dress, behaviour and worship is guaranteed for all including other religious groups.  
 

2 

Art Unfortunately, public art has not been considered in KHUH despite the high quality of its urban 

design and architectural design. 

 

-1 

 Form and 
space 

Density, scale, 
height & 
massing 

KHUH fits well within its context and provides distinguished masses of buildings in a very 
prominent site. These building masses are surrounded by green spaces that serve all parts 
of the hospital. the scale of the buildings' masses of the hospital is distinguished within its 
context providing a monumental gate for the city of Muharraq. 
 

2 2 

Public-private 
relationship 

KHUH provides clear separation between private and public spaces. Visitor parking is 
separate from those of the employees. Routs and entrances of the employees are separate 
from those of the patients and visitors. The zoning and spatial definition of the master plan is 
simple and clear and areas around buildings are wide and transparent.  
 

1 

Landscaping It is clear from the master plan of KHUH that landscaping was a main concern. It was treated 
to aid the environmental, visual, and social needs of the hospital. It was integrated with the 
buildings and the open spaces between and around them. It aids the sustainable drainage 
system by aiding the infiltration of rain water and the prevention of flooding. At the same time, 
it naturally helps the development of habitat life in the site. 
 

2 

Landscape, 
townscape, and 
visual impact 

KHUH complements the general green structure of the area at the border between the two 
cities of Manama and Muharraq. It is a continuation of the green structure on the roads to its 
south and east. As such, the project adds to the urban visual character of Bahrain and 
enhance the green culture of the community. 

KHUH provides good spatial openness and visual transparency of the spaces around the 
buildings and in the public open spaces of the site.  

Public and private spaces are clearly defined and the suitable lighting is provided for the public 
areas like parking lots and green spaces without affecting the buildings of the hospital. 
surrounding residential areas to the north of the hospital are far enough to be affected. 

1 

Security KHUH provides good spatial openness and visual transparency of the spaces around the 
buildings and in the public open spaces of the site. Public and private spaces are clearly 
defined, and suitable lighting is provided for the public areas like parking lots and green 
spaces without affecting the buildings of the hospital. Surrounding residential areas to the 
north of the hospital are far enough to be affected. 

2 

Connectivity Within the nice natural environment and well-designed beautiful buildings and spaces, KHUH 
provides both the employees, patients and visitors to enjoy a splendid chance of meeting, 
communication and cooperation in a lively and vibrant environment. 

 

1 

 Health and 
wellbeing 

Access to green 
space 

KHUH added a great value to the surrounding areas by transforming the vacant site into a 

monumental landmark with wide areas of green. It has enhanced the overall urban image of 

the area.  

 

2 2 

Community 
cohesion 

KHUH has been providing an excellent opportunity for the integration between the different 

groups of users without any discrimination based on colour, gender, religion, or ethnic group. 

KHUH is the second largest healthcare facility in the country, and it has considered the future 

population growth growth of the citizens and expatriates. At the same time, KHUH has a wide 

range of services that respond to the different needs of community. 

 

2 

Institutions and 
social networks 

KHUH is s government hospital working under the umbrella of the Ministry of Health. The 

users of the hospital with all their classes are subjected to the government healthcare system 

in general and to the special high standards of the hospital at the same time.  

 

3 

Social vibrancy KHUH provides enough open public spaces where people can meet like clean well-paved 
roads and parking lots. Nice, beautiful green spaces are also available for meeting and 
suitable social activities. 

1 

Overall segment average score  2 
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Abstract: In temperate climates, such as most Italian ones, the need to limit both winter heat losses of buildings 
and their overheating in other periods is present. Moreover, in warmer Mediterranean climates the convenience of 
insulation against the thermal inertia of the building must also be evaluated. Therefore, when the energy renovation 
of an old building with heavy masonry is performed it is a question of optimizing the position and the thickness of 
the additional insulation. In the presence of extended glazed surfaces, another problem is the choice of the solar 
control strategy. Both problems are present in many old Italian public buildings. In this paper is presented a 
computerized methodology for optimizing these choices taking into account the interactions between mass, 
additional insulation, internal and solar gains. The case study consists in a typical school building from the early 
1900s. The thermal behaviour of the building was simulated in different Italian climates:  Bologna, Roma and 
Palermo. The effects on energy demand and comfort of various solutions were compared. The possible effects of 
different types of masonry, different building’s orientations and various intended uses were also explored. 
Simulation results provide some indications as function of climate and building’s intended use. They show that the 
ideal strategy of intervention, for the type of building considered, depended not only on the climate but also on the 
building’s intended use, which determined the internal gains and the time profile of use. 
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1. INTRODUCTION 

In temperate climates, such as most Italian ones, the need to limit both winter heat losses of buildings and their 
overheating in other periods is present. The second requirement is particularly relevant in the presence of high 
internal and solar gains. It is well known that, in these climates, it is not convenient to exceed the insulation 
thickness. In addition in warmer Italian climates the convenience of the insulation in comparison to the building‘s 
thermal inertia must be evaluated. The two things are often seen as alternatives. 

When the energy renovation of an old building with heavy masonry is performed, it is a question of optimizing the 
position (internal or external) and the thickness of the additional insulation according to the intended use (Sami et 
al., 2011; Deng et al., 2019; Stazi et al., 2015; Tzoulis et al., 2017). The usefulness of a certain insulation depends 
on a number of factors, such as: 

 local climate, in particular the presence of significant day-night temperature ranges; 

 building’s thermal inertia; 

 building’s thermal balance, in particular the relevance of the energy demand for cooling compared to 
that for heating; 

 time profile of use. 

Moreover, in the case of old public buildings, large, glazed surfaces are often present, which incur the following 
well-known problems: high and undesired solar gains in the cooling period, high thermal losses in the heating 
period, and thermal and luminous discomfort. Also, the choice of the solar control strategy is connected to the 
building’s intended use and window orientation (Buvik et al., 2015; Erhorn, 2015).  

This work presents a computerized methodology for optimizing these choices. The various retrofit strategies were 
evaluated in relation to the total primary energy demand, and the effects on thermal and light comfort. The primary 
energy demand considered was that for heating, ventilation, air conditioning (HVAC) and artificial lighting, since 
insulation and solar control strategies influence these end uses of energy. Furthermore, these final uses of energy 
were linked to each other; and analyzing them separately could lead to misleading results. For these reasons the 
computer simulations were performed by using a specifically home-made software (Ener_Lux), which simulated 
the dynamic thermal and luminous behaviour of the building at hourly time steps, and allowed simultaneous 
analysis of energy and comfort issues. The peculiarity of this software was that, within each calculation time step, 
it calculated thermal and luminous comfort index values and, on the basis of these, it simulated the feedbacks on 
the solar control devices and/or on the set-point temperatures (Carbonari, 2017). 

The case study consisted of two classrooms in a typical school building from the early 1900s with a heavy structure 
and large glass surfaces in a climate of Northern Italy (Bologna, 44.5° N, 2259 base 20°C heating degree-days). 
The climate of the town was temperate with cold winter and warm summer and in all seasons there were negligible 
daily temperature ranges. With regard to this building, a retrofit intervention was hypothesized including the 
insertion of additional insulation and more efficient devices for solar control on the glazed openings.  

In order to assess the influence of internal gains, a time profile of use and solar radiation, two different intended 
uses, i.e. offices and dwellings, and a more problematic orientation, the one to the south, were hypothesized for 
the same rooms. In addition, to evaluate the influence of thermal inertia, some different masonry, both heavier and 
lighter, were also simulated. Given the extent of this type of building in the Italian territory, its thermal and luminous 
behaviour was simulated for two other Italian climates: that of Rome (41.91° N, 1415 base 20°C heating degree-
days) and that of Palermo (38.11° N, 751 base 20°C heating degree-days). 

2. THE CASE STUDY 

The examined building had an elongated plan, with the major axis oriented approximatively north-south. The 
classroom look out symmetrically on the two longer sides. Two identical classrooms were examined whose 
windows were facing approximately east (76° East azimuth), since, considering the morning time of use, this is the 
most critical orientation. The two examined classrooms were situated at the second and the third floor respectively; 
therefore, the influence of surrounding urban obstruction as regards solar gains and daylighting were different. The 
school was built in 1915; it had structural internal and external brick walls (0.25m thick) with plaster on both sides 
(total thickness 0.3m, transmittance (U-value) was 2.06 W·m-2·K-1, front thermal capacity (Cfront) equal to 481 kJ·m-

2·K-1, horizontal elements in wood, with superimposed lime mortar and bricks. Vertical wide windows were present. 

In Bologna, it was assumed that the retrofit intervention involved the installation of triple glazing with 0.004, 0.006 
and 0.004m thick glass layers. The external air gap could be 0.037m thick if it contained movable and packable 
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slats, otherwise it was 0.018m thick. The other air gap was 0.018m thick and it was a low emissive layer in the 
external side of the internal glass (overall Uvalue: 1 W·m-2·K-1).  

In Rome and Palermo, glazing was hypothesized with U-values close to the limit values set by the current Italian 
standards, which were: 3 W·m-2·K-1 in Palermo and 1.8 W·m-2·K-1 in Rome. Therefore, there were only two panes 
of glass of various thicknesses and with various distances depending on the presence of devices inside the cavity. 
Transmittances close to the limit values were chosen because lower values would lead to overheating problems. 
In all locations, the same solar control devices were simulated. 

   
Figure 43: The elementary school G. Pascoli in the centre of the picture  

In the case of classrooms, internal sensible and latent thermal gains relating to the presence of twenty-seven pupils 
and a teacher were taken into account. An hourly ventilation rate of 15 m3/occupant was assumed. It was also 
assumed a period of occupation only in the morning from 8 a.m. to 12 p.m. and a required illuminance of at least 
500 lx, in harmony with Italian regulations for schools and offices. The hypothesized light system consisted of 
fluorescent lamps with luminous efficacy of 91 lm/W, and maximum total power of 756 W). This system was divided 
into two zones parallel to the external wall. There were no dimmers.  

In the case of offices, six occupants were hypothesized with the related equipment (six computers and one printer) 
in the same space as the previous single classroom, and a more localized light system (maximum total power: 480 
W) always based on fluorescent lamps. A daily occupation period equal to eleven hours was supposed: from 8 
a.m. to 7 p.m.. In the case of housing, the internal gains suggested by the Italian standard (3.71 W/m2, 260 W total) 
were assumed. To estimate the primary energy demand related to the artificial lighting system, the same type of 
office system was hypothesized but sized on 2 occupants instead of 6 (therefore a power of 160 W), but during the 
daytime hours an average temporal presence of only 1 occupant was assumed.  

At first two types of additional insulation layers were hypothesized: external insulation consisting of a layer of rock 
wool, with various thickness values, with an outer protective layer in plaster; and internal insulation consisting of 
expanded polyurethane only 0.05m thick, with an internal layer of plasterboard, according to current construction 
practice. This was because a greater insulation thickness would reduce the internal space without causing 
significant energy savings. 

Usually Italian school buildings are only equipped with a hydronic heating system coupled with radiators. Therefore, 
due to the high internal and solar gains, with the exception of the colder period, classrooms often overheat. In order 
to estimate the energy cost of obtaining thermal comfort in any season, it was assumed that a full air centralized 
heating, ventilation and air conditioning system (HVAC) was installed to eliminate overheating and improve air 
quality. In the HVAC system, electrically driven chillers provide the fluid for the cooling coils, while the fluid for the 
heating coil was primarily provided by the condensers of the chillers, integrated by gas-boilers when necessary.  

Currently, the only solar control device was a diffusing curtain inside the windows. This device allows controlling 
glare phenomena but did not avoid unwanted solar gains and penalised daylighting. Instead, the alternative solar 
control strategies examined here were based on various types of packable arrays of tilting slats: one external to 
the glasses and two inserted between the glass sheets in the outermost air gap, one of the latter had diffusing 
surfaces while the other had a specular upper surface (Figure 2).  

The external slats were coupled with an internal diffusing blind, which was lowered when necessary to avoid glare, 
while the slats inside the glasses used their inclination for the same purpose.  Therefore, these devices were 
operated at first to minimize the thermal load but guaranteeing the required level of illuminance even in the most 
disadvantaged position. Then they could be further operated to eliminate glare phenomena if it were detected. The 
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control logic of the mirror slats differed from that of the diffusing slats because, before checking the thermal load 
and the glare, the slats were arranged in such a way as to redirect the direct radiation upwards as deep as possible 
in to the room. When necessary, all types of slats could be packed to ensure natural illuminance required, but if 
this caused glare phenomena they were unpacked. It was assumed that these control logics represented the 
actions that would be implemented spontaneously by the occupants. 

                       
Figure 2: External slats (left) and slats inserted between glasses (right) hypothesized in the climate of Bologna. From 

©Internorm catalogue  

In the various locations, the behaviours of hypothetical heavier and non-insulated masonry were also simulated: a 
brick wall 0.51m thick and a stone wall 0.51m thick, all with plaster on both sides. This was in order to compare the 
performance of insulation with those of a greater heat capacity, which is characteristic of historical architecture, 
especially in the two southernmost, warmer climates. In order to evaluate the effect of a lower heat capacity of the 
envelope the behaviour of a more recent construction system was also simulated for the same building. It consisted 
of a point structure: beams-pillars in reinforced concrete, with floors in brick concrete 0.3m thick and external walls 
in hollow bricks 0.12m thick. Although the U-value of the hollow brick wall was similar to that of the current solid 
brick wall, in the absence of insulation, the average U-value of the façade was higher. This was due to the presence 
of structural thermal bridges: edge beams of the floors and pillars in reinforced concrete. With regard to this 
configuration, the optimal insulation was sought.  

The main thermophysical characteristics of all these walls are summarised in Table 1. 

Table 14: Main thermal characteristics of the classrooms 

Configuration U-value [W/(m2∙K)] Cfront [kJ/(m2∙K)] 

Current brick wall 0.25m thick 2.06 481 

Heavier brick wall 0.51m thick 1.27 917 

Heavier stone wall 0.51m thick 2.37 1285 

Hollow bricks wall 0.12m thick 2.37 199 

 

3. RESULTS 

For reason of space, only a few graphs are reported and these mainly refer to the two most different climates: that 
of Bologna and of Palermo. In the intermediate climate of Rome, the results were closer to those of Palermo. Any 
change in energy demand or in the degree of comfort was evaluated with respect to the reference case, which was 
constituted by the current configuration of the building. 

3.1.  Primary energy demand 

In the climate of Bologna, if the rooms were used as classrooms or offices, any type of additional insulation results 
would be useful only during the coldest period because of the high internal gains. In the half seasons, insulation 
increased overheating as it prevented the night’s cooling of the mass (Figure 3). In the warmer period, they had no 
relevant effect because of the reduced heat flows throughout the envelope due to the higher internal set point 
temperature (26°C). For these reasons, in Bologna, the optimal insulation thickness was between 0.06 and 0.07m 
for the classroom. The total annual energy demand decreased rapidly to this value due to the reduction of winter 
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losses, after which it slowly increased due to the increase of cooling loads. In the case of the office, on the other 
hand, this minimum point was around 2cm (Figure 4).  

In the case of the office the lower number of occupants required a lower rate of ventilation, which significantly 
reduced the energy demand for heating, while reducing rather less for cooling, due to the smaller temperature 
differences between inside and outside in the cooling period. Given the longer period of daily use and the use even 
in summer, the total annual energy demand was greater than that of the classroom, on average 26-30% higher. 
The longer hours of use mainly affected the consumption of lamps, which almost doubled, despite the assumption 
that they had lower power due to a more localized lighting (Figure 4). 

 

  

Figure 3: Monthly primary energy demand (per square meter of floor area) for HVAC and lighting systems of the room at 2nd 
floors with various walls and various types of insulation 

In the case of the dwelling, heating energy demand was preponderant, therefore it was not possible to identify a 
point of minimum total energy demand (Figure 4).  

 
Figure 4: Room at 2nd floors, energy demand for the various uses as function of external insulation’s thickness 
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In the rooms of the upper floor, in Bologna, the total annual primary energy demand was generally 3-4% higher. 
This was due to the greater solar gains and the consequent greater cooling loads, partially balanced by lower 
consumption for lighting. In Bologna, in general, internal insulation was less convenient than the external one, 
particularly in the case of office use, where cooling energy demand was dominant (Figure 6). This was because it 
avoided the effect of the wall’s thermal inertia (Figure 3). Therefore, in warmer climates the disadvantages were 
even greater. 

In the warmer climates of Rome and Palermo, both in the case of the classroom and the office, the energy demand 
for cooling was much greater than that for heating, therefore any type of insulation only increased total annual 
energy demand, given the greater amount of useful dispersions compared to harmful ones. The effect was greater 
for the classroom due to the reasons mentioned above. This did not happen in the case of residential use, where 
heating energy demand was dominant, even when the advantages of insulation were minor in warmer climates. 

The heavier brick wall without insulation 0.5m thick was characterized by lower U-value and greater heat capacity 
than those of the reference masonry. Therefore, in Bologna, due to the first characteristic, it slightly reduced winter 
consumption for heating and increased that for cooling in the hottest period of July-August, since it reduced the 
useful dispersions. The greater inertia slightly reduced energy demand in the mid-seasons, because it reduced 
cooling loads, especially in the office. For these reasons, this wall had advantages only in Bologna, for the office 
and, in a more accentuated way, for the classroom. However, these advantages were slightly less than those due 
to the optimised external insulation, for the classroom having an energy saving of 10.5% against 13%. On the other 

hand, this wall would be disadvantageous in the other two warmer climates examined, both for the classroom and 
for the office: the savings on heating did not compensate for the higher cooling costs due to the lower useful 
dispersions. Only in the case of housing was this wall advantageous everywhere. 

The 0.5m thick stone wall was characterized by an increased the U-value and a significantly higher heat capacity 
(four times that of the reference case). Thermal inertia alone was advantageous especially in reducing cooling 
loads. Therefore, it would result in negligible energy savings in Bologna only for the classroom (0.52%), and in 
Palermo it would provide modest results for the classroom and the office (2.2 % and 2.42% respectively) while it 
would be disadvantageous in all the other cases. Both in the case of brick and stone walls, the greater thickness 
entailed greater consumption for artificial lighting. 

In Bologna, the construction technology in reinforced concrete and hollow bricks, without insulation, increased the 
total primary energy demand, essentially due to the higher consumption from heating. The thicknesses of the 
optimal external insulation were not significantly different from those found for the reference masonry. In warmer 
climates, on the other hand, this technology involved energy savings in the case of the classroom and the office, 
but these were essentially due to the lower consumption of the lamps, given the lower thickness of the masonry. 

  

Figure 5a: Total annual primary energy demand (per square meter of floor area) for HVAC and lighting systems of the 2nd floor 
room as function of external insulation’s thickness and different solar control strategies 
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Figure 5b: Total annual primary energy demand (per square meter of floor area) for HVAC and lighting systems of the 2nd floor 

room as function of external insulation’s thickness and different solar control strategies 

Here are the results relating to the combination of the various devices with the external optimized insulation since 
this turned out to be the most efficient one (Figure 5). Compared to the use of the internal curtain only, all the types 
of examined movable slats entail energy savings (Figure 5 and 6). This was because they reduced unwanted solar 
gains better than the internal curtain alone and avoided glare phenomena by reducing the incoming luminous flux 
less. Therefore, they reduced the use of lamps and the consequent thermal gains. The introduction of these devices 
did not change the ideal insulation thicknesses previously identified. 

In general, the diffusing slats positioned between the glass gave the highest energy savings, followed by the 
specular ones, always inserted between the glass. The latter reduced lamp consumption less, since a large part of 
the incoming luminous flux (80%) was diverted upwards and 40% was absorbed by the plaster. The external slats 
had a lower reflection coefficient and reduced the incoming luminous flux much more, thus resulting in lower 
savings related to artificial lighting. 

In general, in Bologna, the energy savings of the slats were of the same order of magnitude as those due to optimal 
insulation. In warmer climates, the percent savings due to solar control were higher but always mainly due to 
savings in artificial lighting (Figure 6). With office use, the total savings due to the slats was also greater in absolute 
value, but, given the higher consumption due to the longer time of use, the percentage savings were less 
remarkable. Therefore, the differences between the energy performances of the various devices were smaller.  

 
Figure 6a: Percentage energy savings achievable compared to the reference configuration. The configurations with slats are 
combined with the optimized external insulation. In case of heavier walls or hollow bricks wall only the best performant solar 

control device is represented 
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Figure 6b: Percentage energy savings achievable compared to the reference configuration. The configurations with slats are 
combined with the optimized external insulation. In case of heavier walls or hollow bricks wall only the best performant solar 

control device is represented 

In general, the greatest energy savings were found in Bologna for the classroom due to insulation that reduced the 
energy demand for heating. In Palermo the savings were generally lower and mostly due to lighting thanks to solar 
control devices (Figure 6). 

A hypothetical windowed external south-facing wall would result in a modest reduction in the total annual primary 
energy demand. This savings would be mainly due to the lower use of lamps, and would increase with the use of 
the most efficient solar control devices (slats between glasses). This effect would be greater in the case of the 
office, which presented greater consumption from lamps. These savings would be greater in Palermo. With the 
Southern orientation, the percentage savings due to all types of slats, compared with the screen alone, would 
increase, in particular in the case of the specular slats applied to the office. This different orientation would not alter 
the ideal insulation thicknesses previously identified. 

3.2.  Thermal comfort 

Thermal and luminous comfort indexes were calculated with reference to six significant positions of occupants in 
the room. The results for office use relating to the two most diverse climates, Bologna and Palermo, are reported 
here, as they also extended into the afternoon and through the summer. The predicted mean vote (PMV) was used 
as the main evaluation parameter (Fanger, 1970; UNI, 1997).  

The thermophysical characteristics of the building envelope elements essentially affects the mean radiative 
temperature (MRT), which in turn affects the PMV, and the localized discomfort due to the asymmetry of the plane 
radiant temperature (tpr). In order to explore the influence of insulation, an external insulation 0.06m thick and an 
inner insulation 0.05m thick were hypothesized in both locations, although in Palermo that would be harmful from 
the energy point of view. Both in Bologna and in Palermo all the insulation, in particular the external one, improved 
comfort throughout the year, and the results were better in the mid-seasons. Only in the warmer period, the 
differences with the reference case were small (Figure 7). 

The heavier brick wall, 0.5m thick, having a lower U-value than the reference one, improved the degree of comfort 
a little, but to a lesser degre than insulation. The hollow brick and the stone wall, both without insulation, having a 
U-value greater than that of the reference wall, showed slightly worsened comfort in the cold period and the mid-
seasons because they reduced MTR and PMV more. However, in the hottest period, the stone wall, thanks to its 
inertia, contained the MRT more and provided better performance even than the insulation in Bologna. In Palermo, 
it seemed to not keep the MRT low enough, and the hypothesized insulation guaranteed feelings closer to thermal 
neutrality. 

Solar control devices mainly influence the internal temperature of the windows, therefore the MRT and the 
asymmetry of tpr. The diffusing slats between glass panes kept this temperature a little higher in the cold period 
and reduced it slightly in the hottest period.  

The specular slats were less efficient in controlling this temperature. Given the different control logic adopted, in 
the cold period they tended to pack less frequently than the others; therefore, they reduced more the incoming 
radiation and reduced more the PMV value. Conversely, in the hottest period, when they were not packed, they 
assumed a lower inclination and heated up more, thus heating the inner glass too. Therefore, the MRT turned out 
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to be slightly greater using them. In Bologna this happened only in the hottest period while in Palermo, it was 
always. 

In all locations external slats provided better thermal comfort during the warmer period by limiting the temperature 
of the internal glass. 

 
Figure 7: Bologna. Office. Spatially and daily averaged MRT values in typical monthly days, with different types of insulation 

and constructive technologies for the 2nd floor room 

The tpr asymmetry was greater with the devices that allow the internal glass to cool more in winter (i.e. slats that 
pack) and make it heat more in the hot period. However, these values are always very lower than the limit values 
provided by the Italian standard, which is 10 °C for horizontal asymmetry. 

3.3.  Visual comfort 

The evaluation of the light comfort was carried out only in the hours of complete daylight with both areas of the 
lamp off. Two types of glare were considered here: the disability glare from direct radiation on the visual task, and 
discomfort glare due to exceeding contrast of luminance inside the visual field. This last was assessed by means 
of the Daylighting Glare Index (DGI), in case of extended light sources (Chauvel et al., 1982; UNI, 2000), or Unified 
Glare Rating (UGR) in case of smaller sources (CIE, 1995). In this study, the first type of glare was considered 
excessive when the luminance of the task or its irradiated parts exceeded 580 cd/m2 (Robbins, 1986). It was 
assumed that the presence of glare of any kind in one occupant’s position entailed solar control actions.  

   
Figure 8: Bologna, office 2nd floor room, percentage frequency of hours-occupant in visual discomfort conditions on the total 

hours-occupant after the thermal load control actions, performed with the various devices, and before the glare control actions 
(left). Ratio between annual hours of daylighting and the total hours of use, before and after glare control actions (right) 

The histogram on the left of Figure 8 shows, for each solar control strategy, the percentage of hours-occupant in 
comfort or discomfort conditions on the total hours-occupant after the thermal load control actions, performed with 
the solar control devices, and before the glare control actions.  

The histogram on the right of Figure 8 shows, for each solar control strategy, both the daylighting hours possible 
after the heat load control actions and after the light comfort control actions. The internal curtain used alone was 
the device that reduced the hours of daylighting the most, while the slats between the glass panes penalised it 



274 

 

less, especially the specular ones. In particular, the specular slats provided more daylighting hours by favoring 
higher illumination values in the positions furthest from the windows. The fact that this did not lead to lower 
consumption from lamps was because, with specular slats, in many of the hours in which the lamps were used, the 
entire set of lamps were switched on while, with the diffusing slats, only half of the lamps were switched on. It was 
observed that, in the case of the slats between the glass, the glare control actions did not reduce the number of 
daylighting hours that were possible after the load control actions. 

Before the glare control actions, the most frequent discomfort was due to the direct radiation on the visual task, 
especially in the case of the curtain used alone. With the South orientation, the number of daylighting hours 
increased and the percentage frequency of discomfort conditions decreased. This was because fewer situations 
with low sun in the middle seasons occurred, and the differences between the performance of the various devices 
were reduced, both in the case of the classroom and of the office. In Palermo, the number of hours of comfort was 
greater, given the greater intensity of the solar radiation. 

Compared to the use of the single curtain, all the types of slats improved the internal light comfort. Before the glare 
control actions, all the types of slats reduced the frequency of disability glare due to direct radiation on visual tasks, 
in particular the specular ones. After the visual comfort control actions, all the slats guaranteed a greater uniformity 
factor of the internal illuminances (Uo) than just the curtain. The diffusing slats between glass provided the higher 
value of Uo in Bologna, whereas in Palermo the best performer was the external slats, but the differences between 
the types of slats were lower. Uo was defined as the ratio between the minimum illuminance value on visual tasks 

and their average value in the room (DIN, 1979). However, specular slats also caused higher spatial and temporal 
average DGI values, albeit within limits. 

4. CONCLUSION  

Simulations results showed that the ideal strategy of intervention depended not only on the climate but also on the 
building’s intended use, which determined the internal gains and the time profile of use. The dominance of the 
energy demand for cooling compared to that for heating reduced the optimal insulation’s thickness. Therefore, 
insulation, in particular the external type, brought energy advantages for all the examined intended uses only in the 
coldest climate of Bologna, while it would retain a certain usefulness in other climates for residential use only, when 
the energy demand for heating was dominant. 

In all the climates, the insulation, in particular the external one, improved comfort throughout the year and the 
results were better in the mid-seasons. Without insulation, only Bologna with brick masonry of greater thickness 
had advantages of a lower U-value. Even its greater thermal inertia provided advantages especially in the mid-
seasons. However, these energy savings were less than those obtainable with optimised external insulation. In the 
other climates examined, disadvantages relating to minor useful heat losses were dominant. A significantly higher 
heat capacity, but with associated greater transmittance, with thick stone masonry, brought modest energy savings 
only in the warmer climate of Palermo and for uses other than as a home.  

Among the solar control strategies, the most energy efficient seemed to be the use of diffusing slats inserted 
between the glass panes, followed by the specular ones always between glass. The specular slats provided the 
best luminous comfort, while those outside the glass provided the best thermal comfort in the hottest periods. 
Therefore, in the climate of Bologna, from the energy point of view, the best retrofit strategy consisted of external 
insulation with the optimized thickness combined with diffusing slats between the glass, while in the other warmer 
climates it was the introduction of the same solar control device with no insulation, except if intended for residential 
use. 

A hypothetical south-facing external wall with windows would benefit from a modest reduction in the total annual 
energy demand, mainly due to the lower use of lamps. With this orientation, the percentage savings due to all types 
of slats would increase, especially in the case of the specular slats applied to the office. Therefore, window 
orientation mainly influence the choice of solar control devices. This different orientation would not alter the 
identified ideal insulation thickness.  
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Abstract: The heat exchanger transfers heat between two fluids, and they are one of the most important 
components in power plants, heating, ventilating, and air conditioning (HVAC), refrigeration, electronic 
components, airplanes, PV panels and other similar applications. Improving heat exchangers would contribute to 
energy efficiency while also lowering the price, volume, and weight of the devices. Tube bundles are extensively 
preferred in many applications due to better heat transfer and ease of cleaning. To increase thermal performance 
of these heat exchangers numerous changes have been carried out and one of them was to use axial fins. The 
performance of axially finned tube bundles is affected by many parameters including Reynolds number, transversal 
and longitudinal distance, fin length and so on. A numerical study was carried out in this study employing an axially 
corrugated finned tube bundle. For the numerical solution of the continuity, momentum, energy, and momentum 
equations ANSYS Fluent software was used. Initially, the findings of the current study for the bare tube bundle 
were compared with experimental data from the literature to validate numerical computations. Then corrugated fins 
were attached, and the computations performed for different Reynolds numbers, transversal and longitudinal 
distance. The results were presented in graphical forms. Moreover, velocity and temperature distributions were 
depicted for a given Reynolds number. The use of corrugated fins regenerated the boundary layer and resulted in 
thinner temperature gradients on the rear of the tubes and fins. As a result, the Nusselt number increased by 14.9% 
when compared to the plain fins for the studied geometry. Thus, enhancing the proposed design would contribute 
to the carbon reduction target of current policies in heat transfer devices. 
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1. INTRODUCTION  

Heat exchangers are crucial tools for transferring heat between two fluids of different temperatures. Due to its 
simplicity in maintenance, tube bundle heat exchangers have been widely used in a variety of applications, 
including refrigerators, power plants, cooling towers, etc because they are easy to clean. Both circular and non-
circular geometries are possible (cam shaped, elliptic, etc.) and there have been several studies of circular tube 
bundles in the literature (Grimson, 1937; Tahseen, Ishak, & Rahman, 2015; Zukauskas, 1987). In order to improve 
thermal-hydraulic performance of tube bundles, many techniques have been used. Sparrow & Kang (1985) 
conducted experiments for three different axially finned tube configurations, namely F, B and F/B which refer to 
front, back and two sides.  They concluded that for fixed pressure drop, pumping power and mass flow rate, finning 
enhanced the heat transfer. They also determined that for an array with fixed tube centres, finning allowed for 
higher surface area additions than improvements in tube diameter.  In order to observe heat transfer and pressure 
drop for a certain splitter length and thickness, Mangrulkar, Dhoble, Chakrabarty, & Wankhede (2017) inserted 
splitter plates at the end of the tubes and conducted experiments and a numerical study. They claimed that thermal 
performance of the tube bank could increase by 60-82% and the splitter plate acted as barriers to fluid to avoid 
from bulk mixing, hence reducing pressure drop. Later, Mangrulkar, Dhoble, Abraham, & Chamoli (2020) performed 
experimental and computational studies to investigate the effect of splitter plate length and thickness on the thermal 
hydraulic performance. They noted that parabolic profile for the plate may enhance thermal hydraulic performance 
of the tube bundle. For inline and staggered arrangements with periodic flow assumption, the influence of axial fins 
on tube banks were numerically examined by Nasif Kuru, Erdinc, & Yilmaz (2020), Nasıf Kuru, Yilmaz, Aktaş, & 
Erdinç, )2020) and (Yılmaz, Kuru, Erdinç, & Yılmaz (2016). It was shown that heat transfer increased significantly 
by using axial fins on inline tube banks. By optimizing the tubes and fins in staggered arrangement, compared to 
the unfinned case, the volume of the heat exchanger could decrease by 42.7% for identical heat transfer. Study of 
axially tapered fins in a tube bank was numerically carried out by Abraham, Dhoble, & Mangrulkar (2020). They 
claimed that tapered fins significantly improved the heat transfer and reduced the pressure drop acting as vortex 
suppresser. 

It is known that corrugated channels are commonly used in heat transfer applications. As seen also from a literature 
survey, the splitter plates and axial fins over tube bundles enhance heat transfer and decreases pressure drop. In 
this study, the fins were corrugated and the impact of axially corrugated fins on four rows of inline-tube bundles 
was investigated for different Reynolds numbers. Initially, the bare four rows tube arrangement was validated for 
the verification of the numerical computations. Later, for three different 𝑠𝑇

∗  and 𝑠𝐿
∗ values, the corrugated fins were 

numerically computed and compared with the bare tube in terms of heat transfer and pressure drop. 

2. NUMERICAL MODEL 

The axially corrugated finned tube bundle is illustrated in Figure 1. Here 𝑠𝐿 and 𝑠𝑇 were longitudinal and transverse 
pitches, respectively. In the numerical analysis the fin thickness and length, and tube diameters were taken for 
fixed values. Here, the corrugations could be also different shapes including v-shaped and sinusoidal, etc.  

 

Figure 1: Corrugated finned tube 

 

 

𝒔𝑻 

𝒔𝑳 
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The following assumptions are made for the numerical solution: the working fluid was assumed to be air with 
constant thermo-physical properties, steady flow conditions, the buoyancy terms were neglected, the flow was 
incompressible, conjugate heat transfer between tubes and fins was ignored.  

2.1.  Data analysis  

The Reynolds number is defined as follows (Nasıf Kuru vd., 2020): 

Equation 1: Reynolds number                                                                                                                                 𝑅𝑒𝑚𝑎𝑥 =
𝜌𝑓𝑈𝑚𝑎𝑥  D

𝜇𝑓
 

                             

where 𝜌𝑓 , 𝜇𝑓  and 𝑈𝑚𝑎𝑥 are the density and dynamic viscosity of the air and maximum velocity at the minimum cross-

section of the computational domain. The 𝑈𝑚𝑎𝑥 is calculated by: 

Equation 2: Maximum velocity                                                                                                                       𝑈𝑚𝑎𝑥 = 
𝑠𝑇

𝑠𝑇 − 𝐷
𝑈∞ 

Here 𝑈∞ is free stream velocity of the air. 

The dimensionless transversal and longitudinal pitches are defined as: 

Equation 3: Dimensionless transversel pitch                                                                                                                𝑠𝑇
∗ =

𝑠𝑇
𝐷

 

Equation 4: Dimensionless longitudinal pitch                                                                                                                 𝑠𝐿
∗ =

𝑠𝐿
𝐷

 

The average convective heat transfer coefficient and Nusselt number can be calculated by the following relations: 

Equation 5: convective heat transfer coefficient                                                                                                    ℎ =
𝑞"

∆𝑇𝑙𝑚
 

Equation 6: Nusselt number                                                                                                                                      𝑁𝑢 =
ℎ 𝐷

𝑘𝑓
 

where 𝑞" is heat flux and ∆𝑇𝑙𝑚 is the logarithmic mean temperature difference (LMTD) and calculated by: 

Equation 7: LMTD                                                                                              ∆𝑇𝑙𝑚 =
(𝑇𝑤𝑎𝑙𝑙 − 𝑇𝑖𝑛) − (𝑇𝑤𝑎𝑙𝑙 − 𝑇𝑜𝑢𝑡)

𝑙𝑛
𝑇𝑤𝑎𝑙𝑙 − 𝑇𝑖𝑛
𝑇𝑤𝑎𝑙𝑙 − 𝑇𝑜𝑢𝑡

 

The inlet and exit temperatures are taken as bulk temperatures. 

The pressure drop is calculated with Equation (8)  

Equation 8: Pressure drop                                                                                                                 ∆𝑝 = 𝑓𝑁𝐿
𝜌 𝑈𝑚𝑎𝑥

2

2
 

Here 𝑁𝐿 is number of tubes along flow direction and f is friction factor. 

2.2.  Governing equations 

For the numerical solution the governing equations are given (Nasıf Kuru vd., 2020): 

Equation 9: The continuity equation                                                                                                                
𝜕𝑢

𝜕𝑥
+
𝜕𝑣

𝜕𝑦
= 0 
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The conservation of momentum equations: 

Equation 10: in x direction                                 
𝜕

𝜕𝑥
(𝜌𝑢𝑢) +

𝜕

𝜕𝑦
(𝜌𝑢𝑣) = −

𝜕𝑝

𝜕𝑥
+ 2

𝜕

𝜕𝑥
(𝜇𝑒𝑓𝑓

𝜕𝑢

𝜕𝑥
) +

𝜕

𝜕𝑦
[𝜇𝑒𝑓𝑓 (

𝜕𝑢

𝜕𝑦
+
𝜕𝑣

𝜕𝑥
)] 

Equation 11: in y direction                                  
𝜕

𝜕𝑥
(𝜌𝑢𝑣) +

𝜕

𝜕𝑦
(𝜌𝑣𝑣) = −

𝜕𝑝

𝜕𝑦
+
𝜕

𝜕𝑥
[𝜇𝑒𝑓𝑓 (

𝜕𝑢

𝜕𝑦
+
𝜕𝑣

𝜕𝑥
)] + 2

𝜕

𝜕𝑦
(𝜇𝑒𝑓𝑓

𝜕𝑣

𝜕𝑦
)  

Equation 12: Energy equation                                   
𝜕

𝜕𝑥
(𝜌𝑢𝑇) +

𝜕

𝜕𝑦
(𝜌𝑣𝑇) =

𝜕

𝜕𝑥
[(
𝜇

𝑃𝑟
+
𝜇𝑡
𝑃𝑟𝑡
) 
𝜕𝑇

𝜕𝑥
] +

𝜕

𝜕𝑦
[(
𝜇

𝑃𝑟
+
𝜇𝑡
𝑃𝑟𝑡
) 
𝜕𝑇

𝜕𝑦
] 

Many turbulence models were tried and the Renormalization Group (RNG) k-ε turbulence model with enhanced 
wall treatment was chosen for this study. The details of the equations can be seen in Nasıf Kuru vd. (2020). 

2.3.  Boundary conditions and grids 

The boundary conditions are shown in Figure 2. Here air entered the flow domain with uniform velocity and 
temperature.  No-slip condition was assigned to the tube and fin surfaces and constant wall temperature was 
assumed for them. At the exit pressure-outlet boundary condition was given. Symmetry boundary conditions were 
also applied upper and lower side of the computational domain. 

 

Figure 2: Designation of boundary conditions 

The applied meshes are illustrated in Figure 3. To keep y+ between 1 and 5, inflation was given. The mesh 
independence study was also conducted. The numerical computations were performed using Ansys Fluent 21 to 
solve governing equations. Second-order accuracy for momentum, energy and turbulence equations was used. 
The converging criteria was given as 10-5 for continuity, momentum, and turbulence equations and 10-8 for energy 
equation which could be acceptable.  

 

Figure 3: The applied meshes and detail of corrugation meshes 

2.4.  Verification of the study 

As there has been no experimental study for axially corrugated finned tube heat exchanger, the validation study 
was conducted using four rows bare tube bundle data given by Zukauskas (1987) utilizing air as the working fluid 
and 𝑠𝐿

∗ = 1.5 for the Nusselt number and friction factor. The deviation increased at higher Reynolds numbers. As 
seen from Figures 4 and 5, the maximum deviation was 13% for Nusselt number and 15% for friction factor, which 
was acceptable.  
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Figure 4: The validation study of Nusselt number for 𝑠𝐿
∗ = 1.5 

 

Figure 5: The validation study of friction factor for 𝑠𝐿
∗ = 1.5 

3. RESULTS AND DISCUSSION 

The effect of Reynolds numbers on heat transfer and pressure drop for bare and corrugated finned are depicted in 
Figures 6 and 7 with three values of 𝑠𝑇

∗ = 𝑠𝐿
∗ . Here the total length of the fin was kept as constant. The Reynolds 

number ranged between 300 and 2400 and as expected the heat transfer and pressure drop increased with the 

Reynolds number. As seen in these figures, the 𝑠𝑇
∗ = 𝑠𝐿

∗ = 1.5 corrugated fins did not contribute to the thermal 

hydraulic performance much. But the studied 𝑠𝑇
∗ = 𝑠𝐿

∗ = 2  and 𝑠𝑇
∗ = 𝑠𝐿

∗ = 3 corrugated fins enhanced the thermal 
hydraulic performance. The heat transfer rate for the corrugated fins increased by 14.91% compared to the bare 
one and the pressure drop was also lower than the bare tube bank.  
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Figure 6: Variation of total heat transfer with maximum Reynolds number 

 
Figure 7: Variation of pressure drop with maximum Reynolds number 

The effect of corrugation depth (b) and length (a) on the pressure drop is illustrated in Figure 8 for (b) ranges 
between 0.1 to 0.4 and (a) ranges 0.2 to 0.6, respectively. As seen here, as corrugation depth and length increased, 
the pressure drop decreased due to avoiding flow separation. Here for the studied geometry the pressure drop 
could decrease by 10%. 
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The velocity and temperature contours are illustrated in Figures 9 and 10 for bare (𝑠𝐿
∗ = 1.5, 𝑠𝐿

∗ = 2 𝑎𝑛𝑑, 𝑠𝐿
∗ = 3) 

and corrugated fins (𝑠𝐿
∗ = 1.5, 𝑠𝐿

∗ = 2 𝑎𝑛𝑑, 𝑠𝐿
∗ = 3). Here the fins changed both velocity and temperature 

distributions and contributed to the increase in heat transfer and decrease of pressure drop regenerating boundary 
layer. As there was not enough space for 𝑠𝐿

∗ = 1.5, there was not much contribution. At higher 𝑠𝐿
∗, the fluid mixing 

perpendicular to flow direction was higher and thus higher heat transfer was obtained. Also, this reduced the 
recirculation zones and decreased the pressure drop. 

 

Figure 8: The effect of corrugation depth and length on pressure drop 
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Figure 9: Velocity contours for a) bare (𝑠𝐿
∗ = 1.5),  b) bare (𝑠𝐿

∗ = 2), c) corrugated fin (𝑠𝐿
∗ = 1.5), d) corrugated fin (𝑠𝐿

∗ = 2), e) 

corrugated fin (𝑠𝐿
∗ = 3) 

a) 

d) 

c) 

b) 

e) 
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Figure 10: Temperature contours for a) bare (𝑠𝐿
∗ = 1.5),  b) bare (𝑠𝐿

∗ = 2), c) corrugated fin (𝑠𝐿
∗ = 1.5), d) corrugated fin (𝑠𝐿

∗ = 2), 
e) corrugated fin (𝑠𝐿

∗ = 3) 

b) 

c) 

a) 

d) 

e) 
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4. CONCLUSION  

In this work, 3 different 𝑠𝑇
∗  𝑎𝑛𝑑 𝑠𝐿

∗ of inline tube bundle effect of corrugated fin were studied. The following 
conclusions can be drawn from the work: 

 Similar to the plain finned tube, the corrugated fins increased heat transfer and decreased pressure loss;  
 For the 𝑠𝑇

∗ = 𝑠𝐿
∗ = 1.5, the thermal hydraulic performance of the heat exchanger did not increase so much 

when corrugated fins were added; 
 The heat transfer rate for corrugated increased by 14.9%. The pressure drop was also lower than the bare 

tube bank; 
 For the appropriate corrugation depth and length, pressure drop could decrease by 10%; 
 As 𝑠𝑇

∗ = 𝑠𝐿
∗ values increased the enhancement improved; 

 This numerical study was conducted for a given geometry. Further optimization and experimental studies 
would contribute to the determination of the optimum parameters including fin thickness, length, and 
corrugation aspect ratio and shape. 
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Abstract: In the hot region of southern Algeria, the tramway is a new means of urban transportation but weather 
conditions necessitate in-depth studies to ensure acceptable comfort for passengers. In this case, thermal comfort 
becomes a principal criterion for tramway cabin design. This comfort largely depends on improving the temperature 
distribution inside the cabin. The analysis for this study of internal temperature behaviour was examined by Ansys 
code. The internal and external heat gains were evaluated and a numerical simulation conducted to examine airflow 
thermal and dynamic fields for different conditions. In March 2018, an experimental campaign was carried out for 
temperature measurement and maintenance operation control. The temperature simulation data was validated 
against the experimental one. For the cooling circuit, two inlet openings and one outlet opening were designed at the 
internal surface roof to ensure good air replacement in each wagon module. The results showed that the cooling 
need required a powerful air conditioning system with a maximal capacity of about 18 kW to reach the thermal comfort 
of 25 °C in July. The maintenance investigation indicated some cooling system failures due to voltage fall of the 
electricity grid in summer. A reduced number of photovoltaic-thermal systems were designed to assist the heating 
and the electrical feed with monocrystalline photovoltaic modules. The tramway roof had sufficient area to install 
horizontal solar panels. The obtained results showed that the integration of PVT panels for the air conditioning system 
could provide significant energy to assist both heating and cooling tram systems.  

.     

 

 

Keywords: tramway cabins; desert climate; air conditioning; maintenance; PV/T panels  

mailto:boubekeur.ogx@gmail.com
mailto:naouikhenfer5@gmail.com


287 

 

1. INTRODUCTION 

During the 1830’s, industrial development increased rapidly (Djaafri and Idir, 2016) and urban and suburban 

locations required large transport fleets to meet their daily needs (Baroudi, 2014). Generally, this fleet suffered from 

being noisy and journey durations were very long (Ait Bara, 2015; Soraya et al., 2016). But, in the era of 

development and progress, efforts are being made to improve the comfort of transportation. In particular, safety 

and thermal comfort are paramount factors in extreme weather conditions, especially in hot climates. In the Ouargla 

region (southern Algeria), tram operation requires the ensurance of good cooling to perform thermal comfort inside 

the cabins. Many previous studies have been conducted on airflow analysis to assess the cooling heat required to 

achieve an acceptable temperature level. Berlitze and Matschke (2016) studied the comparison between the 

simulated and experimental results of the thermal comfort of a train in Germany. The CFD simulation showed that 

the indoor temperature on a horizontal height of 0.4m was in good agreement with the experimental results. 

Konstantinov and Wagner (2015) conducted a numerical simulation of thermal comfort in the train compartment in 

Germany. They analyzed the best position for the entry and exit of the air. Three cases were tested; these variants 

differed by the location of the air inlets and outlets. The best design was the one with entrances at the bottom of 

the train and exits at the ceiling. Ye et al. (2005) realised an experimental investigation of three groups of people 

inside a train in Wuhan (China). They analyzed the thermal comfort for three different positions of air inlet openings. 

The first was completely open and placed at the top, the second placed on the side, and the third placed at the top 

but it injected on the sides. They found that the third position of air distribution in the cabins had the best thermal 

comfort. In Kerman (Iran), Aliahmadipour et al. (2017) developed a 3D train coach model. A CFD simulation 

approach was used to examine the air flows supplied by the HVAC system. They investigated the thermal comfort 

as a function of the inlet air velocity and direction. Obtained results were presented as a function of the indoor 

space shape whilst no energy efficiency solutions were analyzed.  

Wang et al. (2019) investigated the indoor thermal comfort of a high-speed train in China. The effect of the roller 

curtain was studied. They found that cabin air temperature near passengers was significantly increased by solar 

radiation. Also, passengers sitting next to windows had an obvious thermal comfort variation. During hot weather, 

the application of a curtain reduced the solar radiation effect, improved thermal comfort and reduced energy 

consumption. Hofstadter et al. (2018) analyzed both comfort and energy demand for a tramway cabin in the city of 

Vienna (Austria). A suitable numerical simulation of tram envelope and HVAC system components was developed. 

In particular, the train skin was modelled by simply considering a thermal network, two capacities and two thermal 

nodes. The electricity saving ranged from 9% to 32% depended on the HVAC system control strategy.  Barone et 

al. (2020) developed a novel simulation tool for the complete performance analysis of trains in the TRNSYS 

environment. The approach referred to an existing medium-distance train operating in South Italy. Heating/cooling 

loads and demands and their electricity requirements were assessed for the standard and revamped train. The 

results showed significant benefits in terms of energy-saving and comfort. Useful design and operating criteria for 

train manufacturers and users were provided. Huang and Shuai (2018) selected a series of objective and subjective 

indexes to express a quantitative method of calculating the railway passenger comfort benefits (RPCB) in Sichuan 

(China). This method consisted of three steps: make the initial data dimensionless, calculate the weight of each 

index, and calculate the RPCBs. This method was validated with the data collected from two train destinations. 

Also, a questionnaire survey was conducted on both trains. The results showed a linear relationship between the 

RPCB and ticket fare with 0.9616 as a correlation coefficient. Pradhan and Samantaray (2018) developed an 

integrated vehicle-biodynamic model by using multi-domain energy and multi-body simulation software ADAMS VI-

Rail. These models evaluated the track irregularities in passenger ride comfort of a railway vehicle in Kharagpur 

(India). ISO 2631 specification was applied to determine passenger comfort. Ye et al. (2004) investigated the 

thermal and air quality environment to optimize the control of the ventilation system to provide a comfortable indoor 

climate. Field surveys were conducted in long-haul rail sleeper cars in Shanghai (China). Seven main parameters 

were included: thermal comfort, relative humidity, clothing, air quality level, environmental preference, etc. In the 

questionnaires, most subjects reported that the air quality in the coach was average or good, and most of them 

voted that the air environment was acceptable. Most passengers could smell some odour in the coach, but it was 

not strong. The results showed that temperature, outdoor air ventilation, humidity and clothing were major factors 

that influenced thermal comfort. Hofstädter et al. (2016) provided a method for estimating the parameters of a 

dynamic thermal model for thermal comfort and air conditioning of rail vehicles in Austria. The heat transfer 

coefficients and its capacities were stated for various vehicle classes from measured data. Measurement data from 

13 vehicles were selected to provide reference values for all vehicle classes: metro, tram, regional and main-line. 

Indoor air temperature results agreed well with the measurements.  

Analysis of the above references showed that few studies focused on tramway comfort in desert climates. So it is 

interesting to address a study on the performance aspect of tramway air conditioning in the hot and arid climate of 

Ouargla city (Algeria). In this work, an investigation of airflow behaviour inside the passenger’s cabin was conducted. 

It aimed to determine the maximal energy to ensure a comfortable temperature inside the tramway during the hot 

summer period. Also, the effect of operating parameters on the system performance was examined for taking 
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eventual measures to get less energy consumption. In addition, the cooling system maintenance was examined to 

evaluate the reliability of the maintenance operation. A promoting operation to integrate PVT panels as part of the 

air conditioning system assistance provided significant energy to support the heating and cooling tram systems.  

2. MATERIALS AND METHODS 

2.1. General description of tramway cabins 

The cabin of electrical traction included substation systems, catenary subsystem, overhead contact line, and 
ground power supplies (APS). Rolling stock contained all vehicles, engines or trailers designed to move on the rail 
(Benhassani, 2016). The tramway was a bidirectional type with 9.2km of rails. The fleet consisted of 23 CITADIS 
402 trams. The tram included passenger cabins, a driving cabin, a motorized nacelle, and a hanging box (see 
Figure 1). 

 

 

 

 

 

 

 

Figure 1: Schematic of the mobile cabins 

2.2. Solar radiation 

On April 3rd, 2019, real temperature data of different parts and walls of the tram passenger’s cabins were collected. 
Solar radiation and temperature values were measured on the sun-lit tram parked in the East-West position and 
empty of passengers. A solar meter (Macsolar 2019); a digital thermometer indicator with a thermocouple (k type 
Thermocouple 2019) and humidity meter were used. For calculating the solar radiation in Ouargla city, the following 
empirical model was adopted (Sandali et al., 2019; Chen and Liu, 2008): 

Gsun = Gmax sin ((t-a) / (b-a) π), a <t <b           (1) 

Where: Gmax = maximum radiation; a and b = constants expressed in hours. 

The validation of the solar radiation model presented a good agreement (error ≤ 5 %). 

2.3. Measurement of indoor temperatures 

Figure 2 shows the temperature results inside the passenger cabin at the maximum recorded ambient temperature 

reaching 30°C at 14:00. 

Figure 8: Indoor temperature of tramway cabin 
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2.4. Physical model of a tramway cabin 

By measuring the temperatures at a fixed height along with the cabins, the value of the temperature was 

approximately constant confirming that the computational domain could be assumed as two-dimensional. 

2.5. Governing equations   

To resolve the mathematical model, the following hypotheses were considered: the flow regime was permanent, 
the domain of the computation was two-dimensional, the fluid was Newtonian and homogeneous and the flow was 
assumed as laminar. The conservation equations of airflow are written as follows (Chen and Liu, 2008): 

Mass balance                                    

  
∂𝑢

∂x
+ 

∂v

∂𝑦
= 0                                                                          (1) 

Where; u and v are the components of the velocity field in the directions x and y. 

Equation of motion: (in x and y directions) 
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)                                                           (2) 
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) – 𝑔𝛽(𝑇− 𝑇0)                                        (3) 

Where: υ is the    𝝂 = 𝜇/ ρ ̥ 

For natural convection, the Boussinesq approximation was added to consider that the density was constant 

everywhere except in the term of Archimedes' push under the assumption of slight differences in temperature 

(Chen and Liu, 2008):   

      ρ = ρ ̥  [1 −
𝑇−𝑇 ̥

𝑇 ̥
+ … ]                                                              (4) 

Where:      β =  −
1

ρ
+ (

∂ρ

∂t
 ) p =  cst                   (5) 

                                                

Equation of energy 

 𝑢
∂T

∂X
+ v

∂T

∂Y
=  α (

∂2 T

∂X2 
 +

∂2 𝑇

∂Y2 
)  +  S                                                     (6) 

           Where:       α = 𝜆/  ρ ̥𝐶𝑝     and S: heat source 

Boundary conditions 

The equivalent temperature takes into account the solar radiation effect on the external wall surfaces; it is 

expressed as follows (Ozel 2011): 

                         𝐓𝐞 = T0 +
𝛼𝐼𝑇

h0
−
εΔR

h0
                                                                 (7) 

𝐓𝟎 = outdoor ambient temperature, 
𝜶

𝐡𝟎
  = absorption capacity rate of external wall 0.026 ≤  

𝛼

h0
 ≤ 0.052. 

𝛆𝚫𝐑

𝐡𝟎
 = Correction factor (for horizontal and vertical surfaces). IT = global solar radiation. 

The temperature of internal cabin surfaces were calculated according to the thermal resistances of cabin walls 

taking into account the materials and thickness. These temperatures were determined using the following model: 

  𝛗 = (Tex − Tint) /𝑅                                                                                                                    (8) 

Where: φ= heat flow absorbed by the wall, R = wall resistance, expressed as  𝑅 = 𝑒/𝜆𝐴,  

e = wall thickness,  λ = thermal conductivity, A = exchange surface  
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The sandwich glass was composed of two glass plates covered by a smoked plastic layer (Citadis, 2017) which 

limited the solar radiation transmission. At solar radiation pick, the sun's rays were tangent to the vertical glass thus 

the phenomenon of heat absorption was more dominant. So, the boundary conditions of the Dirichlet type were 

adopted for the glass wall.  

2.6. Numerical procedures  

For the numerical simulation, the triangular mesh was chosen because it adapted better to the irregular form 

(Ansys, 2019). Three meshes (4490, 5744, 7620) were tested with Rayleigh number (Ra = 105), where the best 

mesh of 4490 was adopted. For the convergence of the solutions, the residue curves were controlled, where the 

convergent solution was reached after 1188 iterations with 10-6 as residues for all parameters (motion, continuity 

and energy). For determining air physical parameters, the empirical expressions given by Fourier (1988) were 

adopted. After calculations, the following parameters were obtained: 

Tm= 329.5 [°K] ; μ=1.98524×10-5 [kg/m.s] ; υ=1.862454×10-5 m2.s-1; β=0.00303766 [K-1], =1.058324 [kg/m3]   ; 

λ=0.028483[W/m.K] ; Cp =1009[J/kg.K]. 

2.7. Cooling system maintenance  

The maintenance operations monitoring over six months helped to identify the dates and times of the equipment 

breakdowns and the start-ups. Collecting this data permited the calculation of reliability parameters such as the 

system time between failure (TBF) and the technical repair time (TTR). For achieving a good impact on the 

installations performance, the optimization methods can help managers designing maintenance strategies such as 

the AMDEC method (Powell et al., 1966) and the Pareto diagram (Jannot, 2012). The application of the AMDEC 

method to the air conditioning system aimed to integrate a process of reducing repair time and simplifying fault 

detection. In this method, 03 fault indicators were chosen: the indoor air conditioner water leakage, the cabin hot 

/cold production and the low air conditioning level. Also, faults were classified according to 5 maintenance 

parameters: operation, mode, cause, effect and detection.  

3. RESULTS AND DISCUSSIONS  

3.1. Base case of the tramway 

The real test was carried out on 04/03/2019 by experimental measurements on tramway cabins at the train station 

parked in the open air and oriented from the East to the West. 

Temperature contours  

Figure 3 shows the temperature contours inside the passenger cabins. In general, a temperature decrease was 
noticed when moving from right to left and from top to bottom. This was due to the radiation effect on exposed 
sides. The minimum temperature reached 297K down on the cabin floor, and the maximum temperature reached 
305K on the glass surface exposed to the sun. Despite exposure of the roof to the solar rays, it was less hot 
because it had strong insulation with a very thick air space. 

 

 

 

 

                                    

 

 

 

Figure 3: Contours of temperature 
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Comparison of internal wall temperature 

In this case, a comparison was carried out between experimental and simulation results. The data showed a 
relatively wide gap between the experimental data and the simulation results. This difference was mainly due to 
the greenhouse effect inside closed cabins. 

Comparison of external wall temperatures 

Different positions of the temperature measurement on the outer walls of the tram considered by the calculation 
were defined as: down on the floor, the bottom right side exposed to the sun, the glass on the right side exposed 
to the sun, the ceiling exposed to the sun, the left window not exposed to the sun and the bottom left side not 
exposed to the sun. The comparison btween the experimental and calculated data showed a good agreement 
where the maximal relative error was about 5%. 

3.2. Cases of tramway without cooling 

In this case, the thermal balance of the tramway was studied during a critical state corresponding to the hottest 

day. According to data from the National Meteorological Office of Ouargla (Algeria) (2019), the hottest day in 2018 

was July 5th; the temperature was 48°C. This critical case was tested in two states: with and without passengers. 

Empty tramway case 

   This was the empty compartment (without any passengers) exposed to the sun. In this case, the thermal balance 

of the tramway was studied during a critical state corresponding to the hottest day. According to data from the 

National Meteorological Office of Ouargla (2019), the hottest day in 2018 was July 5th; the temperature reached 48 

°C. This critical case was tested in two states: without and with passengers 

Thermal and dynamic fields  

The general appearance of thermal fields was similar to the previous case by registering higher temperature levels. 
The minimum temperature, which was on the cabin floor, went down to 315 K, and the maximum temperature 
reached 344 K on the glass surface exposed to the sun (see Figure 4). Hot air tends towards the upper part of the 
cabin under the influence of the density gradient. Thus, since the tram was empty the internal gains were neglected. 
The temperature tracking along the vertical middle line of the cabin (y direction) showed a high-temperature rise 
until reaching 333 K (60°C) (at the height of 1.7m), which is a dangerous temperature level for human beings. 
Figure 5 shows the velocity contours of air inside the cabin; it was evident that due to the non-slip condition, the air 
velocity remained zero on the internal wall surfaces. Then, it increased sharply in the area near the walls, but on 
the side exposed to the sun, velocities were higher and reached a maximum value of 1.47 x 10-4 m/s. This was due 
to the excitation effect of the molecules by solar radiation. Thus, the velocity remained very low in the middle of the 
cabin. By following the velocity values in the y-direction, at 1.7m height, the air velocity recorded a maximum value 
of 1.2 x 10-4 m/s, and it remained at a very acceptable level for the comfort of the passengers. 

 

 

                            

 

 

 

 

 

 

 

Figure 4: Temperature contours                            Figure 5: Velocity contours (m /s) 
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Full tramway case 

In this case, the tram contained the maximum load of 302 passengers: 78 seated and 224 standing (Citadis 2019). 

For getting the most critical case, the tram is closed and leakage through the seals was considered. 

Internal gains 

At an ambient temperature of 26 °C, for one hour, the human body generates about 132 W as heat (Energieplus, 
2019). Knowing that the total volume of the tram was 203 m3, the released heat (Qd) was calculated as follows: 

Qd= +132*302/(3600*203)= +0. 05 W/m3 

In addition, the water condensation in the cabin is increased by the passengers breathing and the ambient air 

humidity. The average human releases water at 26°C is 99 g/h. Knowing that the heat of condensation is 2500 J/g, 

the heat released by condensation of 100% (Qcond) was calculated as follows: 

Qcond= +99*302*2500/(3600*203)= +102 W/m3 

Effect of water condensation 

A condensation rate of 1% was chosen for testing its effect on thermal behaviour. By proposing 1% condensation, 
there was an increase in the high cabin temperature compared to the empty ram. High heat propagates even in 
the middle of the ram, pushing the temperature to a maximum of 344 K (71°C). This temperature is a dangerous 
level for passengers. The temperature values along the x-axis at 1.7m height were lower (320 K) in the area not 
exposed to the sun, but it rose sharply and remained high until the glass surface on the right side reached the 
temperature of 344 K. 

3.3. Case of full tramway cooled with air conditioning 

The openings are placed on the ceiling of the tramway to ensure the entry and exit of air from the cooling circuit. 

The dimensions of the openings are determined according to the exact measurements taken from the cabin. Two 

openings of 0.8 m wide are intended for the air inlet, and another 0.3 m wide for the air outlet. It is observed that 

the air velocity and temperature at the entrance of the cooling aperture are sensitive parameters for the simulation 

of airflow in the tramway.  

Effect of temperature and velocity at air inlet 

By operating the air conditioning, condensation will be negligible, but as a safety measure, the value of 1% is taken. 
For obtaining comfort at 25 °C, the temperature contours are checked on numerical simulation under the Ansys 
code. By setting the air velocity at the inlet (0.5 m /s) and inlet temperature is varied to the values of 16 °C, 18 °C 
and 20 °C. At 1.7 m height, these values give the temperatures 21 °C, 25 °C and 28 °C, respectively. In the same 
way, the air temperature at the inlet is fixed at 18 °C, and the inlet velocity is varied (0.4, 0.5 and 0.6 m/s). At 1.7 
m height, these values give the temperatures of 31 °C, 25 °C and 21 °C, respectively. It is noted that the power 
increases according to the decrease in the inlet temperature. For each case, the corresponding calorific power is 
calculated by equation 11. The best result is obtained for the temperature of 18 °C and velocity of 0.5 m/s, which 
achieves a thermal comfort temperature of 25 °C at 1.7 m height.  

                pcal  = ρ*cp*(Tinitial – Tconf)= 125036.9 W.                                    (11) 

This power level presents a relatively high dispense for getting thermal comfort for passengers in a hot period. 

Also, in Algeria, the transport sector presents a high part of total energy consumption (36%) (Ghedamsi et al. 2016). 

Therefore, the dispense reduction requires an appropriate optimization to increase system efficiency and minimize 

its size (Dokkar et al. 2013). In addition, many techniques can be proposed to introduce renewable energy. Figure 

6 shows the temperature distribution in the passenger cabin at a velocity of 0.5 m/s and a temperature of 18 °C of 

inlet air. It is observed that across the contours, the temperature over the entire internal area of the cabin reaches 

25 °C. But, it remains higher in areas exposed to the sun. Along the x-axis, at 1.70 m, the temperature remains 

relatively high (320 K) on the left wall unexposed to the sun. Then, it decreases toward the inside until 298 K. This 

temperature level remains good comfort for the passengers. Then, the temperature rises sharply on the wall of the 

side exposed to the sun reaching 344 K. Figure 7 shows the velocity contours inside the cabin and near the 

openings of the cold air inlet and hot air outlet; the cold air enters through the ceiling with relatively small velocities. 

But, the air velocity at outlet has higher values due to the smaller opening section. 
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Figure 6: Contours of temperature                                                 Figure 7: Contours of velocity 

3.4. Cooling system reliability and maintenance optimization 

Reliability is the system's ability to perform a given operation for a fixed period under specified operating conditions. 
These conditions include all external constraints such as mechanical, atmospheric, human and others. For achieving 
this purpose, a collecting campaign is carried out to identify the various failures recorded on the air conditioning 
system during 2019. In this study, the maintenance analysis is based on the exponential law, which is most commonly 
used in reliability to describe the period when the equipment failure rate is considered constant (Monchy and Vernier 
2010). The cooling system reliability indicates low values due to the small equipment age (2 years of operation). In 

addition, the investigation shows that the cumulative probability of failures is increasing, which means that the system 
studied has encountered more problems; this means that by reducing the intervention at the appropriate time, the 
risk of failures increases.   

Determining the criticality ratings imposes the maintenance policy to be carried out for the five maintenance 
parameters such as operation, mode, cause, effect and detection. The results show that the indicators of indoor air 
conditioner water leakage and the cabin hot/cold production fault should be placed under the correction bet. While, 
the low air conditioning level fault requires a seeking improvement. Pareto analysis (ABC) determinates the minority 
of the causes responsible for the majority of the effects. A selective action plan is adopted to confront the main 
elements. In Figure 8, the shape of the curve shows that the frequency percentage or the survived defects (effects) 
increases according to the increase of the accumulated cause. The curve can be divided into three areas: Zone (A) 
20% of causes are responsible for 64% of breakdowns, Zone (B) 30% of causes are responsible for 29% of 
breakdowns, and Zone (C) 50% of causes are responsible for 7% of breakdowns. Noting that 64% of the breakdowns 
come from voltage drops in the public grid during the summer period 

 

Figure 8: Air conditioning system fault 
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3.6. Integration of solar panels 

The cooling system is based on conventional air conditioner components; it consists of a gas compressor with the 
different accessories. The system operates as a frigorific machine in summer, and in winter, it transforms into a 
heat pump. The system is equipped with an AMERSON gas compressor of the CopelandScroll type and the 
ZR144KCE-TFD655 model. 380 V voltage feeds the compressor with an alternative current of 22 A as maximal 
intensity. The average power consumed is about 6000 W with 16 hours as operating time (in the summer and 
winter). It contains 03 air conditioning systems dived in 03 locations on the tramway roof. 

The air conditioning system assistance with solar energy requires the investigation a photovoltaic-thermal (PVT) 
collector in desert climate. Experimental tests are conducted on PVT panel In the University campus (Ouargla city, 
Algeria). The chosen day of tests is a cold day of winter (1st December 2019). The panel dimensions are 1480 mm 
x 670 mm with an inferior air channel of 200 mm depth. The air inlet opening is 560 mm wide and 100 mm in depth. 
The density of electrical energy produced by the prototype of the PVT system is calculated by the following 
equation: 

 P= I x v/As                                                                                        (12) 

Where: P [W/m2] electric power density, As [m2] is the surface of PV panel, V [V] is the voltage of the maximum 
point power, I [A] is the electric current of the maximum point power 

The density of thermal power (heat) produced by the prototype of the PVT system is expressed as follows: 

                                           Q = Cp x ρair x Vair x So (Tout –Tin)                                                                              (13) 

Where: Q [W/m2] thermal power density, So [m2] is the surface of the air channel inlet, Vair [m/s] is the flow velocity 
in the air channel, Cp [W/kg] is the air-specific heat, and ρair [kg/m3] is the air density 

Figure 9 shows the temporal power density of both electrical and thermal aspects. In winter, the heat is recovered 

directly and the electricity will be converted to heat via ohmic resistance according to the following equation: 

 Qres= Rohm I2 / As                                                                                (14) 

Where: Q [W/m2] thermal power density of the ohmic resistance and Rohm [Ω] is the ohmic resistance. 

 On the tramway roof, three areas reserved for the conventional air conditioner. Each one allows the installation of 

06 PV modules of 0.3 kW/unit and 1.6817 m2/unit. Due to the long length of the tramway, this limited number of 

modules has a negligible effect on its total weight. The global area covered by solar panels reaches 30.27 m2. The 

heat amount produced directly and via the ohmic resistance achieves 1060.4 kWh. Comparing this recovered heat 

with the produced heat by the installed heat pump indicates that the PVT system covers the totality of the heating 

needs during sunny operating hours. In winter, the tram's daily operation is 16 hours; with 8 hours during the night.   

During the summer, the climatic conditions change, where the ambient temperature and solar radiation reach 50 

°C and 1200 W/m2, respectively. The parameters concerning the hottest day (July 10th, 2019) are collected from 

the National Meteorological Office of Ouargla, (Algeria). The electrical power (Ec) produced by 18 PV modules is 

calculated as flows (Dokkar et al. 2013): 

 

                                                                         (15) 

Where: Ppc is the pick power of the 18 PV panels (Ppc =18*0.3 kW), Fm is the coupling factor (equal to 0.9).  

γ  is the cells temperature coefficient (mono-crystalline cells   = 0,004), Tamb  is the ambient temperature during 

the sunny period, Tr is the reference temperature (given by the panel's manufacturer equal to 25 °C), G  [W/m2] is 

the solar radiation in standard conditions, it is equal to 1000 W/m2, and Gβ [W/m2] is the solar radiation received by 

a PV panel inclined with angle β. 
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The obtained results show that the produced electrical power reaches 50089.1 Wh during the sunny period (13 
hours); however, the actual electricity needed is 288000 Wh. Thus, the electrical assistance covers about 18% on 
the hottest day. In the Ouargla region, many studies indicate that the PV electrical performance highly increased 
when applying cooling systems. Khenfer et al. (2020) investigated a PVT air cooling system supported by a glass 
upper part, where the air channel experienced natural convection. In addition, Dida et al. (2021) examined a passive 
cooling system for PV modules supported by an evaporative burlap cloth attached directly to the module's rear 
surface.  But, for air forced convection under the PV cells, Ozcan et al. (2021) found that the PV panel efficiency 

increase more than 6% when the velocity of the cooling airflow reaches 10 m/s. A similar phenomenon appears 
when a tramway is equipped with PV panels and moves along the railroad.  Thus, for this case, the benefit of 
electrical assistance can jump to 24% in the hot period.  

 

Figure 9: Power density of PVT system (December 1st, 2019) 

4. CONCLUSION  

An investigation on the cooling performance of tramway cabins is carried out in the critical conditions of the hot 

climate of Ouargla city. The numerical simulation of airflow inside the tramway cabin is performed using Ansys 

code, and the air conditioner maintenance is examined. The main paper conclusions are as follows: 

 At critical hours, the effect of direct solar radiation through the cabin roof is relatively reduced through a 
thick air layer. 

 The temperature measurements of the tramway cabin show a good agreement with the simulation model 
data. An empty cabin exposed to the sun has very high temperatures and is unbearable for passengers. 
Therefore, the case of a full tram presents a more delicate situation.   

 On hot summer days, indoor thermal comfort (25 ° C) requires powerful air conditioners with a nominal 
power of 18 kW. This power level presents a relatively high energy dispense.  

 The failure density gradually decreases with optimization analysis showing that the handling of maintenance 
operations is well mastered. 

 During sunny periods, integration of PVT panels in the air conditioning system can provide a significant 
energy rate to assist both heating and cooling tram systems.  
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Abstract: Proton Exchange Membrane (PEM) water electrolysis system is considered to be a promising technology 
to generate green hydrogen from renewable energy sources. The performance of PEM depends on several 
conceptual and operational parameters, such as temperature, water content and thickness of membrane, the 
pressure of anode and cathode regions, and cathode and anode exchange current density. Identifying these 
parameters and their effects on the efficiency of PEM could help researchers to improve the performance of PEM 
by increasing safety, the quantity and hydrogen output, and minimizing the cost of hydrogen generation. The PEM 
efficiency and the effects of the main parameters that influence the performance of PEM are presented and 
reviewed in this paper.  
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1. INTRODUCTION  

Nowadays, global warming and climate change are among the major challenges facing the world. The 
decarbonization of the energy sector by increasing the share of renewable energy resources is viewed as one of 
the promising solutions to tackling global warming. However, the intermittency of renewable energy breaks the full 
decarbonization of the power system. Hence, the development and the use of energy storage technologies could  
enable a higher deployment of renewable energy.  The use of hydrogen, especially green hydrogen to store excess 
energy generated from renewable energy sources for use during peak periods, is viewed as an attractive 
technology due to its several benefits. Water electrolysis is one of the numerous technologies used to generate 
green hydrogen by splitting water into hydrogen and oxygen. The operating principle of electrolysis is basically the 
same, however electrolysers are distinguished by the type of electrolyte materials and the operating temperature. 
The electrolyser can be classified into two types: low or high temperature electrolysers. The high temperature 
electrolyser is not commercially available while the low temperature electrolyser involves alkaline electrolysis, anion 
exchange membranes and proton exchange membranes. Nevertheless, the only technologies available in the 
market are the proton exchange membrane (PEM) and alkaline water electrolysis (Kumar and Himabindu 2019).   

PEM electrolysers have recently gained more attention due to their numerous benefits compared to conventional 
alkaline water electrolysers, including better security, greater reliability, high hydrogen purity, less energy 
consumption, and feasibility at high current density (Srinivasan and Salzano 1977, Marshall, Børresen et al. 2007).  
In addition, PEM water electrolysis is characterized by an ability to quickly ramp-up and ramp-down, and a vast 
operating range of 0-100%, which can be a quixotic solution to solve the intermittency issue of renewable energy 
resources. PEM water electrolysis is also suitable for off-grid as it is effective, compact, needing little maintenance, 
and it is convenient for small to medium industrial utilization. However, a PEM electrolsyer is costly compared to 
alkaline ones due to the use of noble metals, such as Pt/Pd, as electrocatalysts, which are expensive. Also, the 
huge amount of water and its purification required to operate PEM water electrolysis increases its operating costs. 
In addition, the PEM electrolsyer faces challenges related to an acidic environment and low durability. Also,the cost 
of the bipolar plate accounts for 48% of the cost of a PEM electrolyser. In recent years, many research studies 
have been carried out to improve the efficiency and minimize the cost of PEM electrolysis by focusing on an 
alternative catalyst, bipolar plates, gas diffusion layer, and PEM based membrane electrode. Expert elicitations 
have been conducted by (Schmidt, Gambhir et al. 2017) to assess the lifetime, capital cost and performance of 
PEM water electrolysis. Results indicated that a transition from alkaline electrolysis to PEM electrolysis would occur 
by 2030 due to its numerous advantages when coupled with renewable energy resources. Also, the capital cost 
has already reduced by 2020 compared to 2016, and the decrease of cost with the higher operational flexibility will 
be expressed by commercial benefit by 2030.  

Already, PEM electrolysers are used in hydrogen generation, hydrogen welding, generation of pure substance  
used in the electronics industry, and metallurgy of alloys and pure metals. General Electric launched the first PEM 
in 1960s for fuel cell application and then for electrolyser application (Millet, Andolfatto et al. 1996). In 1987, a 
metallurgical company  (Stellram) installed the first PEM water electrolyser in Nyon, Switzerland, that was planned 
to generate 20Nm3 h-1 of hydrogen at a pressure of 1-2 bars.  

The current paper aimed to present the efficiency of the PEM electrolyser, in addition to the different factors 
affecting the performance of PEM electrolyser and the recent developed technologies to improve its efficiency are 
presented. 

2. BACKGROUND OF PEM WATER ELECTROCLYSIS 

2.1 Operating principle of PEM water electrolysis 

A PEM eletcrolyzer cell consists of a cathode chamber, an anode chamber, a proton exchange membrane, and 
two electrodes’catalysts surfaces (Figure 1). The electrodes, serving as anode and cathode, are joined to or banked 
in situ on either side of the membrane. A membrane electrode assembly (MEA) consists of membrane and 
electrodes. An external source of electricity (minimum potential of 1.23 V) is applied across the electrochemical 
cell to inaugurate electrochemical reactions at the cathode and anode electrodes. Catalysts are used to speed up 
the reaction. The catalysts used were originally of noble metals, like platinum and iridium. The process starts by 
inserting water at the anode, and the water molecules breaks down into oxygen, electrons (e-), and protons (H+) 
at the anode thanks to the electric field and catalyst. Then, the protons move to the cathode region via the 
membrane, which allows only protons to flow.  At the cathode side, the protons incorporate with the electrons 
supplied by the external power to become hydrogen gas molecules. The hydrogen and the oxygen molecules 
cannot be mixed due to the impenetrability of the membrane to hydrogen and oxygen molecules. However, water 
flows with protons via the membrane and this phenomenon is called electro-osmotic drag. 
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Figure 44: Schematic and operating principle of PEM water electrolyser  

2.2 Electrolsyer efficiency 

The electrolyzer efficiency involves hydrogen generation efficiency, Faradaic efficiency, and the effort to compress 
the produced gas. 

Hydrogen generation efficiency  

Energy is needed to split the water into oxygen and hydrogen in the electrolysis process. The quantity of required 

energy is estimated by the enthalpy change (H) which is the summation of Gibbs free energy (G) and heat 
energy. Gibbs free energy is used to calculate the minimum required decomposition voltage to run the 
electrochemical reaction since it is equal to the required energy to form water molecule from gases of hydrogen 
and oxygen. Under standard circumstances, the Gibbs free energy is expressed as: 

𝐺 = 𝑁𝐹𝑉𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒              (1) 

Where:  

 N = number of involved electrons,  

 F = Faraday’s constant (96500 C.mol-1),  

 Vreversible = reversible voltage.  

So, the reversible voltage, which is defined as the minimum needed voltage to decompose the water into hydrogen 

and oxygen, is 1.23 V (Zou and Zhang 2015) (Islam, Monirul et al.). The heat energy is expressed as entropy TS. 
The change of enthalpy is equivalent to 85.84 kJmol-1 at normal conditions. Thus, the minimum needed voltage, 
called the thermo-neutral voltage, for the electrolysis can be estimated by (Kurzweil 2013): 

                𝑉𝑇𝑁 =
Δ𝐻

𝑁𝐹
=

∆𝐺

𝑁𝐹
+
𝑇Δ𝑆

𝑁𝐹
=1.48 V 

             (2) 

The applied potential should surpass the reversible voltage in order to boost the charge transfer in the MEA of an 
electrolyzer, since the current density and the rate of hydrogen generation are proportional.  

Hydrogen generation efficiency is estimated from the output of electrical energy turned into chemical energy. Thus, 
the hydrogen generation performance is evaluated by the higher heating value of hydrogen. The hydrogen 
efficiency is the ratio of thermo-neutral voltage to the measured cell voltage (Kumar and Himabindu 2019):  

𝜂𝑝,𝐻2 =
𝑉𝑇𝑁
𝑉𝑐𝑒𝑙𝑙

 
             (3) 

Where:  

 VTN = thermo-neutral voltage  

 Vcell = cell voltage.  
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The cell voltage depends on temperature, current density, and pressure, and it involves four main components: the 
reversible cell voltage (the Nernst voltage), the oxygen evolution reaction (OER) charge transfer overpotential at 
anode, the hydrogen evolution reaction (HER) charge transfer overpotential at cathode, and the overall ohmic 
potential drop in the cell (Figure 2). The overpotential presents the difference between the experimental observed 
potential and the value determined thermodynamically and it involves all the electrical and catalytic losses. The 
overpotential cell voltage is mainly influenced by the catalyst activation and ion transport resistance in the 
membrane.  

 

Figure 45: Component of the water electrolysis voltage (Kai, Saito et al. 2019) 

The cell voltage is expressed as (Villagra and Millet 2019): 

𝑉𝑐𝑒𝑙𝑙 =
𝐺

2𝐹
 +  j 𝑅𝑖 + |𝜂𝐻2

𝑛
𝑖=1 | + 𝜂𝑂2 

             (4) 

Where:  

- Ri (.cm2) is the surface resistance of the ith cell component (involving ionic and electronic conduction),  

- O2 (in V) is the OER overpotential,  

- H2 (in V) is the absolute value of HER overpotential. 

This equation can be used for any value of current density.  

Faradaic efficiency 

The quantity of generated hydrogen does not conform to the quantity of hydrogen that can be stored. Faradaic 
efficiency is considered as a significant factor in electrolysers used to estimate the quantity of hydrogen produced 
pursuant to the supplied energy and energy performance. The Faradaic efficiency is the fraction of the experimental 
value of hydrogen to the theoretically estimated value. It is expressed as: 

𝜂𝐹𝑎𝑟𝑎𝑑𝑎𝑦 =
𝑉𝐻2 (𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑)

𝑉𝑐𝑒𝑙𝑙(𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑)
 

                 (5) 

Faraday’s second law is used to calculate the theoretical volume of gas that depends on electrode area, current 
density, operating conditions (pressure and temperature), and electrolysis time.  The experimental evolved volume 
of gas is measured by either gas chromatography analysis or water-gas displacement.  

The Faradaic losses are more distinguishable at low current density, and Faraday’s performance decreases as the 
hydrogen pressure increases (Yodwong, Guilbert et al. 2020). However, the temperature does not affect Faraday’s 
efficiency (Kurzweil 2013). The membrane thickness and the Faraday’s performance are proportional, the decrease 
of membrane thickness leads to deceases in Faraday’s efficiency.  This can be interpreted by the phenomenon 
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called gas cross over, where some of the hydrogen generated at the cathode at unbalanced high pressure is 
pushed back to the anode, causing a decrease of Faraday’s efficiency.   

Compression effort  

Another efficiency loss is caused by some processes and systems. The compression process of the generated gas 

is counted among the efficiency of the system, and it is called the effort for gas compression ( c,H2). It is expressed 
as the fraction of the required work to compress the hydrogen to the amount of hydrogen that can be stored by 
considering the mechanical efficiency of the compressor (Tzimas, Filiou et al. 2003). 

𝜂𝑐,𝐻2 =
𝑊𝑐

𝑄𝑠𝑡𝑜𝑟𝑒𝑑,𝐻2
 

                (6) 

The energy required for compression is expressed as (Tzimas, Filiou et al., 2003): 

𝑊𝑐 = 𝑁𝑠𝑊𝑐
1                 (7) 

Where:  

- 𝑊𝑐
1

 = required energy for on single compression stage,  

- Ns = stage number.   

The total efficiency of the PEM system depends on the hydrogen generation efficiency, the Faradaic efficiency, 
and the work done to compress the hydrogen. It is expressed as (Scheepers, Stähler et al. 2021):  

𝜂𝑡𝑜𝑡𝑎𝑙,𝐻2 = 𝜂𝑝,𝐻2𝜂𝐹𝑎𝑟𝑎𝑑𝑎𝑦𝜂𝑐,𝐻2                  (8) 

The total efficiency of PEM is mainly preponderated by the hydrogen generation efficiency  (Scheepers, Stähler 
et al. (2021)).   

3. FACTORS AFFECTING THE EFFICIENCY OF PEM WATER ELECTROLYSIS 

Many conceptual and operational factors affect the performance of PEM water electrolysis, such as temperature, 
pressure at anode and cathode sides, water flow, current density, and conceptual design of membrane. 

3.1 Impacts of temperature on the performance of PEM 

The operating temperature affects the reversible voltage, ohmic and charge transfer overpotential at the cathode 
and anode sides, and thus affects the performance of PEM electrolyser as shown in Figure 3 . It can be seen that 
the increase of temperature reduced the reversible voltage,  the ohmic overvoltage, and the activation overvoltage 
at cathode and anode regions. 

 

Figure 46: Impact of temperature on PEM water electrolysis voltage at 0.8A/cm2, and 0.2 MPa and a membrane thickness of 

60m (Kai, Saito et al. 2019) 
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When the temperature increased, the reaction rate rose at the electrode, resulting in increasing exchange current 
density and, thus, a decrease of the activation overpotential. Many studies have been carried out to determine the 
effect of temperature on the efficiency of PEM. All results showed that the rise of temperature led to an increase in 
the efficiency of PEM.  A numerical study by using a developed CFD model to analyze the impact of temperature 
on the performance of PEM for a temperature range of 293-373K was conducted by (Nafchi, Afshari et al. 2019). 
It was found that the increase of operating temperature reduced the needed power to achieve the same density, 
resulting in improving the PEM efficiency. It can be explained by the fact that the increase of temperature increased 
ionic conductivity and electrochemical activities. In addition, results demonstrated the effect of temperature 
increases with the increase of current density as shown in Figure 4. 

 

Figure 47: Current-voltage characteristics of PEM water electrolysis for different operating temperature (Maeda, Nagata et al. 
2016) 

Another study conducted by (Rahim, Tijani et al. 2015) analyzed the impact of temperature on resistance and ion 
conductivity of the polymer electrode, and on operating cell voltage by using a developed model. The temperature 
values examined in this study were 40°C, 60°C and 80°C. The simulation results pointed out that the ohmic 
resistance decreased from 0.198 Ω/cm2 to 0.125Ω/cm2 as the temperature increased from 40°C to 80°C. In 
addition, at a current density of 2A/cm2, the operating cell voltage decreased from 2.13 V to 1.98 V as the 
temperature increased from 40°C to 80°C. (Tijani and Rahim 2016) investigated the effect of temperature on 
Faraday’s efficiency and results revealed that the temperature did not affect Faraday’s efficiency. Moreover, a 
mathematical model was developed by (Nafchi, Afshari et al. 2019) to study the effect of different factors on the 
efficiency of PEM. Results showed that the rise of temperature from 313 K to 353 K caused a reduction of voltage 
by 8.3%. Also, at current density of 1.2 A/cm2, the rise of temperature from 313 K to 353 K improved the energy 
and exergy efficiency by 5.6% and 5.8%, respectively. These studies showed that the increase of temperature was 
beneficial for the performance of PEM and the effect of temperature on the efficiency of PEM electrolysis depended 
on the current density and other factors.  However, the rise of temperature should not be greater than 373 K since 
water evaporates at temperature over 373 K, and water should be at liquid state to preserve the ionic conductivity 
at the electrolyte membrane. In addition, the high temperature degrades the membrane. In this case, a cooling 
system should be added in order to keep the temperature under 373 K and durable materials should be used. 

On the other hand, another study was conducted  recently by (Scheepers, Stähler et al. 2021) to analyze the effect 
of temperature on the performance on PEM and it demonstrated that there were more benefits for low stack 
temperature. Results showed that the permeability of gas via the membrane decreased as the temperature 
decreased, resulting in decreasing amounts of hydrogen that permeated the membrane. This was safer since the 
increase of hydrogen to oxygen by more than 4% increases the safety issues, caused by the production of explosive 
gases on the oxygen region. In addition, this study revealed that the optimal temperature decreased to values close 
to the ambient temperature at low current densities. Moreover, the durable materials to operate at high temperature 
would not be required with the decrease of operating temperature of PEM.  

3.2 Impact of cathode pressure on the efficiency of PEM 

Cathode pressure plays an important role in decreasing the required power used to compress the generated 
hydrogen in order to store it. However, the increase of pressure at the cathode causes an inverse migration of H+ 
ions from the anode to the cathode, resulting in increasing the over-voltage and slowing the electrochemical 
reactions (Figure 5). Thus, the increase of pressure at the cathode affects negatively the energy and the exergy 
efficiencies of the PEM. 
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Figure 48: Voltage current curve for different cathode pressures (Martin, Trinke et al. 2022) 

The impact of change of pressure on the cathode part, with keeping the pressure on the anode side at atmospheric 
pressure, on the efficiency of PEM water electrolysis was studied by (Upadhyay, Kim et al. 2022). They proved that 
the increase in pressure decreased the performance of the PEM and the impact of pressure on the rise of reversible 
cell voltage in the high current density part was bigger than that of the reduction on the overvoltage, resulting in 
increasing the needed cell voltage as the cathode pressure rose. Also, the input current increased when the 
pressure increased from 1000 kPa to 2000 kPa. Moreover, another study conducted by (Nafchi, Afshari et al. 2019) 
in the effect of cathode pressure on the performance of PEM indicated that the decrease of cathode pressure from 
4 bar to 1 bar led to a decrease of voltage of PEM by 4.8%. In addition, according to  Yodwong, Guilbert et al. 
(2020), the rise of hydrogen pressure decreased Faraday’s efficiency. 

3.3 Impact of current density 

The current density affects strongly the hydrogen permeation. According to (Trinke, Bensmann et al. 2017), the 
increase of current density to 1 A/cm2 can increase the hydrogen permeation in the same way as the increase of 
cathode pressure to 20 bar and several decadic increases of temperature. The increase of current density leads to 
a decrease of the stack voltage, resulting in increase of cell performance. This can be attributed to the fact that the 
increase of current density causes a rise of the reaction kinetics on the electrodes (anode and cathode), and thus 
a minimize of the charge transfer resistance, resulting in improving the cell performance (Simon Araya, Juhl 
Andreasen et al. 2014). However, large quantities of gas are generated at high current densities, and lead to an 
accumulation of O2 that can create two different phase flux regimes and shield the anode electrode from water. 
The water and generated gas mass transport will be affected by these issues. Bubble blockage is caused by the 
accumulation of generated gas in PEM water electrolysis when the gas generation in the catalyst’s region overrides 
the gas sweep ability of the flow channels. The water’s flow rate via the channels and the crosses sectional are the 
main causes of bubble blockage. (Nouri-Khorasani, Ojong et al. 2017) investigated the comportment of the two-
phase flow in the anode flux channel of a PEM electrolysis by using optical visualization. Results showed that a 
delay from bubbly to slug transition was caused by high water flux rate and conduct to form tinier bubble and   
reduced slugs. Also, the impact of water flux on efficiency relied highly on the operating temperature. (Majasan, 
Cho et al. 2018) used high speed optical imaging to study the behaviours of two-phase flow and gas bubbles in the 
anode two field of PEM electrolysis for different operating circumstances. It was found that the anode parallel flow 
field design could achieve high efficiency compared to the single serpentine flow-field. In addition, the long channel 
length contributed to a rise in the gas accumulation and channel blocking, and lea to a decrease in the efficiency 
of the PEM electrolyser. 

3.4 Conceptual parameters 

The membrane thickness is considered to be a significant conceptual factor that affects the performance of PEM 
electrolysis. The impact of membrane and electrode thickness on the efficiency of PEM was studied by 
(Tugirumubano, Shin et al. 2016). Results are displayed in Figure 6, and it showed that the rise of membrane 
thickness lowered the efficiency of PEM since the ionic and electric resistance rose with the rise of the membrane 
thickness and led to decrease the voltage and thus increase of ohmic loss.  Similarly, the increase of the thickness 
of the anode gas diffusion layers and the cathode gas diffusion layer caused a decrease of voltage, and this effect 
was significant at high current densities. According to (Upadhyay, Kim et al. 2022), the increase of membrane 
thickness increased the ohmic resistance and increased the required power. Also, the impact of membrane 
thickness on the voltage was more prominent at high current density. The Faraday’s performance decreased with 
the decrease of membrane thickness and the effect was more pronounced at high cathode pressure.  This can be 
explained by the fact that the hydrogen’s flux densities through the membrane and generation rates decreased as 
the membrane thickness decreased, resulting in decreasing the Faraday’s efficiency. 
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Figure 49: Effect on the performance of (a) the membrane thickness (b) the anode GDL’s thickness of GDL (c) the cathode 
GDL’s thickness of GDL (Tugirumubano, Shin et al. 2016) 

A parametric study conducted by (Nafchi, Afshari et al. 2019) showed that the decrease of membrane thickness, 
and the channel ‘width and height’ decreased the voltage, resulting in increasing the exergy and energy efficiencies. 
The width and height of the channel also affected the performance of PEM. The rise of the width and the height of 
the channel led to an increase in the ohmic resistance and the electrolyser’ voltage. The cross sectional area 
increased with the increase of the width and height of the channel, causing a decrease of water velocity and 
reaction rate, and a rise of cell voltage. Therefore, the membrane thickness should be reduced in order to decrease 
the ohmic resistance and decrease the required power and the cost. Meanwhile, a reduction of membrane 
thickness could affect its durability and cause a permeation of reactive gases.  

The porosity of cathode and anode are among the conceptual factors that affect the performance of PEM 
electrolysis. This impact was studied by (Tugirumubano, Shin et al. 2016) by varying the porosity of one electrode 
with keeping the porosity of a second electrode constant and results are presented in Figure 7. It can be seen that 
the increase of porosity conducts to improve the PEM electrolysis performance at high voltage and this impact was 
more significant for the cathode. This can be attributed to the fact that the electric resistance was low at high 
porosity, since it had low volume fraction. Also, the diffusion loss decreased as the porosity increased, resulting in 
ameliorating the PEM efficiency.    

 
Figure 50: Effect on the PEM performance of (a) porosity of anode (b) porosity of cathode (Tugirumubano, Shin et al. 2016) 

3.5 Impacts of catalysts 

Catalyst is considered as an important factor that affects the performance of electrolyser. The rising of catalyst 
activity can minimize the activation overpotential mainly at the anode region. In the activation part of the polarization 
curve, the catalyst type and loading, the stability of the catalyst, and the electrochemical active area determine the 
performance of the electrolyser. Noble metals based electrocatalysts are usually utilized in PEM electrolyser like 
RuO2/IrO2 catalysts as anode for oxygen evolution reaction (OER) and  Pt/Pd- based catalysts for hydrogen 
evolution reaction (HER) (Xu and Scott 2010, Rozain, Mayousse et al. 2016). These metals are expensive and 
cause an increase of the cost of PEM.  In addition, the cost of precursor salt used in the initial coating process 
contribute to increasing the cost of PEM.  Many research studies have been carried out to develop alternative 
inexpensive electrocatalysts for HER and OER. 
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For the HER, the possibility of using MoS2 electrocatalyst was tested by (Hinnemann, Moses et al. 2005) with 
esults indicating that MoS2 could be used. (Sarno and Ponticorvo 2019) incorporated MoS2 with RuS2 and 
demonstrated the excellent properties of this incorporation like satisfactory over potential and Volmer Tafel 
behaviour, and high exchange current density. This incorporation can improve the hydrogen generation to reach 
10.2l/h at an operated current density of 1.1 A/cm2 with the use of power of 41.8 W and energy consumption of 3.8 
kWh/Nm3 and an efficiency of 93%.  Also, Palladium is viewed as another candidate for electrocatalyst due to its 
notably electrocatalytic activity, its low priced compared to platinum, and it is abundant in the earth (Lam, Chiku et 
al. 2015). The use of carbon-supported electrocatalysts, like  Ni2P/CNTs, Co-doped FeS2/CNTs, Mo2C/CNTs, A- 
Ni-C, WO2/C nano- wires and CoFe nanoalloys encapsulated in N-doped graphene, have been greatly investigated 
to test their capability to replace Pt in HER and to decrease the cost of catalysts used in HER (Chen, Wang et al. 
2013, Wang, Gong et al. 2015, Wu, Zhang et al. 2015, Fan, Liu et al. 2016, Kumar and Nanda 2018).  Also, several 
studies have been carried out to study the use of catalysts alternative to Pt-based catalysts for HER in PEM 
electrolysis. Results pointed out that the catalysts Pd-based nano carbon and MoSx  were the best electrocatalysts 
in the matter of stability and electro catalytic activity. 

For the OER, metal oxides are utilized in PEM as electrocatalysts. The two metal oxides IrO2 and RuO2 have 
demonstrated better metallic conductivity among the metal oxides (Trasatti and Buzzanca 1971). RuO2 has proved 
better performance for OER, and more effective than IrO2, but unstable by reason of corrosion caused by the high 
acidity of the perfluoro-sulfonic membrane and high anodic potential at OER (Xu and Scott 2010). However, IrO2 
has showed higher resistivity to PER in acidic surrounding and low performing (Sun, Xu et al. 2018).   Many 
research studies have been conducted to develop alternative catalysts for OER with high stability and performance, 
and low cost. For the purpose of minimizing the use of noble metal content in the electrocatalyst, several 
researchers studied the mixing of transition metal oxide with IrO2 and/or RuO2, like Nb2O5 (Terezo, Bisquert et 
al. 2001), PbO2 (Yu, Jung et al. 2019), Mno2 (Ma, Cheng et al. 2016), SnO2 (Ju, Giddey et al. 2017), etc. the 
nanostructured SnO2-IrO2-TaO5 oxides was studied to test its electrocatalyst ability for OER in PEM (Ardizzone, 
Bianchi et al. 2006). Results indicated good electroanalytical characters, and an acceptable electrochemical 
efficiency towards OER in acidic environment.  Moreover, the potential of doped Thin film (Sn0.8Ir0.2) O2 
electrocatalyst as OER electrode in PEM was studied by (Datta, Kadakia et al. 2013) . Results showed an increase 
of the electrocatalytic activity of F doped thin film (Sn0.8Ir0.2) O2 with the increase of the F loading, resulting in 
increasing electrochemical efficiency. Also, its electrochemical efficiency and stability were like pure IrO2. It could 
be concluded that the mixed metal oxides have potential to improve performance and stability versus corrosion 
and as well as reduction of the electrocatalyst’s cost. 

4. CONCLUSION 

PEM electrolyser is viewed as an attractive technology to generate green hydrogen due to its numerous 
advantages. However, the main drawbacks of PEM are the high cost, the acidic corrosive environment, the low 
durability, and the large amount of purified water required. The current paper highlighted the efficiency of 
electrolyser that involved the hydrogen generation efficiency, the Faradaic efficiency, and the effort to compress 
the generated hydrogen; the highest efficiency was the hydrogen generation efficiency. Also, the different 
conceptual and operating factors, such as temperature, cathode pressure, membrane thickness, catalyst and 
current density, affecting the performance of PEM electrolsyer were carried out in this paper.  The efficiency of 
PEM electrolyser was enhanced by high temperature, while the high temperature can degrade the membrane. The 
rise of cathode pressure can decrease the amount of power required to compress the hydrogen in order store it, 
while this rise  affected negatively the performance of PM electrolysis. The decrease of membrane thickness can 
enhance the PEM electrolysis, and an immoderation of membrane thickness reduction can affect its durability and 
cause a permeation of reactive gases. The degree of the effect of temperature, membrane thickness and cathode 
pressure on the PEM performance depended on the current density. The efficiency of PEM electrolysis increased 
with the rise of current density, while the high current density caused bubble blockage and two phase-flow, that 
decreased the PEM electrolysis. The rise of cathode and anode porosity led to improved PEM electrolysis 
performance at high voltage and this impact was more significant for the cathode.  The catalyst also played a 
significant role in improving the efficiency of PEM. The catalysts used in OER and HER were noble metals that are 
expensive and cause an increase of the cost of PEM electrolyser. Many cheaper alternative catalysts have been 
developed and demonstrated a high ability as electrocatalysts with low cost.   
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Abstract: Methane is the largest non-CO2 greenhouse contributor, with a GWP of 86 over a 20-year period. Sources 
of waste methane are highly dispersed and include agriculture, waste processing and energy. Yet with densification 
methane can offer an energy dense alternative to fossil-based fuels for heavy duty transport. The challenge with 
densification is that current methods involve large scale liquefaction, which would incur significant cost and energy 
in transport of feedstocks. A small-scale liquefaction system is preferred but are inefficient due to limitations on 
compressor technology. To reduce the work of compression a gas should be compressed isothermally, requiring 
a large surface area to volume ratio for enhanced heat transfer. A liquid piston gas compressor has a liquid to gas 
interface during compression, allowing the use of cylinder inserts to increase surface area to volume ratio. This 
paper compares the performance of a modified Reverse Brayton cycle operating with a liquid piston with small 
diameter pipe inserts and single to three stage compression, using a hybrid experimental and numerical approach. 
The experimental analysis captured the temperature and pressure profiles of the gas when compressed using a 
liquid piston. The increased surface area to volume ratio from the pipe inserts resulted in a peak temperature rise 
of 7.5˚C for a 13.3 compression ratio, corresponding to a polytropic index of 1.01. The results indicated a near 
isothermal compression of gas when using a liquid piston. Using the experimental data in the numerical simulation 
of the reverse Brayton cycle found that using a liquid piston reduced specific energy by an average of 27% 
compared to conventional multistage compression. The specific energy showed that liquid piston compressors 
could be a promising alternative for small scale liquefaction compressor technology.  
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1. INTRODUCTION  

The UK has pledged to reduce emissions and reach net zero by 2050, requiring significant changes to all sectors 
of the economy. The transport sector emits a high proportion of UK greenhouse gas emissions, accounting for 28% 
of total emissions (BEIS 2020). Electrification is expected to provide a suitable route for the decarbonisation of light 
duty vehicles with increasing sustainable electricity generation. For heavy duty vehicles, sustainable liquid fuels 
can provide an interim solution to reduce the carbon intensity, alongside efficient combustion and aftertreatment. 
In the UK in 2019, 5.1% of fuel sold for road and non-road machinery was certified as renewable fuel giving an 
average of 82% GHG saving (Transport 2019). Yet sustainable fuel is limited by production capacity and feedstock 
availability, creating land use competitions with food sources limiting supply. 

Methane is the UK’s largest  non CO2 greenhouse gas emission and presents an opportunity to decarbonise heavy 
duty vehicles through its use as a replacement for fossil fuels (Thomas and Dutton 2020).  Recent UK road trials 
showed that biomethane powered trucks can give 76% GHG emissions reduction compared to an equivalent diesel 
truck (Cenex 2019). In the UK the use of biomethane trucks is developing, for example Waitrose (a UK 
supermarket) has a fleet of 76 biomethane-powered vehicles.  

Biogas is produced from a variety of sources including anaerobic digestion, landfill gas and agriculture, with varying 
compositions depending on the source. For heavy duty vehicle application, the methane content of 95-99% is 
required (Börjesson et al. 2016) in liquid biomethane for reliable engine operation and fuel energy density. Heavy 
duty vehicles have high energy journey requirements and a limited storage volume, therefore need to carry energy 
dense fuels. 

 A methane liquefaction upcycling process could be implemented, which recycles anthropological methane, 
increasing its original value to provide sustainable fuels for the heavy-duty sector. A challenge to the concept is the 
geographical distribution of the sources, which means that a large processing plant would incur significant cost and 
energy in transport of feedstocks. A small local system approach is preferred, but current small systems are energy 
intensive and cannot compete with optimised large-scale liquefiers due to energy use of small compressor 
technology. Compressors are responsible for approximately 80% of the energy demand of a cryogenic system and 
compressor efficiency is directly proportional to the size, with efficiencies of 30% or lower reported for smaller 
systems (Flynn 1996), resulting in low mass flow rate systems having large specific energy. Large scale systems 
can offset this effect through larger compressors and technology such as multistage quasi-isothermal compression. 

Therefore, the feasibility of small-scale liquid bio-methane relies on the development of alternative compression 
devices suitable for small mass flow rates. This research will focus on one of the alternative compression 
technologies available, the liquid piston gas compressor. A liquid piston compresses air by continuously increasing 
the volume of an assumed incompressible liquid, decreasing the volume of the gas. The liquid gas interface allows 
the use of different methods to increase the surface area to volume ratio with a view to achieve isothermal 
compression. To increase the surface area to volume ratio small diameter tubes,  wire mesh , droplets and aqueous 
foam have been numerically and experimentally studied (Patil, Liu, and Ro 2020; Ahn, Patil, and Ro 2021; Qin and 
Loth 2014; Van de Ven and Li 2009).The increase in surface area in all cases demonstrated a minimum increase 
of 4% in isothermal efficiency for pressure ratios as low as 2.5. The peak isothermal efficiency demonstrated by a 
liquid piston was in the region of 95% using water spray droplets (Patil, Acharya, and Ro 2020), however the 
compression ratios studied were too low for cryogenic requirements.  

Liquid pistons have been heavily researched for compressed air energy storage variations due to the potential of 
a liquid piston to achieve the same power density for a set compressor efficiency (Ramakrishnan, Ro, and Patil 
2016; Yan et al. 2015; Saadat, Li, and Simon 2012). Additionally liquid piston applications in hydrogen compression 
have also been studied (Arjomand Kermani and Rokni 2015). However, the use of a liquid piston in a liquefaction 
cycle has not been considered. 

The research presented in this paper focused on the performance of a Reverse Brayton liquefaction cycle when 
operating with single/multistage and liquid piston gas compression. The study used a hybrid approach of 
experimentation and simulation to assess the specific energy of each compression method in a Reverse Brayton 
cycle. The liquid piston data was acquired through experiments which extracted pressure and temperature, in which 
the quality of isothermal compression and open system work would be calculated. The quality of isothermal 
compression was quantified using the polytropic index. The open system work values and output gas temperature 
obtained for the liquid piston were used to simulate and compare with one to three stage compression in a Reverse 
Brayton cycle. The different compression methods were compared in terms of specific energy and aftercooling heat 
removal.  
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2. METHOD 

The method section will detail the experimental liquid piston rig and explain the simulation approach for compressor 
comparison. 

2.1. Piston experimental set up  

 

Figure 51: Experimental setup of liquid piston with labelled components 

The liquid piston shown in Figure 51 was manufactured from 6061 aluminium with a diameter of 53.5mm, length of 
270mm and wall thickness of 1.75mm. Internally the cylinder housed 55 pipes with an outside diameter of 6mm 
and a 1mm wall thickness giving a surface area to volume ratio of 440:1 shown in Figure 51. The operation of the 
liquid piston can be broken down into two phases intake/water exhaust and compression/ mass transfer. During 
intake, the liquid piston filled with air at 3 bar, until 0.5L equalised activating a switch to compression phase. In 
compression phase, the water flowed into the cylinder through a variable orifice flow control valve, filling the 
cylinder. As the water filled the cylinder, the volume of gas decreased, increasing the pressure until the final 
pressure (≈40bar). Mass transfer began at the final pressure, the pressure relief valve opened, water continued to 
move upwards displacing the air from the cylinder. Once the water reached a set height in the cylinder, the liquid 
level sensor triggered the solenoid valve to open, removing the water from the cylinder. A lower liquid level sensor 
at the bottom of the cylinder shut the solenoid so the stroke can begin again.  

The temperature was measured in the following locations at the top of the cylinder, water in and out of the cylinder, 
water tank and cylinder wall using 1mm K-type thermocouples (±2˚C, 0.15s response time). The pressure was 
measured using a pressure transducer (RS 7975033, ±0.25%). The data acquisition kit consisted of NI cDAQ-9174 
chassis and a NI 9212 thermocouple module and a NI9205 module and was collected at 50s/s. 

From the temperature and pressure data, the volume was inferred using ideal gas law (Equation 1), as the 
conditions of the gas never exceeded critical temperature or pressure. The volume was later used to calculate the 
polytropic index of the liquid piston.  

Equation 20: Ideal gas law used to infer the volume based on the pressure transducer and thermocouples measurements  

𝑃𝑉 = 𝑚𝑅𝑇 

Where: 

 P = pressure [Pa], 

 V = volume [m3],  

 m = mass [Kg],  

 R = specific gas constant [J kg-1K-1], 

 T = temperature [K]. 
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Using the pressure measurements and calculated volume (Equation 20), the specific work was calculated using 
work done on an open system shown in Equation 21.  

Equation 21: open system work of compression by integrating the  pressure transduer and infered volume data points.   

𝑊 = ∫−𝑉𝑑𝑃 

Where:  

 W = work [J]  

 V = volume 

 P = pressure. 

Cryogenic cycle. 

This study focused on the comparison between a liquid piston, single and multi-stage compression technology on 
a Reverse Brayton cycles specific energy performance. The Reverse Brayton cycle is shown in Figure 52 and 
described in detail below. 

 

Figure 52: Schematic of proposed reverse Brayton cycle designed to process waste methane with labelled components and 
streams  

The biogas circuit  

The modified reverse Brayton cycle can be seen in Figure 52, designed to process biogas. The biogas was assumed 
to have undergone dehumidification and desulphurisation, before entering the plant. The cycle was designed to 
directly refine and liquefy biogas from anaerobic digestion, hence the initial conditions of biogas were set to 1bar 
283K. Referring to components in Figure 52, the biogas was initially cooled in HEX-3 and then underwent CO2 
separation in HEX-4. Heat exchanger HEX-4, phase separator and heater were used to simulate a single device 
where CO2 underwent desublimation. Biogas 2 stream passed through HEX-4 and was cooled to the desublimation 
temperature of CO2, the remaining biogas vapour which consisted of 99% CH4 was separated using a phase 
separator. During the sublimation process, 99.34% of CO2 was removed and 0.5% of methane was entrained in 
the solid CO2 and lost. The remaining vapour was cooled once more in HEX-2, liquefying the biogas which then 
had a 99.24% methane content and is known as liquid biomethane (Bio-LNG). A final phase separator was then 
needed for transient conditions such as cool down where yield would otherwise decrease. For the steady state 
conditions examined in this paper, the final separator was not required and was therefore not included in the 
analysis.  
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The CO2 circuit  

Once the solid CO2 had been separated from the vapour it was warmed 10K above its sublimation temperature. 
This value was selected to ensure that the solid CO2 was vapourised and to prevent a no flow condition in the 
cycle. The stream of CO2 was used to precool Biogas 1 in HEX-3 (Figure 52), the purity level reached during this 
desublimation process meant that the CO2 could then be used for commercial purposes (e.g., carbonation of soft 
drinks). 

Refrigeration Fluid Circuit  

Nitrogen (N2) was used as the working fluid in the system (stream 1 in Figure 52) and underwent a single/multistage  
compression, with the outlet stream precooled using a water cooler to 283K. Stream 3 was then precooled further 
in HEX-1 in preparation for expansion. The N2 then underwent expansion from the maximum system pressure, 
whereby further cooling the gas (stream 5). The Biogas stream was then split with 35% of the initial mass flow 
diverted to CO2 removal circuit (HEX-3), the remaining flow providing the cooling load for liquefaction (HEX-2). The 
large capacity rate in stream six relative to methane 1 led to a small temperature increase of the cooling fluid. 
Streams 8 and 9 were mixed and the temperature equalised, creating stream 10. Stream 10 provided the cooling 
load required to precool the working fluid on the hot side of the heat exchanger. 

The Reverse Brayton cycle described above was modelled in Aspen HYSYS (AspenTech) using the Peng 
Robinson equation of state. All pressure drops in the system were neglected, both expander and compressor had 
fixed adiabatic/isentropic efficiencies of 80% and the heat exchangers minimum temperature approach was 2˚C 

The specific energy was the main comparative measure used to assess a liquefaction cycles performance and was 
defined as the energy required to liquefy a unit mass of methane as defined in Equation 22 

Equation 22: Specifc energy , energy required to liqefy a unit mass of methane   

𝐸 =  
𝑊𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 −𝑊𝑒𝑥𝑝𝑎𝑛𝑑𝑒𝑟

𝑚𝑙𝑖𝑞𝑢𝑖𝑑 𝑚𝑒𝑡ℎ𝑎𝑛𝑒
 

Where:  

 E = specific energy[J] 

 Wcompressor = open system compressor work [J] 

 Wexpander = work recovered from the expander [J]  

 m = mass [kg]. 

For the case of the single and multistage compression, the work values were calculated numerically in Aspen 
HYSYS, whilst the liquid piston work was derived from experimental data. In all three cases, the mass of methane 
liquefied was calculated numerically. 

3. RESULTS  

The previous section introduced the analysis that was used to compare the different compression technologies 
operating in the Reverse Brayton cycle. This section introduces the results in two parts; the first focuses on the 
experimental data collected from the liquid piston gas compressor rig followed by numerical performance 
comparison in Aspen HYSYS. The cycle’s performance comparison will look at the difference in specific energy 
performance between a liquid piston, single and multistage compression. 

3.1.  Liquid piston thermodynamic characteristics  

Figure 53 shows the pressure and temperature profile of the gas during compression with a liquid piston. The liquid 
piston was able to maintain the designed pressure of 40 bar consistently. The gas temperature profile in Figure 53 
showed a steady increase an offsetting trend. The maximum temperature increase recorded was 7.5˚C±2˚C with 
an average of 6.7˚C±2 ˚C throughout the strokes. In comparison, the 80% single stage adiabatic compressor 
modelled in Aspen HYSYS had a peak temperature rise of 372˚C.  

Liquid piston in-cylinder pressure measurements in Figure 53 shows that exhaust/mass transfer is variable for each 
stroke with the largest transfer of mass occurring on the first stroke, declining for subsequent strokes in the data. 
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The Figure shows that the initial stroke had a transfer stroke duration of 2.1s which then decreased to 1s for the 
next three cycles, and for last 2 cycles decreased again to 0.7s. This could potentially be a result of mass 
displacement due to water remaining on the cylinder walls between each stroke or the amount of air dissolved in 
the water could increase between each stroke. Further to this, during the transfer stroke the pressure trace 
exhibited a change from exponential (pressure building) to cambering slope (mass transfer). Yet during mass 
transfer the pressure continuously increased leaving no clear isobaric mass transfer region. For subsequent 
strokes, the gradient steepness increased with a higher oscillating effect assumed to be valve chattering. Whilst 
mass transfer region can be inferred from where the signal changed abruptly from the mean (change point 
analysis), the quantity of mass transferred cannot be accurately obtained without the addition of a flow meter. 

It was believed that the sprung loaded pressure relief valve could not vent mass at the same rate of compression 
causing a continuous increase in in-cylinder pressure. The spring therefore also resulted in the chattering 
(oscillating) effect seen in Figure 53 which was to be expected when there was no backload on the valve (venting 
to atmosphere). 

 

Figure 53: Gas Pressure and Temperature Evolution for multiple compression strokes using a liquid piston gas compressor and 
zoomed in portion of mass transfer phase  

From the pressure and temperature data recorded, the volume was inferred using Equation 20, the corresponding 
P-V diagram is shown in Figure 54. 
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Figure 54: Pressure - Volume Diagram of liquid piston gas compression 

The curve presented in Figure 54 shows the P-V region and corresponding closed system, the relative uncertainty 
of the calculated volume was ±1%. The effect of the continuous pressure increase seen in Figure 53 was evident in 
Figure 54 where there was not an obvious mass transfer region. Using Equation 22 the open system work is obtained, 
whilst the closed system work is shown in Figure 54. The average open system specific work recorded was 263kJ/kg 
with a standard deviation of 4kJ/kg for each stroke and a relative uncertainty of ±1.3% (measurement uncertainty). 
The lower work was a result of increased heat transfer during compression because of increased convection due 
to the pipe inserts. By design, an efficient compressor maximised the work transferred to increasing the pressure 
of the gas but minimised the energy transferred to increasing the gases temperature. The increase of heat transfer 
meant less energy was used to increase the temperature of the gas which proportionally reduced wasted work, 
maximising the work transferred to increasing pressure. The experimental data indicated a polytropic index of 1.01 
compared to 1.5 of the 80% adiabatic compression used in the Reverse Brayton cycle comparison (1 = isothermal, 
𝐶𝑝

𝐶𝑣
 = adiabatic).  

Using the open system work calculated from the experimental data, the liquid piston was compared to a single, 
double and three stage compression in a reverse Brayton cycle. The corresponding assumptions of the numerical 
analysis are described in section 0 

3.2.  Reverse Brayton Performance comparison  

 

Figure 55: The proposed reverse Brayton cycle specific energy by compressor technology 

0

0.5

1

1.5

2

2.5

3

Single Stage Two Stage Three Stage Liquid Piston

Sp
ec

if
ic

 W
o

rk
 (

kW
h

/k
g)



317 

 

Figure 55 shows that the liquefiers specific energy using conventional compressors decreased with increasing 
number of compression stages, the largest reduction occuring between the single and two stage. When operating 
a liquid piston, the specific energy in the reverse Brayton cycle was reduced by 40%,24% and 18% compared to 
single, two and three stage compression, respectively. 

When using conventional compressor technology, the energy cost of after-cooling must also be considered 
particularly for cryogenic cycles. Aftercooling is a technology used after compression to reduce the temperature of 
air to prevent the thermal degradation of seals and lubrication. Further to this, in a cryogenic system the working 
fluid requires expansion to achieve the temperatures required to liquefy the commodity. To achieve the required 
temperature before expansion, energy needs to be removed from the working fluid, resulting in an energy penalty. 
Therefore, the lower the temperature after compression the lower the amount of heat required to be removed. 
Figure 56 shows the total heat flow removal required from the water coolers (water cooler Figure 52) for each 
respective technology. Within the proposed reverse Brayton cycle, the input temperature for HEX-1 was set to 
10˚C, the same temperature was used at the input of each intercooled stage. 

 

Figure 56: The heat removal required from the water coolers for each respective compression technology 

Figure 56 shows the calculated heat energy that was removed from the working fluid stream by the water cooler. 
For single and liquid piston there was one water cooler, for Two stage there was two and three stage had three 
cooling stages. The graph shows the total amount of heat that was required to be removed to ensure that the 
stream 3 (Figure 52) entered HEX-1 at 10˚C. 

The results in Figure 56 show that the liquid pistons largest impact was in the reduction in heat energy removal 
required from the water cooler. For a conventional compressor, compression using the three stages of intercooling 
resulted in an average temperature increase of 108 ˚C, whereas the liquid piston temperature increase was 6.7˚C 
due to the large surface area to volume ratio. The air compressed by a liquid piston required on average 92% less 
heat removal compared to the conventional compression technologies.  

4. DISCUSSION  

The results reported above were made up of experimental and numerical analysis, showing several key findings. 
First the experimental results illustrated a significant improvement in isothermal efficiency for a liquid piston due to 
increased heat transfer because of the large surface area to volume ratio. The increased surface area resulted in 
a near isothermal polytropic index resulting in significant work improvements compared to the conventional 
compressor technology used in this study. However, the increased surface area of the pipe inserts did sacrifice 
volume and therefore intake mass flow rate. It was also possible that the numbers of smaller cylinders also 
increased the number of solid to liquid interactions, leading to increased water mass present on the cylinder walls. 
The accumulation of water mass on the cylinder walls was a potential cause of the varying mass transfer phase. 
Another potential cause of this effect was the mixing of gas and water during compression which may have led to 
gas being dissolved in the water. However, the experimental data was collected over a limited number of strokes 
and analysis over an increased number of strokes would be needed to understand if a plateau of mass transfer per 
cycle was reached.  

The analysis also demonstrated the liquid piston offered significant specific energy improvements in a Reverse 
Brayton cycle, compared to multistage compression. The largest benefit of the liquid piston was in heat duty 
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reduction of the water coolers. Therefore, this study has shown that the liquid piston could offer a compression 
technology for small scale systems that was competitive with quasi-isothermal compression (up to the three 
stages).  

Within literature, liquid piston applications are focused on compressed energy air storage (Khaljani et al. 2021; 
Neu, Solliec, and dos Santos Piccoli 2020; Patil, Liu, and Ro 2020). (Patil, Liu, and Ro 2020) reported a polytropic 
index of 1.08 using wire mesh to increase the surface area in a liquid piston for compressed air energy storage 
applications, giving an isothermal efficiency of up to 90%. The lower polytropic index of 1.01 recorded in this work 
was a result of longer stroke times and increased surface area of the pipe inserts compared to the mesh. This 
conclusion was validated by many studies which have shown that longer stroke times positively impact the 
polytropic index and isothermal quality of compression (Wieberdink et al. 2018; Van de Ven and Li 2009; 
Ramakrishnan, Ro, and Patil 2016)  

To further increase the understanding of a liquid piston and its impact in a cryogenic system, the Pressure-
Temperature measurements need to be cross correlated with Pressure-Volume measurements. Previous studies 
have concluded that thermocouples slow response time, ability to measure only local temperature and large 
thermal gradients meant that the temperature field cannot be fully solved (Wieberdink et al. 2018). However, these 
conclusions were drawn on much higher-pressure systems with much faster stroke times. Further to this the cause 
of the decline mass transfer region must be further investigated to find if a plateau is reached. One potential cause 
was water carry over and gas entrainment this requires more understanding, water carry over in a cryogenic system 
can lead to freezing and equipment failure. Whilst gas entrainment could lead to mass flow reductions, which would 
require a top-up method, because working fluid circuits in cryogenic cycles are closed systems. 

The use of small-scale liquefaction cycles is critical to the success of upcycling biomethane from waste sources 
due to the distributed nature of the feedstock and associated logistical challenges. The research covered in this 
paper has shown the viability of using a liquid piston in a cryogenic cycle in terms of specific energy improvements. 

5. CONCLUSION 

This study examined the use of liquid piston for compression in a biomethane liquefaction application for small 
mass flow rates, compared to single, two and three stage compression. 

Key conclusions from this work were: 

 A liquid piston cylinder containing smaller diameter pipes for a compression ratio of ≈13 had a polytropic 
index of 1.01 indicating near isothermal compression. However, a declining mass transfer region was 
noted, and further investigation should ascertain whether this reaches a plateau, and the impact possible 
gas entrainment would have on a closed system. 

 The increased heat transfer during compression resulted in significant specific energy reductions in the 
Reverse Brayton process. Using a liquid piston compared to conventional compression technology (1-3 
stages) resulted in an average of 27% reduction in specific energy. The largest benefit of the liquid piston 
was the reduction of heat duty removal required in the compressor aftercooler. Gas exhausted from the 
liquid piston required an average of 92% less heat needing removal to meet the 10˚C condition. 

The viability of utilising waste methane as an energy vector for heavy duty vehicles requires a small-scale 
liquefaction approach. The results of this study indicated that using a liquid piston for gas compression could 
significantly improve a small liquefier’s performance, opening a new novel application for a liquid piston and waste 
methane utilisation. 
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Abstract: The need for cooling energy in the UAE has significantly increased as a result of the rapid population and 
economic growth as well as its challenging climate. Several passive techniques such as shading have been used 
to minimize the reliance on mechanical systems. This study aimed to compare the various types of shading and 
look at how they affect the surface temperature of an existing building. The comparative analysis included the 
following cases: self-shading through pockets, shading through vegetation, and finally shading through orientation. 
The methodology consisted of three main stages: first, a comparison between flat non-shaded windows and 
pocketed shaded windows; second, a comparison between flat shaded windows by trees and pocketed shaded 
windows; and finally, a comparison between flat shaded windows by orientation and pocketed shaded windows. 
Thermal imaging techniques were used in this research to obtain the needed data, and Flir tools software was used 
to analyse this data. The findings of this study showed that self-shading through the pockets produced better 
outcomes than shading through vegetation and orientation. A reduction in surface temperature that varied from 
17% to 43% was attributed to pocketed windows compared to non-shaded windows. A reduction in surface 
temperature that varied from 5% to 16% was attributed to pocketed windows compared to shaded windows by 
trees. A reduction in surface temperature that varied from 1% to 22% was attributed to pocketed windows compared 
to shaded windows by orientation. 
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1. INTRODUCTION  

The quick population and economic growth in addition to the harsh climatic conditions in the UAE have led to a 
significant increase in the cooling energy demand. According to statistics, the UAE had one of the highest per-
capita electricity consumption rates in the world in 2017 (IEA, 2017). Additionally, natural gas-fired generators 
produced the vast majority of the electrical energy used in the UAE in 2018 (98 percent of all electricity produced 
(BP, 2019), and the building industry accounts for 80% of all energy use (Clarke, 2016). Cooling is responsible for 
41% of the total consumed energy in buildings in the UAE (Rahmani and Al-Sallal, 2019). Greenhouse gas 
emissions (GHG) including carbon dioxide, methane, and nitrous oxide increase as a result of rising energy use. 
To limit the dependency on energy for the provision of cooling and lighting, designing sustainable buildings in hot 
climates necessitates careful consideration of the several realisation stages (design, construction, usage, and 
destruction). 

Shading in buildings plays an essential role in controlling the amount of solar radiation that is being transmitted into 
the building in order to reduce energy consumption. The exposure to direct sun radiation elevates the surface 
temperature of the walls, and the energy that was absorbed by the wall’s surface transfers through convection to 
the inner wall and elevates its surface temperature as well, which affects the thermal comfort inside the building. 
Shading, on the other hand, prevents direct exposure from the sun and helps to improve the thermal comfort in 
buildings. In addition, shading helps reduce the reliance on air conditioning systems, which will eventually reduce 
energy consumption (Papadakis, Tsamis and Kyritsis, 2001). Adopting appropriate shading methods can enhance 
the visual and thermal comfort in the building. Passive shading systems contribute to the energy reduction of the 
cooling demand. A study that investigated the impact of shading on cooling loads in Greece found that a reduction 
of 7% could be achieved in the cooling load by applying appropriate shading (Santamouris et al., 1994). It is 
essential to mention that the impact of shading on buildings in terms of energy efficiency changes from one climate 
to another (Pacheco, Ordóñez and Martínez, 2012).  

Shading on buildings can be provided by neighbouring buildings, vegetation, implementation of shading devices 
on the façade, orientation, or by the building itself. Isolated buildings that cannot benefit from neighbouring shading 
are more exposed to direct solar radiation, hence, more heat gain. Designers can create specific building designs 
in hot climates to provide shading to the building itself without reliance on exterior shading sources (Capeluto, 
2003). Shading is more efficient when applied to the building cavities because cavities are responsible for 
transmitting the largest amount of solar radiation within the building (Pacheco et al., 2012). In the hotter months of 

April and August in the UAE environment, it was discovered that vegetation shading and shading surfaces can help 
to lower the Universal Thermal Climate Index temperature by about 4-5°C (Hamdan and Oliveira, 2019). Due to 
their higher transpiration rate and shade impact, trees are shown to be more effective than grass at improving 
microclimate (Santamouris and Asimakopoulos, 2005). It was also found that vegetation had a greater cooling 
effect in hotter climates, which have been shown to vary from 2-3°C in Mexico City (Jauregui, 1990) to 2-8°C in 
Los Angeles (Taha and Akbari, 1991).  

The study presented in this paper was part of a bigger project that investigated the combined impact of building 
shape and envelope on energy efficiency in buildings. It looked into the possibility of installing "pockets" to save 
energy in buildings through shading. Pockets, which are recessed areas in a building's façade, can be produced 
by modifying the building's shape. They serve primarily as atriums to provide light. This paper aims to compare the 
different shading elements and investigate their impact on the surface temperature of an existing building. These 
different elements were self-shading through pockets, shading through vegetation (trees), and finally, shading that 
is provided by orientation.  

2. METHODOLOGY  

The methodology was divided into three categories, as follows:  

1. Comparison between flat non-shaded windows and pocketed shaded windows: this was to investigate to what 
extent self-shading could reduce the surface temperature of building windows. This category included 18 
groups; each group included one pocketed window and the flat non-shaded window adjacent to it. Both 
windows shared the same design characteristics and only differed in terms of shading. 

2. Comparison between flat shaded windows by trees and pocketed shaded windows: this was to investigate the 
difference in surface temperature between windows shaded by trees and windows shaded by pockets. This 
category included 6 groups, each group included one pocketed window and one flat shaded window by trees. 
Both windows shared the same design characteristics and only differed in terms of shading. 

3. Comparison between flat shaded windows by orientation and pocketed shaded windows: this was to 
investigate the difference in surface temperature between windows shaded by orientation and windows shaded 
by pockets. This category included 41 groups; each group included one pocketed window and one flat shaded 
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window by orientation. Both windows shared the same design characteristics and only differed in terms of the 
shading. 

The thermal imaging technology was chosen as a reliable tool to measure the surface temperature of any given 
area/spot within a building’s surface. This would allow a fair comparison between shaded and non-shaded parts 
with similar properties, in addition to the difference in the shading levels provided by the different shading elements 
(self-shading, shading by trees, and finally shading by orientation). The comparison should be among the parts 
with similar characteristics (building materials, orientation, colour, etc.) to ensure accuracy. Thermal imaging 
technology for building diagnosis is widely used and validated in many previous types of research. 

To start this study, it was necessary to search for an accessible building, preferably educational, that had the main 
factors needed for the study, like several pockets with different orientations, trees to provide shading. The F1 
building located in Al Ain, United Arab Emirates was chosen for two reasons; first, it had many pockets with different 
dimensions that offered different self-shading patterns (see Figure 1). Moreover, it was surrounded by trees that 
provided shading making this building suitable for the study. Second, from a practical point of view, the F1 building 
in the UAE University campus was easier to access and get permission to obtain the needed data such as thermal 
images and architectural drawings. The architectural drawings were used to define the precise placement and 
orientation of the surfaces under examination. The drawings were used as well to identify the building materials of 
the envelope assembly to analyse the thermal images in association with the façade design. The F1 building was 
a 3-floor building, however, only the ground floor was considered in this study. The measurement process for the 
1st and 2nd floors required a long distance to capture the entire upper floors, yet this long-distance created the 
problem of existing obstacles (such as trees, inaccessible locations, etc.) between the camera and the object under 
investigation. The ground floor on the other hand was accessible from a short distance (1m), which helped to 
eliminate the problem of the obstacles. The experiment took place in September.  

Finding a suitable position to obtain the thermal image was the first step in the procedure. Following this decision, 
the distance between the camera and the building under investigation was measured with a laser meter. The 
camera's settings were then adjusted following this information, and the procedure was repeated for each image. 
To fully cover each building and capture all potential orientations, thermal images were collected from various 
angles at four distinct times throughout the day (at 9 a.m., 12 p.m., 3 p.m., and 6 p.m.). To guarantee that the four 
measurements were taken from the same position a reference point was marked on the ground. 

The collected thermal images were analysed using FLIR Tools software, which enabled the import of thermal 
images to take temperature readings at any chosen location within the image. The software illustrated temperature 
change using various colour intensities and a temperature scale to make it easier to distinguish between lower and 
higher temperatures within a single image. Depending on the needs of the researcher, the FLIR Tools software 
offered a choice of six alternative image modes. 

 

Figure 57: Simplified plan of F1 building showing one example of the tested pockets. 
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3. RESULTS AND DISCUSSION 

The results were categorized into three different stages as follows: 

3.1 Comparison between flat non-shaded windows and pocketed shaded windows. 

The aim of this part as mentioned previously was to investigate to what extent the self-shading could reduce the 
surface temperature in building windows. The results shown in Figure 2 Illustrated the difference in surface 
temperature between each pocketed (self-shaded) window and the flat non-shaded window adjacent to it. The X-
axis represents the 18 groups with their orientation and time of the measurement, the Y-axis represents the surface 
temperature of the windows. The results indicated that the surface temperature of pocketed windows (self-shaded) 
were at least 7.1°C less compared to the surface temperature of non-shaded windows, and this difference could 
increase up to 24.7 °C. In other words; the reduction in surface temperature between pocketed and flat windows 
could vary from 17% to 43% depending on the orientation, time, and aspect ratio of the pocket. As expected, East 
orientation in the morning and West orientation in the afternoon reported the largest temperature reductions 
because pockets act as a form of vertical shading device. As mentioned in the literature, the heat transferred via 
convection to the inner side of the building through the glazing. This heat would eventually increase the temperature 
inside the building, which increased the reliance on mechanical cooling. Hence, having a significant reduction in 
the surface temperature of up to 43% could help in saving a substantial amount of energy in buildings, especially 
for the cooling requirements, which are responsible for 41% of the total consumed energy in buildings in the UAE 
(Rahmani and Al-Sallal, 2019).  

 

Figure 58: Comparison between flat non-shaded windows and pocketed shaded windows in terms of their surface temperature. 

3.2 Comparison between flat shaded windows by trees and pocketed shaded windows. 

This part compared the windows shaded by trees and windows shaded by pockets. The results shown in Figure 3 
Illustrate the difference in surface temperature between each pocketed (self-shaded) window and a flat window 
shaded by trees. The X-axis represents the 6 groups with their orientation and time of the measurement, the Y-
axis represents the surface temperature of the windows. The results indicated that although both windows were 
shaded, it was found that the surface temperature of pocketed windows (self-shaded) were at least 1.6°C less 
compared to the surface temperature of shaded windows with trees, and this difference could increase up to 5.6°C. 
In other words, the reduction in surface temperature between pocketed (self-shaded) and flat (shaded by trees) 
windows could vary from 5% to 16% depending on the orientation, time, and aspect ratio of the pocket. These 
results suggested that even though both windows were shaded, the pocketed windows were creating some sort of 
microclimate inside the pocket, thus helping to reduce the surface temperature compared to flat windows that were 
shaded by trees. It is important to mention that these measurements were taken from the ground floor only, and 
the building was G+2, hence the pockets on the ground floor were entirely shaded most of the time by the height 
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of the pocket. More investigation is required on the upper floors (1st and 2nd floors) which received less shade 
compared to the ground floor. 

 

Figure 59: Comparison between flat shaded windows by trees and pocketed shaded windows in terms of their surface 
temperature. 

3.3 Comparison between flat shaded windows by orientation and pocketed shaded windows. 

This part compared the windows shaded by orientation and windows shaded by pockets. The results shown in 
Figures 4-7 Illustrate the difference in surface temperature between each pocketed (self-shaded) window and a flat 
shaded window by orientation. The X-axis represents the 41 groups (in total) with their orientation and time of the 
measurement, the Y-axis represents the surface temperature of the windows. The results indicated that although 
both windows were shaded, it was found that the surface temperature of pocketed windows (self-shaded) were at 
least 0.3°C less compared to the surface temperature of windows shaded by orientation, and this difference could 
increase up to 10°C. In other words, the reduction in surface temperature between pocketed (self-shaded) and flat 
(shaded by orientation) windows could vary from 1% to 22% depending on the orientation, and time of the 
measurement. These results confirmed the findings from the previous stage, that even though both windows were 
shaded, the pocketed windows were creating some sort of microclimate inside the pocket, which helped to reduce 
the surface temperature compared to flat windows that were shaded by orientation. The average of the reduction 
varied between 1-7%: the cases where the reduction was high (above 7%) were because the surface temperature 
of the flat window was exposed earlier to the sun radiation, hence, although it was shaded during the measurement, 
its surface temperature was still high and the heat that was gained earlier had not yet been released. For example, 
in group 14 (see Figure 4) the measurement was taken in the East orientation at 12 p.m., The flat window of this 
group was exposed to direct sun radiation during the morning time (9 a.m.), then at 12 p.m. even though it was 
shaded, the impact from previous sun exposure remained strong. The same group at a later time at 3 p.m. (see 
Figure 5) had a lower temperature as more time has passed to release the heat and the reduction became 10% 
instead of 22%, and at 6 p.m. (Figure 6) the reduction was even lower (4%). 
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Figure 60: Comparison between flat shaded windows by orientation and pocketed shaded windows in terms of their surface 
temperature at 9 a.m. 

 

Figure 61: Comparison between flat shaded windows by orientation and pocketed shaded windows in terms of their surface 
temperature at 12 p.m. 
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Figure 62: Comparison between flat shaded windows by orientation and pocketed shaded windows in terms of their surface 
temperature at 3 p.m. 

 

Figure 63: Comparison between flat shaded windows by orientation and pocketed shaded windows in terms of their surface 
temperature at 6 p.m. 

4. CONCLUSION  

The impact of shading on energy consumption in buildings has been proven to be very efficient, and this shading 
could be provided through several techniques. The results of this research illustrate that self-shading from the 
building itself had a better result compared to the shading via vegetation or orientation. The surface temperature 
was compared between the three groups. First, a comparison was made between flat non-shaded windows and 
pocketed windows (self-shaded). The findings indicated that the reduction in surface temperature of pocketed 
windows could vary from 17% to 43% depending on the orientation, time, and aspect ratio of the pocket. Second, 
a comparison was made between shaded flat windows by trees and pocketed windows, and it was found that the 
reduction in surface temperature of pocketed windows could vary from 5% to 16% depending on the orientation, 
time, and aspect ratio of the pocket. Third, a comparison was made between flat shaded windows by orientation 
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and pocketed windows, the results indicated that the reduction in surface temperature in pocketed windows could 
vary from 1% to 22% depending on the orientation, time, and aspect ratio of the pocket. 
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Abstract: Current research on the thermal environment of sleep is mainly concerned with the during-sleep air 
temperature. The effects of pre-sleep thermal environment on sleep quality and thermal comfort were investigated 
in this study by creating five different pre-sleep thermal conditions (20°C, 22°C, 23°C, 24°C, and 25°C) in winter. 
Four healthy male students slept in a dormitory with multiple physiological parameters monitored continuously. 
Subjects were asked to fill up a questionnaire to assess their subjective sleep quality and their evaluation of the 
thermal environment. As pre-sleep temperature increased, the sleep onset latency (SOL) decreased and then 
increased. The duration of slow-wave sleep (SWS) significantly increased from 20°C to 23°C and decreased from 
23°C to 25°C. Sleep quality was best at a pre-sleep temperature of 23°C. The pre-sleep thermal neutral 
temperature was 20.78°C, slightly below 23°C. These results indicated that a warm pre-sleep environment led to 
low SOL and high SWS duration, but a hot environment before sleep has a detrimental effect on sleep. Only an 
appropriate increase in pre-sleep temperature within the thermal comfort range was beneficial for sleep. 
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1. INTRODUCTION  

Almost 1/3 of a person's life is spent in sleep, which helps people relieve fatigue, restore energy and improve the 
efficiency of their work and study (Krueger et al., 2016, Reis et al., 2016). Human sleep consists of two states: 
rapid eye movement (REM) and non-rapid eye movement (NREM). Sleep begins with NREM (usually stage N1), 
and about 80-100 minutes after the first episode of REM sleep, it progresses to deeper NREM stages (stages N2 
and N3) (Hirshkowitz et al., 2004; Carskadon et al., 2005). The slow-wave sleep (SWS) and rapid eye movement 
(REM) are necessary for good sleep (Lan et al., 2017).  

The thermal environment is one of the most important factors that can affect sleep (Zhang et al., 2006; Okamoto-
Mizuno et al., 2012). As early as 1897, American scholars first described the phenomenon of vasodilation at the 
beginning of sleep, which indicated that there was a close connection between thermoregulation and sleep (Howell 
et al., 1897). The thermal environment has a significant impact on the body's thermoregulation, mainly reflected in 
the core body temperature and the skin temperature (Aschoff et al., 1972). Previous research showed that a rapid 
drop in core body temperature increased the likelihood of sleep onset and may facilitate entry into deeper sleep 
stages (Murphy et al., 1997). Therefore, it is important to provide a thermally comfortable sleeping environment to 
maintain sleep. 

Currently, there are very limited studies on sleep thermal environments. Haskell et al. set five indoor air 
temperatures to study the sleep of six adult nude males. The results showed that in the cold environment, stage 
N2 and REM were reduced, stage N1 was increased, and the awakening time was increased, and in the high-
temperature environment, the REM stage was reduced (Haskell et al., 1981). Lan et al. studied the effects of three 
temperature changes on sleep in summer and found that during the initial stage of sleep, subjects in a comfortable 
and cool environment had a longer sleep onset latency (SOL), that was, a comfortable and cool environment would 
delay the onset of sleep (Lan et al., 2016). In order to study the effect of thermal environment on sleep onset, 
Zhang et al. set three different pre-sleep ambient temperatures in summer, corresponding to cool, neutral and 
warm environments, respectively. They found that subjects exposed to the warm pre-sleep environment had longer 
deep sleep duration, falling asleep easier, and gave higher scores for satisfaction about sleep and ease of 
awakening (Zhang et al., 2019). It could be seen that in addition to providing a comfortable ambient temperature 
during sleep, the pre-sleep ambient temperature cannot be ignored.  

Most of the current thermal comfort studies hinged on the predicted mean vote (PMV) model developed by Fanger 
(1970). However, these studies were based on the waking state and were unlikely to be very meaningful for people 
in sleeping states due to the physiological differences between sleeping and waking states (Lin et al., 2008). Lan 
et al. developed a two-part model to predict the thermoneutral temperature of the human body during sleep by 
dividing the body into parts in touch with the bed and others not in touch with the bed. It had been proven that the 
prediction results of this model were more accurate than others. (Lan et al., 2018). However, a common model of 
sleep thermal comfort has not yet been identified. In recent years, many studies have used subjective evaluations 
to assess human thermal comfort, and their accuracy has been demonstrated (Liu et al., 2014).  

To date, few studies have reported the effects of pre-sleep thermal environment on human sleep quality although 
this could have significant effects on sleep. In addition, there are a huge number of residential students in China. 
Sleep quality has a greater impact on the physical and psychological aspects of students (Wang et al., 2016). In 
this study, physiological measurements and subjective assessments were made on college students in winter with 
the objective to investigate the effects of pre-sleep air temperature on sleep quality and thermal comfort. 

2. METHOD 

2.1.  Subjects 

Four healthy Chinese male students (22-25 years, mean ± STD: 23.25 ± 0.96; height: 166-176 cm, 170.00 ± 4.32 
cm; weight: 55-80 kg, 64.75 ± 10.97kg) were recruited from the University. Their sleep quality over a 1-month time 
interval was assessed by using the Pittsburgh Sleep Quality Index (PSQI) questionnaire (Buysse et al., 1989). 
Their PSQI average value was 4.25, indicating that all of them had considerably good sleep quality before the 
experiment. They were asked to avoid alcohol, caffeine, and intense physical activity during the daytime during the 
experiment. All subjects used a uniform bedding system, including a bed, mattress, quilt, and pyjamas. According 
to previous research, the total thermal resistance of the bedding system was 3.73clo (Lin et al., 2008).  

2.2.  Research area 

The experiment was carried out from December 3 to 27, 2021 in a male dormitory on the third floor of a university 
in Nanjing. The dormitory was north-south orientation, with a size of 6.5m×3.1m×3.1m. There were four beds in 
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the dormitory, and the size of the bed were 2.0m×0.9m. The dormitory door and balcony door (2m×0.85m) were 
located at the northernmost and southernmost points respectively, and there were two push-out windows 
(1.1m×0.5m) beside the balcony door. Since there was no centralised heating, the air conditioner was installed in 
the dormitory to provide heating in winter. 

2.3.  Measurements 

Subjective questionnaires 

Subjects reported their subjective perceptions of sleep quality on a five-digit scale after awakening. Each project 
contained five levels, with higher levels representing better sleep quality (Zilli et al., 2009). They assessed their 

thermal comfort on a 5-point scale (5-very comfortable, 4-comfortable, 3-moderate, 2-uncomfortable, 1-very 
uncomfortable). Thermal sensation was rated on a 7-point scale (-3-cold, -2-cool, -1-slightly cool, 0-neutral, 1-
slightly warm, 2-warm, 3-hot). 

Physiological measurements 

During the experiment, the subjects agreed to wear a wrist-watch-type actigraph (HONOR Band). TruSleep TM 
technology was used to accurately monitor physiological parameters such as SWS, REM duration, total sleep time 
(TST), awake times, and time of falling asleep. This is a well-established method for field studies of sleep (Kushida 
et al., 2001).  

Physical measurements 

The physical environment parameters were recorded continuously in the dormitory. Table 1 shows the 
measurement parameters, devices, and intervals. Two measuring points were set up in the dormitory as the 
environmental parameters may vary depending on the distance to the air conditioner. The measuring point was 
1.8m above ground, which was approximately the height of the subjects’ breath. 

Table 1: List of data acquisition devices. 

Measurement-parameter Device Range Accuracy Time-interval 

Ta Thermal recorder -40°C -100°C ±0.5°C 

1min     

RH U-MINI208 0%-99.9% ±2% 

     

Tg 
SSDZY-1 

-20°C -50°C ±0.3°C 
5min 

Air velocity 0.08m/s-5m/s ±0.2m/s 

     

NL Sound Level Meter 20dB-130dB ±0.7dB 10s 

2.4.  Experimental conditions and procedure 

The pre-sleep thermal environment conditions were defined based on the questionnaire on sleep habits before the 
experiment (20°C, 22°C, 23°C, 24°C, 25°C). The air temperature of the dormitory remained constant every night 
during sleep (22°C). All the subjects were required to participate in the 15-night experiment, including three 
experimental cycles.  

The subjects arrived at the dormitory at 22:00 and then had 30 minutes to wash up. The organizer turned on the 
air conditioner at this time to control the pre-sleep indoor air temperature. Afterward, the subjects were asked to sit 
and rest until 23:00. After the subjects changed into their sleepwear, the experiment began at 23:00. They spent 
half an hour lying in bed to adjust their thermal status and filled in the thermal environment questionnaire at 23:30. 
The air conditioner was adjusted at 24:00 to achieve the designed indoor temperature during sleep. Night sleep 
commenced at 24:00 and ended at 8:00 the following morning. The subjects filled out the sleep quality 
questionnaire and thermal environment questionnaire before getting up, where the thermal environment 
questionnaire included their evaluations of the thermal environment during sleep and after waking up.  
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3. RESULTS 

3.1.  Physical environment parameters 

As shown in Table 2, the average pre-sleep air temperature of the five conditions was 19.9, 21.9, 23.1, 23.9, and 
25.0°C, respectively, and these temperatures followed the experimental design conditions. Low air velocity 
(<0.2m/s) was kept in the room. The relative humidity varied within a narrow range of 35–45%. The noise level in 
the dormitory was less than 30 dB in all conditions. 

Table 2: Pre-sleep environment parameter of the experimental conditions. 

Case 
Indoor air 

temperature (°C) 
Indoor relative 
humidity (%) 

Mean radiant 
temperature (°C) 

Indoor air velocity 
(m/s) 

Noise level (dB) 

20-22 19.9±0.3 37.6±0.9 20.0±0.4 0.14±0.03 24.3±1.2 

22-22 21.9±0.2 39.0±0.7 22.0±0.2 0.05±0.02 26.7±2.3 

23-22 23.1±0.2 39.5±2.8 23.4±0.2 0.11±0.02 27.2±2.1 

24-22 23.9±0.3 39.2±1.5 24.2±0.1 0.06±0.02 25.3±1.7 

25-22 25.0±0.2 39.8±0.8 25.1±0.3 0.13±0.03 23.1±1.4 

3.2.  Thermal sensation and thermal comfort 

Subjects’ thermal perceptions are shown in Table 3. Significant differences in thermal sensation and thermal 
comfort before sleep were found among the five conditions (P<0.05). The mean TSV of the five pre-sleep thermal 
environments were −0.95, 0.38, 1.00, 1.14, and 2.05, respectively. Subjects were closest to the thermal neutral 
state for a pre-sleep temperature of 22°C. As pre-sleep temperature increased, the pre-sleep thermal comfort level 
of subjects first increased and then decreased, and the most comfortable condition was a pre-sleep temperature 
of 23°C. Compared with the waking state, the subjects’ thermal sensation reduced when they slept under the same 
air temperature. 

Table 3: Subjective assessments on thermal sensation and thermal comfort 

 Indoor air temperature (°C) Before sleep During sleep After awakening 

Thermal 

sensation 

20-22 -0.95±0.92 -0.20±0.87 -0.60±1.07 

22-22 0.38±0.86 0.25±0.43 -0.13±0.60 

23-22 1.00±0.82 0.20±0.75 -0.07±0.93 

24-22 1.14±0.52 0.29±0.70 -0.07±0.59 

25-22 2.05±0.58 0.67±0.84 0.00±0.62 

P <0.05* <0.05* 0.17 

Thermal 

comfort 

20-22 3.40±0.97 3.90±1.08 3.50±1.36 

22-22 3.88±1.05 3.88±0.78 3.75±0.97 

23-22 4.07±0.77 4.20±0.75 3.67±1.01 

24-22 3.71±0.59 4.36±0.81 4.00±1.07 

25-22 2.71±0.76 4.20±0.96 4.20±0.91 

P <0.05* 0.36 0.33 

3.3.  Sleep quality 

The subjective sleep scores of subjects are shown in Figure 1. The subjects reported significantly lower “calmness 
of sleep”, “ease of falling awakening” and “satisfaction about sleep” at pre-sleep temperature of 20°C than in other 
conditions (P<0.05). No significant difference in “Freshness after awakening” was observed among the five 
conditions. As pre-sleep temperature increased, the scores on “ease of falling asleep” first increased and then 
decreased. The subjects exposed to 23°C and 24°C before sleep had a higher score concerning ease of falling 
asleep than in other conditions (P<0.05).  

Significant differences existed in SOL among the five conditions. For the five pre-sleep thermal conditions, the 
mean SOL were ordered as follows: SOL 20°C > SOL 25°C > SOL 22°C > SOL 24°C > SOL 23°C (Figure 2). For 
the four subjects, the SOL was relatively short at pre-sleep temperature of 23°C compared to the other conditions. 
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For pre-sleep temperature values above 24°C, subjects reported that they had difficulty falling asleep due to the 
unbearable heat. However, the SOL was longest when the temperature was 20°C due to cold discomfort. 

  

Figure 1: Subjective evaluation of sleep quality Figure 2: SOL in the five conditions 

Table 4 lists the sleep quality parameters in the five conditions. The results indicated that changes in pre-sleep 
temperature affected these sleep stages. SWS and REM sleep is usually regarded as the important reason for 
better sleep quality. Significant differences in SWS duration and proportion among the five conditions were 
determined (P<0.05). The duration of SWS significantly increased from 20°C to 23°C and decreased from 23°C to 
25°C. The subjects who stayed in a pre-sleep environment at 23°C experienced the most SWS. Furthermore, there 
were significant differences in N1 and N2 proportions among the five conditions. The proportion of N1 and N2 
stages was highest in the pre-sleep environment at 20°C and lowest at 23°C. A significant difference was not 
observed in REM and the number of awakenings among the five conditions. The best pre-sleep temperature for 
sleep was 23°C because the duration of SWS was the longest and the SOL was the shortest. 

Table 4: Sleep parameters (mean ± STD) in the five conditions 

Parameter 
Indoor air temperature(°C)  

20-22 22-22 23-22 24-22 25-22 P 

Total sleep duration(min) 460.8±38.3 451.7±31.4 478.6±31.3 473.7±47.5 467.8±32.9 0.33 

Number of awakenings 0.8±0.3 1.1±0.5 0.9±0.5 1.4±0.9 0.8±0.9 0.37 

duration of each stage (min)       

SWS 120.7±17.0 136.1±23.5 159.9±19.5 149.4±16.5 127.7±20.4 ＜0.05* 

N1+N2 237.6±40.6 216.8±31.9 212.7±28.8 216.9±29.6 225.3±29.0 0.15 

REM 104.2±17.1 98.8±19.6 104.2±19.0 108.1±26.1 113.8±20.8 0.34 

proportion of each stage (%)       

SWS 26.3±4.5 30.2±5.0 33.5±3.7 31.8±3.6 27.2±3.8 ＜0.05* 

N1+N2 51.5±5.9 47.9±5.9 44.6±5.8 45.9±4.6 48.1±5.1 ＜0.05* 

REM 22.8±3.5 22.0±3.9 21.7±3.2 22.7±4.6 24.3±4.2 0.28 

4. DISCUSSION 

As shown in Table 5, a pre-sleep temperature of 22°C was the closest to thermal neutrality among the five pre-
sleep environments set in this study. To determine the pre-sleep thermoneutral temperature, a linear fitting was 
made to the thermal sensation of subjects at different pre-sleep temperatures. Pre-sleep TSV correlated well with 
temperature and these relations are expressed in Equation 1. The pre-sleep thermal neutral temperature was 
obtained by making the TSV be 0. The pre-sleep thermal neutral of the bedding system set up in this study for the 
four subjects was approximately 21.78°C. However, according to Figure 1, Figure 2, and Table 4, the most 
favourable pre-sleep temperature for sleep was 23°C. That meant that the temperature most conducive to sleep in 
the pre-sleep phase seemed to be higher than the thermal neutral temperature. 
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Equation 23: Relationship between Pre-TSV and temperature 𝑃𝑟𝑒 − 𝑇𝑆𝑉 =  −14.59 + 0.67 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 

Sleep is closely related to thermoregulation (Gilbert et al., 2004), which is mainly controlled by circadian rhythms 
(Van Someren et al., 2006). Core body temperature (CBT) also cycles with the sleep-wake rhythm, decreasing 
during the nighttime sleep phase and increasing during the wake phase. It has been shown that sleep is most likely 
to begin when CBT falls at a maximum rate during the night (Kleitman, 1987). The driving force for the decrease in 
CBT is skin temperature (Kräuchi et al., 2000). The distal skin region is the main site of heat loss, which is enriched 

with arteriovenous anastomoses (AVAs) with thermoregulatory functions. AVAs regulate body temperature by 
regulating the blood flow from the core to the skin (Hales et al., 1985). Falling asleep is accomplished by increasing 
skin heat loss and decreasing CBT. In this study, higher pre-sleep temperatures and neutral during-sleep 
temperatures promoted skin heat loss at the onset of sleep for subjects. Sleep quality was best at a pre-sleep 
temperature of 23°C. However, when the pre-sleep temperature was 25°C, the SOL increased significantly. Figure 
3 shows the relationship between pre-sleep TSV and SOL and the relationship between pre-sleep TSV and SWS. 
A warm pre-sleep environment led to low SOL and high SWS duration, but a hot environment before sleep had a 
detrimental effect on sleep. A similar phenomenon was found by Song et al. who studied the coupling of pre-sleep 
and during-sleep thermal environment regulations on human thermal comfort and sleep quality. They found that 
SOL reduced with the increase in thermal sensation in the range of -1 to 1. However, the excessively warm 
sensation was counter-productive for sleep quality improvement (Song et al., 2020). Therefore, only an appropriate 
increase in pre-sleep temperature within the thermal comfort range is beneficial for sleep. Muzet et al. reported that 
even small changes in air temperature within thermoneutral zones could influence heat exchange between the 
human body and the environment (Muzet et al., 1984). Thus, the pre-sleep temperature interval set in this study 
was small to determine its effect on sleep more precisely. CBT and skin temperature were not measured to avoid 
disturbance of sleep by the instrument.  

  

 (a) (b) 

Figure 3: Experimental data of (a) Pre-sleep TSV and SOL, (b) Pre-sleep TSV and SWS 

To determine the optimal pre-sleep temperature range conducive to sleep, the two-part model developed by Lan 
et al. to assess the sleep thermal environment was modified to make it applicable to the pre-sleep thermal 
environment, as shown in the following equation. 

Equation 2: Thermal balance during pre-sleep 

L=M-
13.41-1.519×10

-3
Pa-0.13ta

AD

- [3.074×10
-3

(5520-p
a
)

+
(1-α)(34.6-t0)

Rcl+
1

fclh

+kα
35.4-ta

d
] 

Where: 

 L = thermal load on the body (W) 

 M = metabolic heat production (W/m2) 

 Pa = partial pressure of water vapor in inspired air (Pa) 

 ta = temperature of inspired air (°C) 
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 ta = temperature of inspired air (°C) 

 AD= surface area of nude body (m2) 

 α= percentage of body parts that are in contact with bed 

 t0= operative temperature (°C) 

 Rcl= thermal resistance of sleep coverings (m2K/W) 

 Fcl= covering area factor 

 d= thickness of bed 

The metabolic heat production of a person before sleep is the basal metabolic rate, as shown in Equation 3. 

Equation 3: Calculation of basal metabolic rate M=
3(13.88m+4.16l-3.43A-112.40s+54.34)

50AD

(W/m2) 

Where: 

 m= body mass (kg) 

 l = body height (m) 

 A = Age (years) 

 s = 0 for males and 1 for females 

 

When L in Equation 2 is 0, “ta” at this point is the pre-sleep thermoneutral temperature, a value calculated to be 
approximately 20.78°C. 

People are awake before sleep and as a result, the PMV developed by Fanger is suitable for bedtime, as shown 
in Equation 4. To determine the relationship between the PMV values of the model and the experimentally obtained 
pre-sleep thermal sensations, the values of the two for each experimental condition were shown in Figure 4. The 
results showed that the error between PMV and Pre-TSV was less than 10% for each condition except for the pre-
sleep temperature of 24°C.  

Equation 4: Calculation of Pre-PMV Pre‐PMV = L[0.303 exp (-0.0306M) +0.028] 

 
Figure 4: Comparison of model prediction (PMV) and experimental results (Pre-TSV) 

In this study, four grades of pre-sleep thermal environments were proposed based on pre-TSV, with SOL and SWS 
as target parameters, as shown in Table 5. When Pre-TSV was between 0.5 and 1.5, SOL was shortest, SWS was 
longest and sleep quality was best, corresponding to an ambient indoor temperature of 22.34°C to 23.98°C. 
Therefore, pre-sleep environment within 2°C above the thermal environment during sleep is the most conducive to 
sleep, while in winter the adverse effects of cold discomfort on sleep quality are more severe compared to thermal 
discomfort. 
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Table 5: Four grade of pre-sleep thermal environment 

Grade Pre-TSV SOL (min) SWS (min) Pre-sleep temperature (°C) 

1 (0.5,1.5) 5.06 153.36 (22.34,23.98） 

2 (1.5,2)∪(0,0.5) 7.68 138.29 (23.98,24.79)∪( 21.53,22.34) 

3 (2,3)∪(-1,0) 10.75 123.24 (24.79,26.42)∪(19.79,21.53) 

4 (-3,-1) 16.69 113.20 (16.43,19.79) 

5. CONCLUSIONS 

In this study, the effect of pre-sleep thermal environment regulations on human thermal comfort and sleep quality 
was investigated in a student dormitory under five conditions. The main conclusions are listed below. 

(1) The duration of SWS significantly increased from 20°C to 23°C and decreased from 23°C to 25°C. As pre-
sleep temperature increased, the SOL decreased and then increased. 

(2) A warm pre-sleep thermal environment helped to fall asleep and increased the SWS duration. However, too 
high pre-sleep TSV harmed sleep.  

(3) The pre-sleep thermal neutral temperature wasn’t the best pre-sleep temperature for sleep. 
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Abstract: Volatile organic compounds (VOCs) are one of the most important indoor air pollutants. Balancing the 
source intensity of VOCs and ventilation strategies is an important way to obtain an acceptable indoor environment 
quality. The human body emits a wide range of chemicals, including CO2 and TVOC. To examine the impact of 
temperature and relative humidity on human emission rates of VOCs, we conducted an across-subject experiment 
in December 2021. The experiments were taken on three consecutive days on groups of 14 people under different 
temperatures and relative humidity. A counterbalanced study in a controlled chamber which replicated an office 
environment involving 14 students. In groups of seven, participants engaged in 30 minutes each of cognitive tasks 
under different environmental conditions. In this study, the per capita VOC emission rate ranged from 0.15 to 
0.41μg/s. Measured biomarkers indicating the per capita VOC emission rate increased significantly when people 
felt warm (p<0.05) both at 50% and 70% relative humidity, when the thermal sensation of the personnel was the 
same: the higher the relative humidity, the higher the per capita VOC emission rate. This study explored the effects 
of temperature and humidity on indoor per capita VOC emissions under actual personnel conditions, intending to 
provide a corresponding reference for indoor air quality control. These results implied the possibility of considering 
temperature and relative humidity in determining indoor per capita VOC emission rates. They also presented the 
possibility of monitoring indicators of cognitive tasks of occupants through measurement of air quality.  
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1. INTRODUCTION  

With more than 90% of a person's life spent indoors (Liu et al., 2016), the indoor environment has a significant 
impact on human living, study, and Health. While VOC emissions from building products are decreasing, emissions 
from human occupants have now become more dominant (Stonner et al., 2018; Tang et al., 2016; Wang et al., 
2014). Although most people are aware of the dangers of air pollution, few realise that indoor air quality may be 
worse than outdoor air quality in crowded places (Chen et al., 2011). Exposure to a wide range of VOCs may 
produce sick building syndrome (SBS) such as discomfort and irritation (Wang et al., 1988) and even bring disease 
effects such as carcinogenicity (Davis et al., 1992; Thiriat et al., 2009) on the one hand; on the other hand, it may 
also affect personnel ergonomics and cause economic losses (Allen et al., 2016). 

Environmental parameters have different degrees of influence on human emanations, and Tsushima et al (2018) 
found that when studying the sensory differences of substances emitted by personnel at different temperatures, 
the intensity of odour and the concentration of high molecular weight VOC compounds were significantly enhanced 
when the room temperature increased from 23°C to 27°C. Jia et al (2020) monitored indoor VOC concentrations 
in real-time in different functional classrooms of a university, and when the room temperature was increased by 
10°C as a temperature gradient to increase the room temperature from 10°C to 30°C, the indoor acetone, toluene, 
methyl butane, and isoprene concentrations increased accordingly. Meanwhile, it was found that direct 
measurement of OH reactivity and calculation of parallel emitted VOC values were similar, and the higher the 
indoor VOC concentration, the stronger the OH reactivity. A study by Zannoni et al. (2021) investigated the effects 
of temperature and humidity, clothing, and ozone on OH reactivity and concluded that total OH reactivity increased 
with increasing temperature and humidity by comparing predictions with actual measurements. 

Among the previous studies on personnel emission, studies conducted in actual crowded places provided trends 
and quantitative references, but the effects of other parameters could not be excluded because other parameters 
were not controlled. Most of the experiments conducted in existing climate chambers focus on the effect of 
individual differences, and the study of environmental parameters on indoor VOCs only focus on one or more 
VOCs, and the effect on TVOC emission rates has not yet been addressed. This study investigated the effect of 
temperature and humidity on indoor per-person TVOC emissions under actual personnel conditions and this paper 
aims to provide a corresponding reference for indoor air quality control. 

2. METHOD 

2.1.  Subjects 

A total of 14 subjects in good health were recruited and divided into four groups with different personnel densities 
for the experiment, two groups of 7 and two groups of 10. The groups were divided without considering individual 
differences such as gender, age, height, and weight, and the subjects were only asked to sit still and maintain light 
office activity. The subjects’ information is shown in Table 1. 

Table 1: Basic information of experimentalists (mean ± standard deviation) 

Number Condition Height (cm) Weight (kg) 

1 
S1 

171±4.9 66±2.7 
S2 

2 
S3 

167±4.2 55±5.2 
S4 

2.2.  Experimental conditions 

The experimental procedure is shown in Figure 1. After the subjects filled out the questionnaire and entered the 
climate chamber, they remained seated and started to adapt to the indoor working conditions. After 30 minutes of 
adaptation, the indoor environmental parameters generally reached a steady state, and the subjects started to 
perform the cognitive task test. At the same time, the environmental parameters were measured continuously for 
half an hour before switching to the next working condition. 
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Figure 64: Experimental schedule  

Different temperatures and relative humidities were set in the climate chamber of 4.25×3.65×2.15m, and the 
ventilation in all conditions was set to 2.4/h. The specific information of the conditions is shown in Table 2. The 
corresponding PMV values were calculated according to the dressing conditions of the personnel, and two 
temperature conditions (23°C, and 27°C) were established to achieve a neutral to cool, neutral to warm thermal 
sensory environment; the relative humidity was set to two levels of 50% and 70%.  

Table 2: Indoor condition setting 

Number Temperature (°C) Relative Humidity (%) 

S1 23 50 

S2 27 50 

S3 23 70 

S4 27 70 

During the experiment, temperature and humidity (testo-174H, Germany, range: -20~70°C, accuracy: 0.1°C), CO2 
concentration (WEZY-1, China, range: 40~200µg/m³, accuracy: 0.1µg/m³) and TVOC concentration (U-MINI208, 
China, range: 0~1000µg/m³, accuracy: 1µg/m³) were continuously measured in the climate chamber. All 
instruments were measured at 1-minute intervals and were regularly maintained and calibrated. The measurement 
of indoor and outdoor environmental parameters started when the indoor CO2 concentration was in a steady state. 
The system came with a filtration device to effectively remove indoor ozone to control the chemical reactions 
associated with indoor VOCs. 

2.3.  Calculation method 

The environmental chamber as a whole was treated as the object of study. The mass conservation equation was 
established as follows: 

Equation 24:  𝑉 ∙
𝑑𝐶𝐼,𝑗,𝐶𝑂2
𝑑𝑡

∙ 10−3 = 𝐶𝑆,𝑗,𝐶𝑂2 ∙ 10
−6 ∙ 𝑄𝑗 ∙ 𝑁 − 𝐶𝑅,𝑗,𝐶𝑂2 ∙ 10

−6 ∙ 𝑄𝑗 +𝑚𝐶𝑂2̇ ∙
3600

𝑁
 

Where: 

 V = the volume of the climate chamber (m3) 

 t = the time (s) 

 𝐶𝑅,𝑗,𝐶𝑂2  = the value of air supply in the climate chamber (ppm) 

 𝐶𝑆,𝑗,𝐶𝑂2  = the volume of CO2 in the climate chamber at j (ppm), which was equal to the mixing value of 

air supply and return air. 

 ṁCO2
 = per-person CO2 emission rate (L/h).  

In this paper, 13.1 L/h was chosen as the reference value. 
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Taking the environmental compartment as the object of study, the mass conservation equation was established 
as: 

Equation 2:  𝑉 ∙
𝑑𝐶𝐼,𝑗

𝑑𝑡
= 𝐶𝑆,𝑗 ∙ 𝑄𝑗 − 𝐶𝑅 ∙ 𝑄𝑗 + �̇�𝐼,𝑗 

Where: 

 CI,j = the TVOC concentration in the breathing zone at moment j(mg/m3), equivalent to the mixing of 

supply and return air. 

 Ei,j
̇  = the total emissivity in the climate chamber at moment j (mg/s) (including personnel, clothing, and 

interior materials emitting decoration and interior chemistry). 

Assuming that the indoor TVOC emanation was stable at each measurement stage, the value on the left side of 
Equation 2 is 0, then Equation 3 was obtained from the existing values: 

Equation 3:  �̇�𝑖𝑛 = (𝐶𝑅,𝑗 − 𝐶𝐵,𝑗) ∙
𝐶𝑅,𝑗,𝐶𝑂2 − 𝐶𝑆,𝑗,𝐶𝑂2
𝐶𝑅,𝑗,𝐶𝑂2 − 𝐶𝐵,𝑗,𝐶𝑂2

∙
𝑚𝐶𝑂2
̇ ∙ 𝑁

𝐶𝑅,𝑗,𝐶𝑂2 − 𝐶𝑆,𝑗,𝐶𝑂2
 

Where: 

 Ein
̇  = the total emissivity in the climate chamber (mg/s) 

The intensity of indoor background emission was 

Equation 4:  𝐸𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 = (𝐶𝑅,𝑜 − 𝐶𝐵,𝑗) ∙
𝐶𝑅,𝑂,𝐶𝑂2 − 𝐶𝑆,𝑂,𝐶𝑂2
𝐶𝑅,𝑂,𝐶𝑂2 − 𝐶𝐵,𝑂,𝐶𝑂2

∙
𝑚𝐶𝑂2̇ ∙ 𝑁

𝐶𝑅,𝑂,𝐶𝑂2 − 𝐶𝑆,𝑂,𝐶𝑂2
 

Where: 

 CR,0 = the initial indoor TVOC concentration (ug/m3) 

 CR,0,CO2
 = the initial indoor CO2 concentration (ppm) 

 CB,0,CO2
 = the initial background CO2 concentration (ppm) 

 CS,0,CO2
 = the initial CO2 concentration in the supply air (ppm). 

The indoor per-person VOC "net" emission rate was: 

Equation 5:  𝐸𝑝𝑒𝑟𝑠𝑜𝑛 =
𝐸𝑖𝑛 − 𝐸𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

𝑁
 

Where: 

 Eperson = the TVOC emission rate per person in the climate chamber (μg/s) 

 Ebackground = the indoor background emission rate (μg/s) 

 N = the number of people in the climate chamber 

3. RESULTS AND ANALYSIS  

3.1.  Environmental parameters 

The actual measured values of temperature and relative humidity in the experiments are given in Figure 2. Although 
the temperatures of group S2 were higher than the design condition (0.7°C higher) this did not affect the 
experimental results. Because this study aimed to verify whether the pattern of VOC emission with temperature 
and humidity was consistent across different populations, only intra-group comparisons were made, as long as the 
subjects in the same group did not have the same thermal sensation under the two temperature conditions. As for 
the relative humidity, the relative errors between the control groups were small, all less than 5%. 
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(a)Temperature(°C) (b) Relative humidity (%) 

Figure 2: Temperature and humidity control results of personnel uncontrolled experiments 

3.2.  Indoor CO2 and TVOC concentration 

The TVOC and CO2 concentrations under different conditions are given in Figure 3. From Figure 3(a), it can be 
seen that the TVOC concentration increased significantly when the indoor heat sensation was stronger or the 
relative humidity increased. In Figure 3(b), the indoor CO2 concentration increased significantly with the increase 
of indoor temperature and relative humidity, probably because the personnel were in thermal comfort at 23°C, with 
a correspondingly lower metabolism and correspondingly less CO2 emissions (Luo et al., 2016). 

 
 

(a) TVOC Concentration   (b) CO2 Concentration 

Figure 3: TVOC and CO2 concentrations under different conditions in the room 

3.3. TVOC emission rate 

The results of the TVOC emissivity rate for a single person in eight experimental groups in this study are shown in 
Figure 4. The average per-person TVOC emission rate varied from 0.15 to 0.41µg /s. The per-person TVOC 
emission rate increased when people felt warm (He et al., 2019). The possible reason for this is that personnel in 
warmer environments have a higher metabolism and produce correspondingly higher TVOC concentrations, which 
is consistent with the conclusions drawn in Figure 3(a): at the same thermal sensory voting as well as personnel 
density states, higher indoor humidity significantly increases the per-person TVOC emitting rate (p<0.05), which is 
consistent with the findings of previous studies (Jones et al., 1982). 
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Figure 4: Effect of different conditions on per-person TVOC emission rate 

4. CONCLUSION 

In this study, the TVOC concentration and CO2 concentration of personnel in a real-world scenario were 
investigated by setting different temperatures and relative humidity in a climate chamber, and the TVOC emission 
rates of personnel in different PMV states were compared. The following conclusions were drawn: 

(1) The environmental chamber provided good control properties which could control the temperature and 
humidity within the corresponding range to ensure the smooth realisation of the experiment; 

(2) The per capita TVOC concentration and CO2 concentration increased significantly when it felt warmer or 
when the relative humidity content increased; 

(3) When other variables held constant: the warmer the thermal sensation or the higher the relative humidity 
content, the per capita TVOC emission rate increased significantly. 
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Abstract: One-dimensional Zinc Oxide nanorods (ZnO NRs) were grown on Indium-Tin-Oxide (ITO) substrates by 
a hydrothermal technique using zinc nitrate hexahydrate and hexamethylenetetramine (HMTA) at 95°C for 2 hours. 
The surface morphology and crystal structure of the as-prepared ZnO NRs were studied using a scanning electron 
microscope (SEM) and X-ray powder diffraction (XRD), respectively. The results revealed that ZnO NRs were 
related to the wurtzite structure of pure ZnO. The optical properties of ZnO NRs were then investigated using 
UV/Vis and FT-IR spectra. A strong exciton absorption peak was observed at 369nm with an energy gap of 3.36 
ev. The FT-IR spectrum displayed the presence of an infrared band belonging to the (Zn-O) stretching mode around 
500 cm-1. ZnO-NR-based DSSCs were successfully prepared using black dye N749 as the photosensitizer. The 
current-voltage measurements of DSSCs were evaluated at different concentrations of electrolyte. The increasing 
KI concentration effectively enhanced the short-circuit current density (Jsc) as well as the power conversion 
efficiency of ZnO NRs-based DSSCs, in contrast to the open-circuit voltage values (Voc), which were almost 
unaffected by increasing the KI concentration. These observations confirmed that DSSCs were based only on ZnO 
NRs as photoanodes. 
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1. INTRODUCTION  

Renewable energy (RES) is a major source of clean energy for households and can be generated by solar, wind 
and biomass. RES generates approximately 14% of the world's energy while emitting less toxic gases and other 
pollutants than conventional power plants (Panwar, 2011). The world is currently moving towards solar energy as 
a clean, abundant and economical resource. Solar energy comes from the sun and is used to generate electricity, 
heat and light. The most important advancements in renewable energy can be seen in photovoltaics (PV). 
Photovoltaic (PV) (Kumar, 2020) energy systems are designed to convert light energy into electricity through the 
photovoltaic effect (Wenham, 20212).This is important both for modern electronics applications and for 
understanding how to increase the efficiency of these applications at a reasonable cost (Sharma, 2015). PV is 
divided into three generations, each with its own unique characteristics. The first generation, called crystalline 
silicon, was made of single or polycrystalline silicon and was traditionally called solar cells (Bagher, 2015). The 
second generation consisted of thin layers of photosensitive material on inexpensive substrates such as glass or 
stainless steel. This generation included three types of thin-film solar cells, such as cadmium telluride (CdTe), 
which are used less frequently due to their instability and toxicity (Pericherla, 2013). The efficiency of these 
modules, Copper Indium Selenide (CIS) (Xiao, 2004), and Amorphous Silicon, was calculated to be 19.9 % and 
12.5 %, respectively (Alharbi, 2011). Dye solar cells (DSSCs) belong to the third generation of photovoltaics and 
are still under study (Bagher, 2015). Developed by O'Regan and Gratzel in 1991, DSSC has emerged as an 
alternative to conventional silicon for photovoltaic (PV) devices due to its low cost (Kumar, 2021), environmental 
safety, and ease of fabrication (Sugathan, 2015; Lenzmann, 2007). Several research articles reported that 
efficiencies of this type were found to be 7.1% and 7.9% (O’Regan, 1991), and the latest power conversion 
efficiencies of DSSCs under sunlight exceeded 11% (Nazeeruddin, 2005; Grätzel, 2004). A typical DSSC consists 
of a transparent conducting oxide (such as FTO or ITO) acting as a photoanode and a counter electrode (CE) 
(Würfel, 2005) with a very thin semiconducting layer in between, such as TiO2 (Wongcharee, 2007) or ZnO (Lee, 
2010; Shashanka, 2020). The latter is considered a promising material for nanoscale optoelectronic devices 
because of its unique properties (Kołodziejczak-Radzimska, 2014; Kuo, 2010), such as a direct energy gap of 3.37 
ev at ambient temperature and high thermal conductivity when compared to TiO2 (Quintana, 2007).  

Another important component of DSSCs is the electrolyte, which is used to regenerate dye molecules and transport 
charge carriers to the counter electrode after oxidation as shown in Figure 1. For the long-term stability of DSSCs, 
the electrolyte must possess many properties, such as high conductivity and low viscosity to increase electron 
diffusion, good interfacial contact between the photoanode and counter electrode, and chemical and physical 
stability. Electrolytes are divided into three groups: solid-state electrolytes (Li, 2006), quasi-solid-state electrolytes 
(Mohmeyer, 2004; Song, 1999), and liquid electrolytes, which are again divided into two categories: ionic liquids 
and organic-based electrolytes. Liquid electrolytes are the most widely used transport medium, with DSSCs 
achieving maximum efficiency of 13% (Wu, 2015). Organic electrolytes are composed of solvents that should 
satisfy certain properties, such as low toxicity and low viscosity, such as ethylene glycol (EG) (Ramya, 2021) and 
acetonitrile (AN) (Wu, 2015, Gu, 2017), iodide/triiodide as redox mediators (Wu, 2008), and effectively co-additives 
such as guanidine thiocyanate (GuCN) (Dissanayake, 2021) have been found to improve Jsc by reducing charge 
carrier recombination (Stergiopoulos, 2011; Lin, 2016). In this work, ZnO-NRs-based DSSCs were successfully 
prepared, and the effect of electrolytes with different KI concentrations on the performance of ZnO-NRs-based 
DSSCs was investigated. A schematic diagram of the DSSC layer structure is shown in Figure1. 

 

Figure 1: DSSCs Structure 
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2.   MATERIALS AND METHOD 

2.1.  Materials and Instruments 

All chemicals were of analytical grade and were used without further purification. Zinc acetate dihydrate (Zn 
(CH3COO)2.2H2O) as zinc ions source and ethylene glycol (EG) were purchased from the Xilong Chemical industry 
incorporated. Zinc nitrate hexahydrate (Zn (NO3)2.6H2O), hexamethylenetetramine (HMTA) as chemical bath 
reactants for ZnO-NR growth, chloroplatinic acid hydrate ( H2PtCl6 ) and  N749 black dye were obtained from 
Sigma-Aldrich. Sodium hydroxide (NaOH) granules extra pure were used as the reducing agent was bought from 
AZ Chem Group, hydrogen peroxide (H2O2) was purchased from Applichem, iodine (I2) was provided by BDH 
chemicals, flash-dry conductive silver paint was purchased from SPI supplies, potassium iodide (KI) was bought 
by Janssen Chemica. In addition, ethanol (absolute pure), deionized water, isopropanol, acetonitrile, and (1-
propanol) were purchased from the AZ lab, and finally, guanidine thiocyanate (GuCN) was bought from Combi-
blocks. A Quanta FEI 450 SEM was used as a scanning electron microscope. X-ray powder diffraction (XRD) was 
performed on (XRD-6000, Shimadzu) using a monochromatic CuKα radiation source λ = 1.5405 Å. UV-Vis data 
was acquired using Shimadzu UV- 1800 scanning from 800 to 200 nm. IRAffinity-1 was used for Fourier transform 
infrared (FTIR) analysis. J-V characteristics were also measured at room temperature using a portable solar 
simulator PEC-L01 (Xenon lamp, 150 W, AM 1.5) and a Keithley 2425 Source Meter with PEC-IV2 software. 

2.2.  Preparation of ZnO NRs as Photoanodes 

Preparation of ZnO seed layer 

A seed layer was prepared by dissolving (Zn (CH3COO)2.2H2O, 1 mM) in 20 mL of ethanol. The prepared solution 
was heated to 50°C and stirred for 15 minutes, then diluted with 80ml of ethanol for a total solution of 100ml. This 
was still stirred on a hot plate, and heated again to 50°C for 15 minutes more. Afterward, 20mM of NaOH was 
dissolved in 20ml of DI water and stirred on a hot plate without heating for 10 minutes. The alkaline solution was 
added dropwise to the well-stirred 100mL solution without heating until the pH reached 9.14. The resulting solution 
was transferred to a water bath at 60°C for 1 hour.    

Preparation of ITO substrates  

By ultrasonic cleaning, the ITO substrates were immersed in acetone, ethanol, and isopropanol for 15 minutes, 
dried in a 60°C oven for 10 minutes, and then soaked in the seed solution 3 times for 10 minutes each, and air-
dried after each soaking. 

Growth of ZnO NRs by hydrothermal method  

Equimolar solutions of (HMTA, 25mM) and (Zn (NO3)2•6H2O, 25mM) were prepared in two reaction beakers (each 
containing 100mL of 1-propanol) and then stirred on a hot plate for 15 minutes. They were then mixed in several 
stages and stirred for 1 hour. The ITO substrates were immersed upside down in a sealed beaker. Finally, the 
growth process was carried out in a water bath at 95°C for 2 hours. 

2.3.  Preparation of dye solution, counter electrodes and electrolytes  

The cooled ITO substrates were immersed in 0.3mM ethanolic N749 solution for 24 hours and rinsed with ethanol, 
then allowed to dry in air. For platinum preparation, 10mM of Chloroplatinic acid solution H2PtCl6 and Isopropanol 
were mixed to prepare a platinum solution Counter electrodes CEs were prepared by dropping and spreading 20μL 
of a platinum solution and allowing the electrodes to dry in air. Next, CEs were annealed in a furnace at 150°C for 
30 minutes. For the preparation of the electrolyte, 0.05M (I2) crystals were dissolved in EG (20mL) and AN (5mL) 
as solvents, then 0.5M GuCN was added to the iodine solution, and various concentrations of KI were added to 
the previous solution (0.0, 0.1, 0.3, 0.5M) individually. All prepared samples (A, B, C, and D) were stirred for 30 
minutes at room temperature and stabilized for 24 hours before use. 

2.4  DSSCs assembly 

The ZnO-NR-based DSSCs were fabricated as follows: the conductive surfaces of the ITO substrates (working 
photoanode and platinized CE) were joined together using paper clips and then the gap between ITO substrates 
was filled through the holes with a drop of electrolyte solution. After that, the holes were sealed with a piece of tape 
to prevent electrolyte leakage. The silver paste was used on the edges of the DSSC to improve conductivity. Finally, 
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DSSCs with an effective area of 1cm2 were tested under light using a portable solar simulator device. The prepared 
samples of DSSCs based on ZnO NRs are shown in Figure 2. 

 
Figure 2: Picture of prepared DSSCs 

3.   RESULTS AND DISCUSSION  

3.1.  SEM results  

Typical SEM images of ZnO-NRs-based DSSCs at different KI concentrations were obtained at the same surface 
topography values (magnification and scale bar) of the ZnO/seed layer/ITO substrate, and the whole process was 
carried out at 95°C for 2 hours. Figure 3 shows the SEM image obtained at 20KV, showing the hexagonal shape 
of the ZnO NRs with gradually increasing diameters in the range of 100–184.4nm; it was clear that the as-grown 
samples were mainly composed of ZnO-NRs. Figure 2 also shows the random stacking of ZnO NRs with 
inhomogeneous sizes, which was related to the distribution of the ZnO seed layer on the ITO substrate, which 
played a key role in the alignment and uniformity of NRs growth. The non-identical size and shape of ZnO-NRs 
may affect the performance of DSSCs and scatter the incoming light among the anode (Al-Rawashdeh, 2018). 
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Figure 3: SEM images of ZnO-NRs-based DSSCs at different KI concentrations: (a) 0.0 KI, (b) 0.1 KI, (c) 0.3 KI, (d) 0.5 KI 

3.2.  XRD results  

The crystal structure of the powdered ZnO-NRs was investigated using an X-ray diffractometer with a 
monochromatic CuKα radiation source (λ = 1.5405 °A). The as-prepared sample was washed twice with ethanol 
and deionized water, respectively, and after each wash, the product was centrifuged and heated in an oven at 
100°C overnight to dry. Figure 4 shows that all characteristic peaks were observed at different angles 31.67°, 
34.36°, 36.18°, 47.44°, 56.46°, 62.77°, 66.23°, 67.82°, 68.94°, 72.42° and 76.82° corresponding to the atomic 
planes of crystal (100), (002), (101), (102), (110), (103), (200), (112), (201), (004) and (202) respectively. The X-
ray diffraction pattern was consistent with the hexagonal (wurtzite) structure of ZnO crystals (PDF Card No.: 00-
036-1451 with the lattice parameters: a = 0.325, b = 0.325 and c = 0.5207 nm). For other impurities, such as Zn or 
Zn(OH)2, no other diffraction peaks were detected, which confirms that the well-aligned growth of ZnO NR was 
pure ZnO. The figure illustrates the constructive interference of electromagnetic waves occurring at different 
positions, all the sharp peaks imply the high crystallinity of the ZnO NRs, the full width at half maximum (FWHM) 
of the intensive peak along (101) was used to calculate the nanoparticle size of the crystal according to Debye- 
Scherer formula (Musa, 2017; Shabannia, 2016).                                 

                         D=kλ/βcosθ                                        (1) 

The calculation shows that D was the grain size of the ZnO-NRs, which was 48.14 nm, λ = X-ray wavelength of 
0.154 nm, k = so-called Scherer constant 0.9, θ = Bragg angel in radians, and  β = FWHM value in radians. 
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Figure 4: XRD spectra of powdered ZnO-NRs 

3.3.  UV-Vis analysis 

The optical properties of powdered ZnO NRs samples were analysed using UV-Vis spectroscopy as shown in 
Figure 5. Typically by scanning the wavelength range and recording the maximum absorbance of the spectrum 
reflects the UV-Vis emission of as-grown ZnO. NR samples were ultrasonically dispersed in ethanol for 10 minutes 
at ambient temperature (AT), using ethanol as a reference prior to characterization. The figure shows the strong 
exciton absorption peak at 369 nm, and the energy gap (Eg) was estimated to be 3.36 ev using the photon energy 
relationship: 

Eg =hc/λ                              (2) 

Where h = Planck's constant = 6.626 × 10-34 J.S; C = speed of light = 8 × 108 m/s; and λ = wavelength of ZnO 
NRs = 369 nm. ZnO (3.30 ev) due to the quantum size of NR, according to the quantum confinement exciton effect 
(Xia, 1997), in which electrons in the conduction band (CB) were confined to holes in the valence band (VB) by a 
potential barrier. As a result, the maximum absorption shifted toward shorter wavelengths (Musa, 2011). 
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Figure 5: UV/ Vis spectra of ZnO NRs samples 

3.4.  FT-IR analysis 

The powdered sample was characterized by FT-IR spectra obtained in the range of 400-4000cm-1 by FT-IR 
spectroscopy, as shown in Figure 6. The strongest infrared band around 500cm-1 belonged to the (Zn-O) stretching 
mode, confirming the formation of hexagonal ZnO (Khayyat, 2012; Rahman, 2013). The observed small peak 
around 879cm-1 corresponded to the nitrate group (NO3

-) and it appeared that the nitrate was not completely 
removed during the washing process (Umar, 2009). Absorption peaks appeared at ~3497 cm-1 and ~1635 cm-1 
due to (O-H) stretching and bending modes, respectively (Umar, 2009; Wahab, 2007). While the bands at 2850 
cm-1 and 2918 cm-1 were associated with the presence of acetate (C-H) stretching vibrations (Soni, 2013). 
Furthermore, the peak at ~1350 cm-1 may be due to the presence of (CH2) bending. 
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Figure 6: FT-IR spectra of powdered ZnO-NRs 

3.5.  J-V characteristics  

J-V measurements of ZnO-NR based DSSCs were used to calculate fill factor (FF) and power conversion efficiency 

PCE (𝜂 %) using these equations: 

FF=(Jmp × Vmp)/( Jsc × Voc )                         (3) 

η %=( Jsc × Voc × FF )/(Pin )                           (4) 

Here Jmp, Vmp, Jsc, Voc and Pin are the maximum power current density, maximum power voltage, short circuit 
current density, open-circuit voltage and incident power (100 mWcm-2), respectively. Table 1 shows the 
photovoltaic parameters of DSSCs based on ZnO-NRs. 

Table1: Photovoltaic parameters of DSSCs with different electrolyte concentrations 

Samples Voc (V) Jsc(mA/cm2) Vmp (V) Jmp(mA/cm2) Fill Factor 𝛈 % 
Rs (Ω) 

ZnO NRs /  0.0 KI 0.351 0.491 0.22 0.264 0.337 0.058 288.17 

ZnO NRs / 0.1 KI 0.341 0.654 0.21 0.335 0.316 0.07 237.27 

ZnO NRs / 0.3 KI 0.324 1.089 0.2 0.571 0.323 0.114 138.3 

ZnO NRs / 0.5 KI 0.325 1.16 0.2 0.623 0.329 0.124 130.97 

From Table (1), it can be seen that with the increase of CI (0.0, 0.1, 0.3 and 0.5 M), the PCE (ղ %) of DSSC based 
on ZnO-NRs increased from 0.058 to 0.124, there was also a slight enhancement in the Jsc from 0.49 to 1.16 
mA/cm2. While the Voc was almost unchanged. Figure 7 shows the behaviour of the J-V curves of ZnO-NRs-based 
DSSCs as a function of KI concentration. This behaviour can be explained by the following relations: 

                                             𝐼2 +  𝐼− →  𝐼3
−                                                               (5) 

𝐼3
−  + 2𝑒−→ 3𝐼−                                                           (6) 
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3𝐼− + 2𝐷∗/𝑍𝑛𝑂 𝑁𝑅𝑠 → 2𝐷/𝑍𝑛𝑂 𝑁𝑅𝑠 + 𝐼3
−                 (7 

Where D is the dye molecule and D* refers to the oxidation dye. As seen in this reaction, the gradual increase in 

the KI concentration (0.0, 0.1, 0.3and 0.5 M) would increase the (𝐼3
−) ions because of the high concentration of (𝐼3

−) 

that could optimize the electrons' mobility and diffusivity from platinized CEs to the excited dye D* and regenerate 
the lost electrons (Kalaignan, 2006). The figure also illustrates a slight improvement in Jsc and ղ%, which may 
indicate a gradual saturation of dye reduction. Furthermore, since DSSC is only based on ZnO-NR as the 
photoelectrode material, no significant change in Voc value with KI concentration was observed. A similar study 
was conducted by Peng et al. who demonstrated the effect of increasing KI concentration with a fixed amount of I2 

on the performance of TiO2-based-DSSCs (Gu, 2017). They used different ratios of electrolytes and different types 
of solvents, with no additives; they reported that Jsc also increased from 0.16 to 0.38 mA/cm2 when the KI 
concentration was increased from 0.1 to 0.6 mol/L. This was consistent with the findings of the current study. 

 

Figure 7: J-V characteristics of DSSCs with different KI concentrations 

4.   CONCLUSION  

In this work, the growth of ZnO-NRs/seed layer/ITO glass substrates was investigated by hydrothermal method at 
95°C for 2 hours. SEM observation showed that the ZnO NRs were randomly arranged with diameters ranging 
from 100-184.4nm. The structural properties of the powdered samples emphasized that the ZnO NRs were single 
crystals with a hexagonal shape. In addition, the strongest infrared band near ~500 cm-1 confirmed the formation 
of ZnO. A strong exciton peak was observed at 369 nm with a band gap of 3.36 ev. DSSCs based on ZnO-NRs 
were successfully prepared using black dye N749 as a sensitizer.  The influence of electrolyte solutions on the 
performance of ZnO-NRs-based DSSCs was investigated by increasing the concentrations of KI (0.0, 0.1, 0.3, and 
0.5 M), respectively. According to the J-V curve, the addition of KI to the iodine solution increases Jsc and PCE. 
Increasing the KI concentration can accelerate the reduction mechanism of dye molecules by generating more ions 
of I3-. However, Voc remained unchanged, confirming that the photoanode of DSSC had the same structure 
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Abstract: In daily life, people spend a lot of time indoors. For this reason, it is important to design closed 
environments in such a way that they do not adversely affect human health. Especially temperature adjustment is 
one of these designs. The main goal is to keep indoor environments cool in the summer and warm in the winter. 
This study investigated window design, which is an important part of the indoor environments. Air, argon and 
krypton gases used in double glazing applications reduce the window heat transfer coefficient. In the study, a 2D 
CFD model was created and gas movement was prevented with a transparent barrier placed in a gas environment. 
In this way, convection effects were reduced and the heat transfer coefficient of the window was interpreted. In the 
reference state, the window heat transfer coefficient was determined for air, argon and krypton at a gas thickness 
of 20mm. Then, the gas movement was prevented by the transparent barrier and the new value of the window heat 
transfer coefficient was compared with the reference situation. It was seen that the window heat transfer coefficient, 
which was 1.605, 1.122 and 0.875 w/m2K for the 3 gases in the reference case, was 1.398, 0.956 and 0.687 W/m2K 
with the transparent barrier, respectively. In addition, when the velocities of the gases between the double glazing 
were considered, it was seen that the fluid velocity was higher for argon and krypton than for air when there was 
no obstruction. A similar situation was observed when a blocker was placed. 

 

 

 

Keywords: double glazing; air-argon and krypton gas; thermal insulation; CFD  
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8. INTRODUCTION  

Technological developments lead to permanent effects on human life. Innovations in working life have caused 
people to spend more time indoors and the increase in the time spent in closed environments affects human health. 
For this reason, it is extremely important that indoor environments have high comfort standards. Providing cool 
conditions in summer and warm conditions in winter increases energy consumption. For this reason, the design of 
indoor environments have gained importance. The energy spent on obtaining comfort conditions in indoor 
environments is approximately 40% of the global energy (Roy et. al, 2022). Considering this ratio, it is clear how 
much heating and cooling buildings use. For this reason, it is extremely important to revise the building elements 
in indoor environments with innovative approaches. Buildings lose heat continuously from areas such as roofs, 
windows, walls and floors. 60% of these losses occur through windows (Jelle et al., 2012), therefore, window design 

and thermal insulation are important. Various types of window glass are used as standard today as illustrated in 
Figure 1: (1) single clear glass, (2) gray single glazing, (3) double clear glazing, (4) gray tint double glazing, (5) 
selective tint double glazing, (6) low-e double glazing and (7) low-e triple glazing (Cuce et al., 2015a). When 
designing windows, the aim is to reduce the heat transfer coefficient (U) of the window as much as possible by 
minimizing the effects of conduction, convection and radiation. 

 

Figure 1: Various glass types for windows used as standard today (Cuce et al., 2015a). 

Convection and radiation effects are heavily interpreted by researchers in the literature since the transmission from 
window frames is mainly dependent on material properties. In order to reduce the radiation effects, a vacuum 
environment is created by evacuating the double glazing (Collins et al., 1995). A schematic view of the system is 
given in Figure 2a. Since vacuum glass technology eliminates the effects of transmission and convection, the U 
value is greatly reduced. However, due to both the vacuum application and the costs in the materials used, its use 
is just becoming widespread (Cuce et al., 2016). Supports are used in vacuum glass manufacturing due to low 
pressure and the physical properties of the glass material are highly effective on the U (W/m2K) value (Cuce et al., 
2015b). The U-value for the different glass and supporting properties is given in Figure 2b. 
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Figure 2: Vacuum glass schematic image (Lenzen et al., 1999) (a) and U-values for different glass and supporting properties 
(Cuce et al., 2015b) 

The double glazing technique, which can be an alternative to the vacuum glass technique, is expected to be used 
more widely due to its lower cost. The air movement of the fluid between the double glass and the thickness of the 
gas layer have been interpreted in different ways by the researchers. Aydın (2006) claimed that the ideal gas layer 
thickness was around 20mm when air was used between double glazing in a window with a window height of 80cm 
and this thickness could change with climatic changes. Since the physical properties of the gas between the glazing 
will affect the heat transfer, it is expected to affect the U value. Li et al. (2017) experimentally evaluated the effect 

on the U value at different occupancy rates by placing air and argon gas between the double glazing. They claimed 
that the U-value decreased as the argon occupancy percentage increased. Similarly, they showed that increasing 
the gas thickness decreased the U-value, which was approximately 1.15 - 1.20 W/m2K at 18mm gas thickness. 
Cuce (2018) experimentally and numerically examined the U-value of a double-glazed window using argon. It 
indicated that the U value was in the range of 1.18 - 1.31 W/m2K when measured at different points of the window. 
Ozrahat et al. (2014) interpreted the effect of argon and air use on heat transfer between double glazing by creating 
a 2D CFD model. They also evaluated the vacuum effect by creating half an atmosphere of pressure. They claimed 
that increasing the gas thickness after 15mm for air, 18mm for argon and 20mm for vacuum had no effect on heat 
saving. Studies in the literature have analysed the heat transfer between double glazing well and examined the 
effects of using different gases in different thicknesses in detail. However, it was seen that there were not many 
studies on reducing the transport effects by restricting the gas movement. 

In this study, a numerical study was carried out on the 3 different gases air, argon and krypton used in double 
glazing technology. First, the U value was calculated by placing 3 different gases between 4mm double glazing 
with a gas thickness of 20mm. To this end, a 2D CFD model was created with ANSYS and the accuracy of this 
model was realised by using the literature. Then, the transparent barrier was placed in a 20mm gas medium and 
evaluated for its effect on the U-value for 3 different gases. 

9. METHODOLOGY 

This study aimed to thermally analyse double-glazed windows, which have an important place in buildings, for 3 
different gases. In addition, when a blocker was placed for 3 different gases, the change in U value was observed. 
A numerical model was created with ANSYS engineering commercial software in order to ensure the reliability of 
the study compared with the literature studies. A 2-dimensional CFD model was used in the study carried out under 
continuous conditions. The images of the model and the mesh details are given in Figure 3.  
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Figure 3: Images of the 2D CFD model and mesh details. 

Thermophysical properties of glass and gases are extremely important in the study in which the U value of 3 
different gases in double glazing was examined. Relevant specifications are given in Table 1. Features were taken 
from the literature and standard features given by the program in the FLUENT interface of ANSYS engineering 
software (Sadooghi et al., 2018; ANSYS FLUENT).  

Table 1: Thermophysical properties of glass, air, argon and krypton. 

Properties/Materials Glass Air Argon Krypton 

Density (kg/m3) 2500 1.225 1.6228 3.74 

Specific heat capacity 
(J/kg.K) 

750 1006.43 520.64 380 

Thermal conductivity 
(W/m.K) 

1.4 0.0242 0.0158 0.0091 

Viscosity (kg/ms) - 1.78x10-5 2.125x10-5 2.41x10-5 

Analyses were made in steady state and the fluid properties were assumed constant. Basic equations for two-
dimensional laminar and incompressible flow, continuity, momentum and energy equations were solved 
simultaneously through the program. The equations are as follows: 

Equation 25: Continuity equation 

𝜕𝑢

𝜕𝑥
+
𝜕v

𝜕𝑦
= 0 

 

Equation 2: Momentum equations 𝑢
𝜕𝑢

𝜕𝑥
+ v

𝜕v

𝜕𝑦
= −

1

𝜌

𝜕p

𝜕𝑥
+ 𝜗 [

𝜕2v

𝜕𝑥2
+
𝜕2𝑢

𝜕𝑦2
] 

 

𝑢
𝜕𝑢

𝜕𝑥
+ v

𝜕v

𝜕𝑦
= −

1

𝜌

𝜕p

𝜕𝑦
+ 𝜗 [

𝜕2v

𝜕𝑥2
+
𝜕2𝑢

𝜕𝑦2
] 

 

Equation 3: Energy equation 𝑢
𝜕T

𝜕𝑥
+ v

𝜕T

𝜕𝑦
= 𝛼 [

𝜕2T

𝜕𝑥2
+
𝜕2𝑇

𝜕𝑦2
] 

As the boundary condition, the outdoor temperature was 5°C and the convection coefficient was 20 W/m2K, the 
indoor temperature was 25°C and the convection coefficient was 5 W/m2K. In addition, the convection boundary 
condition for the gas layer was entered into the program. Window top and bottom edges were taken as adiabatic. 
In the solution method, SIMPLE was preferred for interpolations and first-order discretization was preferred for 
energy discretization. The energy convergence criterion was taken as 10-6. In the study, firstly, the CFD model was 
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verified by using the literature, then the changes in the U value were determined by repeating the solutions for the 
3 different gases air, argon and krypton. Then, a transparent barrier was placed in the gas layer and its effect on 
the thermal properties of the window was evaluated.  

10. RESULTS AND DISCUSSIONS 

In the study in which the effect of using 3 different gas air, argon and krypton and transparent barriers between 
double glazing on the U value was examined, the independence of the CFD model from the network was evaluated 
before the results were obtained. Therefore, the variation in U value with the change in cell size and number was 
observed. The relevant results are given in Table 2. For the minimum cell size, 8x10-4 m and 52920 cell numbers 
were considered sufficient. The mesh-independent solution was made using air as the reference state and gas. 

Table 2: Mesh-independent solution data for study. 

Minimum cell size (m) Number of elements U (W/m2K) % change 

10x10-4 33880 1.630 - 

9x10-4 40366 1.611 1.16 

8x10-4 52920 1.605 0.37 

While creating the CFD model in the study, a 4mm double glass model with a height of 1200 mm, common in daily 
life, was used. It used similar studies in the literature to validate the model. Table 3 gives a comparison of the 
results obtained in the CFD study and some examples from the literature, which were seen to be agreement. Weir 
et al. (1998) compared U values at gas layer thickness of 20mm for air, 16mm for argon, and 12mm for krypton. 
Cuce (2018) evaluated the U-value for argon at 20mm gas thickness between 4mm double glass. Li et al. (2018) 
determined the U value by using an 18mm thick argon layer between 6mm double glazing. 

Table 3: Some comparisons from the literature with the results obtained from the CFD model. 

Gas CFD results 
(W/m2K) 

Li et al., (2017) 
(W/m2K) 

Cuce, (2018) (W/m2K) Weir et al., 
(1998) 

Air 1.605 -  1.6 

Argon 1.122 1.17 1.18 – 1.31 1.2 

Krypton 0.875 - - 1 

After the mesh independent solution and verification was done, the simulations were repeated for air, argon and 
krypton gases, respectively, for the gas layer thickness of 20mm. All data were obtained at 25°C indoor 
temperatures and 5°C outdoor temperatures. The comparison is given in Figure 4. It was seen that the U value, 
which was 1.605 W/m2K for air, decreased to 0.875 W/m2K for krypton. This indicated that the window U value 
could be halved by simply changing the gas type. Similarly, when argon gas was used, the U was 1.122 W/m2K.  
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Figure 4: Window heat transfer coefficient for 3 different gas types. 
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It can be seen from the change in U value that the properties change according to the gas type, thus affecting the 
heat transfer inside the window. In order to better understand the conduction and convection effects, it is necessary 
to evaluate the gas movements. When the gas between the double glazing is at rest, the conduction effects 
lessened; while in motion, the conduction and convection effects were effective together. For this reason, it will be 
useful to observe the fluid movements of the gases between the double glazing without the transparent barrier in 
the reference state. In Figure 5, velocity contours of air, argon and krypton gases are given. In the absence of a 
transparent barrier, when air was used between the double glazing, it was seen that the maximum air flow rate was 
0.109 m/s. When the gas was changed to argon, it was seen that the maximum speed increased to 0.133 m/s, and 
the U value decreased as the speed increased. In this case, the decrease in the U value with the increase in the 
speed of movement of the gas used in the double glass could be attributed to the decrease in the conduction effects 
and the increase in the convection effects. Considering that the heat transfer coefficient of air was high, this 
approach can be considered to be correct. However, with a more detailed analysis, the effect of this situation on U 
can be investigated by changing the heat transfer coefficient in future studies. The same was true for krypton. 
When krypton was used as the gas, it was seen that the U value decreased while the speed of movement of the 
gas increased. 

 

Figure 5: Velocity vectors in double glazing using air, argon and krypton gas. 

It was clear that there was a relationship between the gas movement and the U value. For this reason, U values 
were calculated for 3 different gases by placing an additional transparent barrier between the double glazing. The 
results are given in Figure 6. When air was used between the transparent barrier and the double glazing, it was 
observed that there was a 13% decrease in the U value. For argon, this ratio was 14.8%, for krypton it was 21.48%. 
The transparent barrier acted on the 3 gases at different rates due to the heat transfer coefficients of the gases 
being different, while the convection effects were reduced by the restriction of movement. Velocity vectors for 3 
different gases are given in Figure 7 when a transparent barrier was used. Similar to the reference situation, it was 
seen that the highest speed was for krypton and the lowest speed was in air. 



361 

 

Gas type

Air Argon Krypton

W
in

d
o

w
 h

e
a
t 

tr
a
n
sf

e
r 

c
o
e
ff

ic
ie

n
t,

 U
 (

W
/m

2
K

)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

 
Figure 6: 3 different pillars design 

 

Figure 7: Velocity vectors for air, argon, and krypton when using a transparent barrier. 

11. CONCLUSION  

In this study, the effect of using different gas and the addition of a transparent barrier on the U value in double-
glazed windows was investigated. In the study using the 2D CFD model, it was assumed that the conditions did 
not change during the analysis and laminar flow was accepted. After mesh-independent analysis and verification 
with literature, the following conclusions were reached: 

 A 2-dimensional CFD approach was suitable for U-value calculation in double-glazed windows. 

 The type of gas inside the window affected the heat transfer. 
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 Using krypton instead of air between double glazing improved insulation by 45.4%. 

 Argon and krypton showed better insulation than air. 

 The insulation value could be improved by restricting the gas movement with the barrier by placing it in 
the gas layer. 

 With the barrier, heat losses through the window could be reduced by 12.9%, 14.8% and 45.48% for air, 
argon and krypton, respectively. 

 More work needs to be carried out to interpret the effect of different positioning of the blocker on the 
system. 
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