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ABSTRACT 

In this paper, possibilities of electric peak load 

reductions in the MENA-Region, using a photovoltaic 

powered air conditioning system for residential 

buildings, are considered. For this purpose, a small-

scale photovoltaic plant is simulated and compared 

with the electric power demand of a simulated air 

conditioning unit. While the demand of the A/C unit 

is more than three times higher than the yield, the 

mismatch is used to introduce a possible smaller A/C 

unit. There, the thermal performance is observed 

under maximum usage of the solar energy yield. In 

this scenario, the thermal comfort is analysed and 

compared with real temperature measurements inside 

the room. The final performance of the system is 

estimated to have a solar coverage rate of 30%, 

which helps to prevent rolling power cuts due to high 

peak loads. 

INTRODUCTION 

The number of sold and operated air conditioning 

units has been rising throughout the Middle East and 

North African Region (MENA-Region), as shown in 

the following graph in Figure 1. The number of sold 

A/C units in Egypt is indicated in blue on the left 

y-axis (Attia et al., 2012)  and the development of the 

electricity peak demand in red on the right y-axis 

(Eman et al., 2014). It is shown that the number of 

privately owned A/C units has more than 

quadruplicated from 2008 to 2012. 

 
Figure 1 Sold A/C units (blue) over electricity peak 

demand (red) 

This rising electricity demand leads to permanent 

problems for the power supply of Egypt “[…] as 

consumers try to switch on fans and air conditioning 

units […] supply has routinely failed to meet demand 

[…]” (Ibrahim, 2014) 

Data sources 

For the development of room air cooling concepts for 

buildings in arid regions, the newly built town of El 

Gouna, located 25 km north of Hurghada at the Red 

Sea shore of Egypt, offers perfect model city 

conditions as most buildings are constructed in a 

similar way (comparable building physics and supply 

systems). Furthermore, the electricity consumption of 

every user unit and of the entire town are monitored. 

This is shown in Figure 2. There, the total electric 

demand of the city is drawn in blue on the right 

y-axis (Azzer et al., 2013). It is presented as a daily 

average in the cooling period from May to October. 

Furthermore, the average total horizontal radiation, 

generated with the meteorological simulation 

programm Meteonorm 7, is presented in yellow.  

 
Figure 2 Average radiation (yellow) and average 

electric demand (blue) 

It can be observed that the electric peak demand of 

17 MW occurs around 8 pm, eight hours after the 

peak of incoming solar radiation at noon. 

In addition to the gross statistical data, the thermal 

performance within one apartment is available. It is 

recorded at 14 different spots in various heights on 

two room surfaces. The room has a vaulted ceiling 

with an inner clear height about 4.2 m. Furthermore, 

the apartment is equipped with a small-scale 

photovoltaic field, which is connected to a battery 

and a DC/AC converter. Lastly, the weather data, 

which is according to WMO standard, is available 

through a local meteorological station of TU Berlin. 

Methodology 

First, the building is modelled in the simulation 

environment of IDA Indoor Climate and Energy. The 

monthly cooling demand for the observed living 

room on the top floor is calculated under the climatic 

conditions of the region. Simultaneously, the 

complete possible monthly energy yield of the PV 

field is simulated within the simulation software 
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Polysun. The used system components (PV field and 

DC/AC converter) are entered and monthly electric 

gains are calculated. 

Afterwards, the two values of the energy yield and 

electric cooling energy demand are compared and a 

potential for solar powered air conditioning is 

estimated. A second simulation trial with reduced 

cooling power is performed. The cooling power is 

reduced to a maximum power output, which matches 

the maximum simulated energy yield of the PV field.  

Subsequently, the thermal performance is analysed 

by investigations on room air temperature 

measurements under free-floating conditions and 

with a constant cooling set-point of the installed A/C 

unit to 26°C. Hence, it is possible to evaluate the real 

cooling potential of the system in vaulted rooms. 

SIMULATION 

Cooling demand simulation 

The building H12 in Downtown El Gouna is 

monitored and simulated. The building geometry is 

modelled within SketchUp Pro 8. This construction 

program allows for an adequate modelling of the 

vaults and domes of the building’s roof. The 

construction is imported into the software 

environment of IDA ICE. This software was 

developed to simulate the thermal performance of 

multi-zone buildings. The floor plan of the building 

is shown in Figure 3. Marked in red is the outline of 

the considered apartment 214. Shaded in red is the 

living room of the apartment. This room is modelled 

as a single zone. The floor area of the living room is 

15.96 m² and the apex of the vault is 4.41 m above 

the floor, respectively 7.64 m above ground level. 

The zone volume is 65 m³. 

 

Figure 3 Floor plan of building H12 with marked 

apartment 214 and corresponding living room 

A picture of the original building and the IDA ICE 

simulation model are shown in Figure 4. The 

peculiar vaults and domes can be observed on the 

roof of the building. 

 

Figure 4  Picture of H12 (top) and simulation model 

of it (bottom) 

Its massive and thick walls, the relatively small 

windows and the vaults and domes that are integrated 

into the roof structure mainly influence the building 

performance. The construction materials are listed in 

Table 1 as provided by the local housing authorities 

Orascom Housing (Yousef, 2014) or gained through 

own measurements (density of stones and wall 

thicknesses). 

Table 1 Building construction material 

Constr. Layer λ ρ cP x Uvalue 

    W/mK kg/m³ J/kgK m W/m²K 

Dome/Vault         0.254 1.69 

  Screed 1.40 2000 1000 0.010   

  Red Brick 0.58 1070 840 0.234   

  Render 0.80 1900 790 0.010   

Wall         0.525 0.94 

  Render 0.80 1900 790 0.010   

  Red Brick 0.58 1070 840 0.505   

  Render 0.80 1900 790 0.010   

Floor/Ceiling         0.254 3.04 

  Tiles 1.30 2300 840 0.010   

  Screed 1.40 2000 1000 0.010   

  Concrete 1.70 2300 880 0.224   

  Render 0.80 1900 790 0.010   

Ground Plate       0.254 3.10 

  Tiles 1.30 2300 840 0.010   

  Screed 1.40 2000 1000 0.010   

  Concrete 1.70 2300 880 0.234   

Door/Window frame, frame fraction window = 0.71 0.020 3.20 

  Wood 0.14 500 2300 0.020   

Single glazed window           

  SHGC =0.85 
 

Uglaz =5.8 W/m²K 

  Tsol =0.83 
 

εint =0.837 

  Tvis =0.9   εext =0.837 

As climatic boundary condition, the available 

weather data file of Hurghada, which is provided 

through the U.S. Department of Energy, is used in 

IDA ICE. The ideal sensible cooling energy demand 

is simulated for a cooling set-point of 26 °C. The 

electric demand is calculated with the average COP = 

2.55 of the installed A/C Unit (Miraco, 2013). 
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Photovoltaic system simulation 

For the analysis of the potential of a solar powered 

air conditioning system, a separated Polysun 

simulation for photovoltaic systems is conducted. 

The simulated system is equal to the currently 

operated small-scale system set-up as used in one 

apartment of the previously described building. The 

rooftop system is shown in Figure 5. It consists of 

four monocrystalline photovoltaic generators, each 

with a peak power output of PPeak = 100 W. Within 

Polysun, modules are chosen with a similar 

performance (Enjoy, 2014). The simulated panels 

equal the installed ones in rated power output (100 

W), maximum voltage (Umax = 18 V), module 

efficiency (η = 16%), thermal coefficient (α = -0.47 

%/K), and dimensions (1.19 m * 0.54 m). The same 

weather data, as used in the building simulation, is 

used for the simulation with Polysun. The dusting is 

assumed to reduce the performance by 10% per year. 

 
Figure 5 Four monocrystalline photovoltaic cells on 

top of apartment 214 

The described photovoltaic system is the minimum 

system because of its costs of less than 1000 €. All 

components are chosen to be easily installable as an 

add-on system for widely spread compressor A/C unit 

systems. The performance of this system is estimated 

to provide enough electricity off-season. In this way, 

no access-energy is produced that has to be fed into 

the electric grid. Hence, a grid synchronisation is not 

necessary. Finally, the main purpose of the system is 

to reduce the peak load demand. Through the battery 

system, the energy gained at noon, can be used in the 

early evening hours. 

System performance of installed set-up 

The big thermal masses of the outer and inner walls 

have a major influence on the thermal behavior of the 

building. As previously described in Figure 2, this 

effect can be observed throughout the entire town. 

The evening peak in electric demand can be observed 

in all parts of Egypt. Within El Gouna, this peak 

demand is about one hour later (around 8 pm) than in 

other parts, e.g. Cairo (Eman et al., 2014). 

The shift between maximum incoming radiation at 

noon (resp. maximum outer temperature, around 3 

pm) and electric peak demand is caused by the high 

thermal masses of the building. On the one hand, this 

causes a thermally uncomfortable situation during 

early night hours due to the radiation asymmetry 

(perceived room air temperature). On the other hand, 

the overall annual energy demand for room air 

conditioning is reduced, compared with common 

building structures in Egypt (Sabry, 2015).  

Within the diagram in Figure 6, the simulated 

electric demand for cooling energy is drawn in blue 

over the months of the year. Additionally, the electric 

alternating current through the PV yield is presented 

in yellow. 

 

Figure 6 Monthly energy yields by PV field (yellow) 

over electricity demand for A/C unit (blue) 

Even during the winter months, a small demand for 

room air cooling is visible. During these months, the 

demand can be easily satisfied with the installed 

system. The peak of energy demand is in the late 

summer months of July and August while the peak of 

energy yield is in June.  

The total annual electricity demand of 

1,794 kWh/year is more than three times higher than 

the annual electric yield of 505 kWh/year. This 

annual yield is used to re-define the maximum power 

output of the A/C unit in the building performance 

simulation to 150 W.  

With this adopted power output, the electric power 

demand of the system is drawn in blue in the graph in 

Figure 7. Additionally, the electric yield of the PV 

field is presented again in yellow. 

 

Figure 7 Monthly energy yields by PV field (yellow) 

and reduced energy demand of AC unit (blue) 
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Within this simulation, the electric energy demand 

can almost be satisfied by the installed PV field. 

Through the reduced cooling capacity of the A/C unit 

the room temperature will rise above the cooling 

set-point of 26°C. Hence, the room air surfaces are 

heated to higher values until the thermal energy 

balance is fulfilled (heat exchange with the 

environment). This performance is analysed for the 

summer months in Figure 9. There, the 

environmental temperature Tenv is presented in 

yellow for the time from May to October. 

Furthermore, the simulated mean air temperature 

tair,mean is outlined in blue. The maximum outer air 

temperature in this period is Tenv,max = 41°C. At this 

time, the average interior air temperature is tint,max1.1 = 

31°C. This temperature rises to a maximum of 

tint,max1.2 = 33°C due to the thermal inertia of the 

building walls. 

 

Figure 9 Simulated building performance with 

minimum cooling power output of 150W 

This performance is far beyond thermally 

comfortable environments of 26°C. When the 

simulation is repeated with a free floating 

temperature within the room (no A/C system 

installed), the interior mean air temperature is 

tint,max2.1 = 32°C at the maximum outer temperature of 

41°C. This temperature rises up to tint,max2.2 = 37°C 

due to the thermal inertia. 

This minimum set-up is able to reduce the mean air 

temperature by 1 to 4 K. 

As observed in the first indoor climate simulation, 

the total air volume is cooled to a mean air 

temperature of 26°C. This includes the whole air 

volume within the vault, up to a clear inner height of 

4.4 m. It is not necessary to cool the whole volume 

down to this point as no user is staying in the vault. 

The maximum height of user occupation is below a 

clear height of 2 m. Furthermore, a total homogenous 

temperature profile over the total height of the room 

is unrealistic. A thermal stratification is anticipated. 

For this reason, a temperature measurement in 

different height is established.  

TEMPERATURE MEASUREMENTS 

The following part describes the measurements taken 

the living room of apartment 214. The temperature 

performance is analysed as free floating temperature 

and with activated A/C unit, set to 26°C. 

Afterwards the performances are compared by 

including the environmental temperature 

measurements of the local weather station. 

Measurement set up 

Seven digital temperature sensors DHT22 are 

installed on each east and west walls of the observed 

room. They are equally distributed over the total 

height of the room. This is shown in Figure 8. There, 

the sensor on the 

western wall of the 

living room of 

apartment 214 (refer to 

Figure 3) are shown. 

Marked in red is a 

detail view of sensor 

t1_3. The data is collected 

with a microcontroller 

Arduino Mega 2560 and 

directly analysed on the 

Linux based computer 

Raspberry Pi B+.  

Furthermore, the radiation 

data and outdoor temperature 

are acquired through the 

WMO standard weather 

station of TU Berlin Campus 

El Gouna.  

 

Measurement results – free floating temperature 

The graph in Figure 10 outlines the measured free-

floating temperatures. The environmental 

temperature, measured by TU Berlin’s weather 

station, is presented in orange. The temperatures in 

the apex of the vault are drawn in blue. The 

temperatures near the floor of the room are given in 

pink. Solid lines represent temperatures at the 

western wall while dashed represent the eastern wall. 

 

Figure 10 Free-floating indoor temperatures (blue 

and pink) over environmental temperatures (orange) 
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Clearly visible is the temperature shift due to the 

thermal mass of the surrounding room surfaces. 

Within the observed week, the maximum outer 

temperature occurs on 27 March at noon (12pm) 

while the maximum temperature in the apex of the 

vault occurs at 5pm. Furthermore, it can be observed 

that the air temperature in the vault cools down much 

faster than the temperature near the floor. In the 

morning hours of 24 and 25 March, the vault 

temperature even drops below the ground 

temperature. With a periodically rising 

environmental temperature in the period from 24 to 

27 March, this effect vanishes. After a cooler period, 

beginning 28 March, this effect is observed again 

after two days in the early morning hours of 

30 March. During these colder days, the temperature 

within the room rises above the environmental 

temperature. This is due to the radiation onto the 

vaulted ceiling. 

While the temperatures within the vault have a higher 

amplitude and overall higher temperature, the 

temperature near the ground follows the outer 

temperatures more damped. 

Using the mean air temperature as cooling set-point 

would increase the demand for cooling energy as the 

A/C system needs to be activated more often and 

more early in the annual period.  

Measurement results – A/C set to 26°C 

Next, the thermal performance is observed, when the 

A/C unit is set to a constant cooling set-point of 

26°C. This is shown in Figure 11. There, the 

environmental temperature is drawn in yellow while 

the temperature in the apex of the vault, t_10, is 

drawn in blue. The colour code is explained in the 

right part of the figure. The single temperature 

sensors are marked with the corresponding colour on 

their position on the wall. The heights h are indicated 

on the corresponding lines to the curves in the 

diagram. The analysis is done for Friday, 24 July 

2015.  

Figure 11 Indoor and environmental temperatures 

with activated A/C unit 

Several effects are observable in the presented figure. 

Clearly visible is that the area of presence (t1_3 to 

t1_6) is highly influenced by the A/C unit. The air 

volume inside the vault (t1_0 and t1_1) is almost not 

affected. 

The temperature t1_0 in the upper vault has a daily 

amplitude of more than 6 K, which is equal to the 

daily variation in March (see Figure 10). It reaches a 

maximum temperature of almost 36°C at 6pm. This 

is higher than the maximum environmental 

temperature t_env and is caused by the solar 

radiation gains onto the vault. The temperature 

0.65 m below the ceiling (t1_1, orange) follows this 

amplitude slightly damped and shifted down by 

around 1 K. The temperatures below 2.8 m height 

(t1_2 to t1_6) are influenced by the A/C system. This 

is indicated by the peaks and drops in the profile. 

Within a height of 1.5 m a temperature of 27°C is 

achieved while it drops to around 24°C near the 

ground level (t1_5, h = 0.85 m). Interestingly, the 

temperature right at ground level (t1_6, h = 0.2 m) is 

higher than in h = 0.85 m. This might be the result of 

a warm floor, induced through the thermal 

performance of the apartment below. The 

temperature rise around 8pm is caused by window 

ventilation. 

RESULT ANALYSIS 

In total, the volume of the room is Vtotal = 65 m³. The 

vault has a total volume of Vvault = 13.6 m³ which is 

21% of the total room volume. 

Excluding the vault from the mean air temperature 

leads to a reduction of the cooling energy demand to 

around 80%. Furthermore, the roof offers enough 

space to double the number of PV modules to eight 

with a total peak power PPeak = 800 W. All 

components of the electric supply system are able to 

handle this extension but the price will slightly 

exceed the initial investment cost limit of 1,000 €.  

The performance of this system is presented in the 

following graph in Figure 12. The monthly 

electricity demand is outlined in blue while the 

electric yield is drawn in yellow. 

 

Figure 12 Monthly energy yields of expanded PV 

field (yellow) and reduced demand of AC unit (blue) 
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The annual electricity gain of the doubled PV system 

is 1,010 kWh while the annual electricity demand is 

less than 50% higher with 1,417 kWh. The solar 

coverage is 61%, if the access energy is not used. 

This value can be increased to 71% if the access 

energy of the winter months can be used. 

Finally yet importantly, an installation of a thin 

insulation layer in the vault can also reduce the 

energy demand cost effective. 

CONCLUSION AND OUTLOOK 

The development of concepts for alternatively 

supplied air conditioning systems will play an 

important role within the next decades to satisfy the 

rising energy demand in Egypt. Common used 

simulation tools to develop and investigate on these 

concepts can face various problems when applied to 

the traditional architecture in arid regions. Further 

investigations on the thermal performance of 

apartments with a vault or dome are needed to refine 

these simulation tools. 

In conclusion, the presented system is sufficient to 

reduce the peak load demand, if it is widely installed. 

A flattened load duration curve helps to prevent 

rolling power cuts and supply the people of Egypt 

with continuous power. 

In the next steps, the room model will be refined for 

a more detailed analysis. In example, the zone could 

be separated into two zones: vault and area of 

occupancy. 

Afterwards, the system simulation (photovoltaic 

powered air conditioning) and building performance 

simulation will be combined within Modelica. The 

results will be compared with the long-time 

measurement that is commencing at the moment at 

TU Berlin Campus El Gouna. 

NOMENCLATURE 

α = temperature coefficien [%/K] 

COP = coefficient of performance [ ] 

cP = heat capacity [J/kgK] 

εext = external emissivity [ ] 

εint = internal emissivity [ ] 

η = efficiancy [ ] 

λ = heat conductivity [W/mK] 

PPeak = peak power output [W] 

ρ = density [kg/m³] 

SHGC = solar heat gain coefficient [ ] 

t = indoor temperature [°C] 

tair,mean = mean air temperature of air volume [°C] 

tint,maxX.1 = mean inner air temperature at Tenv,max [°C] 

tint,maxX.2 = mean maximum inner air temperature 

after Tenv,max [°C] 

Tenv = environmental temperature [°C] 

Tenv,max = maximum environmental temperature [°C] 

Tsol = solar transmittance 

Tvis = visible transmittance 

U-value = heat transfer coefficiant [W/m²K] 

Umax = maximum voltage [V] 

x = thickness / length [m] 

 

LIST OF ABBREVIATIONS 

A/C unit – Air conditioning system 

DC/AC – Direct current / alternating current 

DHT22 – Digital-output relative humidity and 

temperature sensor/module AM2303 

IDA ICE – IDA Indoor Climate and Energy 

MENA-Region – Middle East and North African 

Region 

PV – Photovoltaic 

TU Berlin – Technische Universität Berlin, 

University of Technology Berlin 

WMO – World Meteorological Organization 
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