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Abstract 

 This study aims to simulate a solar ejector refrigeration system in the region of Adrar (27.82 N, 0.18 
W). It is the first investigation of such refrigeration system in this region, the importance of this study is 
to benefit from the free intense solar energy for cooling and air conditioning and reduce using electrical 
energy produced by thermal power station which is harmful to the environment and causing warming 
global. It is a theoretical study using real gas equation (REFPROP database). The system is inspected for 
various evaporator temperatures from 0 to 30 °C and for various condenser temperatures from 25 to 
50 °C. For each situation, the system is optimized by choosing the best ejector parameters and the ideal 
generator temperature. Different refrigerants are used as R11, R134a and R717 (ammonia). The last one 
is observed to be the best fluid in all the working conditions. More explicitly, the highest COPs is 0.28 
when the system produces refrigeration at 30 °C and the boiler temperature is 90 °C. The COPs values are 
acceptable and very interesting, and it’s higher than other cities in the world like Athens, this study can be 
generalized in other hot regions. The examination is performed with a code written in Fortran. 
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Nomenclature: 

A: Surface (m2) 
COP: Coefficient of performance 
COPs: Whole coefficient of performance 
D: Diameter (m) 
h: Enthalpy (Kj/Kg) 
M: Mach number 
ȠSC: Solar collector yield 
I: Solar radiation (W/m2)  
Lx: Elementary length (m)  
𝑚
•
1: Primary mass flow rate (Kg/s) 

𝑚
•
2: Secondary mass flow rate (Kg/s) 

P: Pression (KPa) 
Q: Capacity (kW) 
Te: Evaporator temperature (°C) 
Tc: Condenser evaporator temperature (°C) 
Tb: Boiler temperature (°C) 
 
Subscripts 
c: Col 
ODP: Ozone depletion potential 
GWP: Global warming potential 
Sc: Solar collector 
U: Optimal training ratio 
W: Work 
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Greek symbols 
ℰ: Motor ratio 
 
Introduction 

 Air conditioning and refrigeration systems are among the most energy demanding equipment in the 
building sector [1]. On another side, cooling systems are with the most energy-consuming systems either 
in domestic applications or in the industrial sector. It will often require cheaper, economic and ecological 
systems, especially in hot and arid zones such as Southern Algeria. According to global estimates, the 
refrigeration system amount to 15 % of the world’s electricity consumption [2]. In Algeria, most of this 
energy is produced by thermal power station [3] which emit greenhouse gases and use fossil fuels. These, 
have not only a negative effect on the health of the human being, caused by the general pollution they 
incur, but also, they seriously damage the whole environment quality (including global warming, 
destruction of the ozone layer and others) due to the several toxic gas emissions. 
 To reduce the impact of these problems, it is important to pay an interest to new techniques using 
clean and economical energy like solar or geothermal energy and exploiting waste heat as energy 
sources for the operation of different devices. The compressor in the mechanical vapor refrigeration 
system is the main responsible for the largest proportion of the electrical energy consumption [4]. In such 
case, the solution is to replace it with a thermal compressor composed of 2 parts, ejector and boiler.       
 The ejector is an immobile device intended to suck and mix gases to compress the steam from the 
evaporator to reach the condensation pressure. Ejector cooling technology is attractive compared to 
conventional mechanical compression system because it is simple, less expensive and its electrical energy 
consumption is negligible compared to the thermal energy generated by the boiler.                                        
 Many studies of a solar ejector refrigeration system realized in the past, Al-Khalidy [5] in 1997 
made an experimental study of ejector refrigeration cycle using R113 powered by solar energy. The solar 
collector used in the study is a solar collector with synthetic oil, the maximum efficiency of the solar 
collector is 20 %. The system used for both mode, refrigeration and heating. One year after Huang et al 
[6] proposed a solar ejector cycle model using refrigerant R141b. The results revealed a coefficient of 
performance equal to 0.5 by using the single-stage experimental cycle. Boiler, evaporation and 
condensation temperatures are respectively 90, 8 and 28 °C. For solar irradiation equal to 700 W/m2, the 
temperatures of the generator and the evaporator can be reached 95 and 8 °C, respectively. The COPs of 
the whole system is 0.22. In 2005, Alexis and Karayiannis [7] conducted a study on a solar ejector 
machine for refrigeration applications. The refrigerant used is HFC R134a. Based on climatic data taken 
from Athens (Greece) statistics from 1952 to 1962. The system operating with the solar collector at 
intermediate temperature is simulated for the 5 months from May to September. The results show values 
of the coefficient of performance COP between 0.035 and 0.199 for the following machine working 
conditions: The temperature of the generator between 82 and 92 °C, the temperature of the condenser 
between 32 and 40 °C and the evaporator temperature between −10 and 0 °C, in refrigeration mode, the 
coefficient of the whole system COPs varying from 0.014 to 0.101 for the same working conditions, the 
radiation between 536 and 838 W/m2 in July. In 2008, Nehdi et al [8] made a study on an air conditioning 
system by ejector using solar energy, tested several fluids friendly with the environment. The calculation 
was done by empirical correlations, the thermodynamic characteristics of refrigerants are obtained from 
the RERPROP database. According to this study, the R717 fluid gives the best COP values for a boiler 
temperature of 90 °C, a condenser temperature of 35 °C and an evaporation temperature of 15 °C. The 
COP is about 0.408. Using the meteorological conditions of Tunis city, 3 types of solar collectors are 
tested for 6 months; from April to September, from 8 AM to 5 PM, the coefficient of performance for the 
complete system cycle have been calculated, and the system of solar collection are varied from 0.21 to 
0.28, and the exergetic efficiency between 0.14 and 0.19 for the same working conditions and solar 
radiation in July (351 - 875 W/m2). In the same year, Guo and Chen [9] modeled a solar-powered ejector 
refrigeration system for an office air conditioning application in a building in Shanghai, China. A 
dynamic model was proposed to investigate the performance of the refrigeration cycle operated with the 
refrigerant 134a. The local weather database was used to provide the outdoor temperature and solar 
irradiation between 9 AM and 5 PM, the average COP, the solar fraction are 0.48 and 0.82 respectively at 
the time when the conditions are: 85 °C for the boiler, 8 °C for the evaporator, the  condenser temperature 
varied with the outdoor temperature, this system can save up to 80 % of electrical energy compared to the 
conventional mechanical compression system used for the same local, so this system is a good alternative 
to conserve energy at administrative buildings level .  In 2009, Varga et al [10] study the minimum 
conditions to have an acceptable efficiency and calculate the right design parameters to produce 5 kW of 
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cold for the entire installed system. They used the 1D ejector theory with constant pressure mixing 
between the primary and the secondary fluids at the ejector mixing chamber, the used refrigerant is the 
water. The results obtained show that the optimum temperatures in order to have values of the acceptable 
coefficient of performance, the temperature of the boiler must greater than 90 °C, the evaporator 
temperature must be greater than 10 °C, and finally the condenser temperature does not exceed 35 °C. 
Meyer et al [11] did a study on the solar ejection refrigeration cycle, but this time the authors focused 
much more on geometric parameters and their influences on the coefficient of performance. The boiler 
works over a temperature range between 85 and 140 °C, the temperature of the evaporator between 5 and 
10 °C, the temperature of the condenser between 15 and 35 °C, they found that the increase in diameter of 
the throat of the primary nozzle causes a decrease in the boiler temperature. The choice of collector type 
according to available solar irradiation. Salimpour et al [12] did a study about thermodynamic and 
exergo-economic analysis of a solar ejector refrigeration system at a load of 5 kW for the 4 proposed 
scenarios. The low cost one worth (0.1891 $/h) and possesses the highest exergetic efficiency, they found 
that the evaporator assembly has the highest investment cost of all configurations 
 The present research relates to a study of a thermal machine using the principle of the ejector. It is 
also part of a project work tackling improved systems to produce cold from solar energy. It pays a 
particular interest to the influence of the 3 sources temperatures and the fluid nature used in this system, 
together with the influence of solar radiation on the coefficient of performance of the overall system. 

 
Materials and methods 

 In this section, the real gas equation is used to define the thermo-physical characteristics of the 
fluids chosen, this calculation is carried out in the FORTRAN software using an internal subroutine to 
calculate the thermo-physics properties of fluids either for the design or the simulation mode, which 
allows us to avoid the use of external software to save time and facilitate the export of results in order to 
plot the curves and interpret them. 
  
 
 
 

   

 

 
 

 
 
 
 
 
Figure 1 Ejector schematics [13]. 
 
 
 This Figure 1 represents the different parts of the ejector, starting with the primary nozzle, the 
secondary nozzle, the mixing chamber, the diffuser and also the different symbols of the geometry 
parameters like the diameter, also the thermo-physical parameters specially the pressure and temperature 
at several essential points in the ejector, these points are represented in the figure, this is called the 
constant pressure model, because the mixing of the primary and secondary fluid takes place at constant 
pressure in the mixing chamber. 
 
 Calculation procedure 
 In this mode, the thermo-physical parameters of the working fluid at the primary nozzle inlet and 
the secondary nozzle are known, so it only remains to size the ejector, so that the primary fluid sucks the 
secondary fluid and mixes it up. Homogeneous, and of course, having the highest possible ejector outlet 
pressure to remain the condenser pressure. 
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 At the inlet of the primary nozzle, we have the stop or initial parameters P1, T1 and the mass flow 
rate m1, knowing at least 2 parameters, we can calculate the other thermo-physical characteristics of the 
chosen fluids, also we have the Mach number value at the pass which is equal to unity. To consider 
friction and energy loss, according to the literature, we take an isentropic efficiency value equal to 0.9 
[13]. Using the energy conservation equation:  
 
𝑚
•
1(ℎ1 + 𝑉1

2
)  = 𝑚

•
1(ℎ𝑥 + 𝑉𝑥

2
) = constant            (1) 

 
The calculation is carried out point by point up to the throat of the primary nozzle. 
 
 Mixing chamber 
 To have a homogenous mixture fluid (primary and secondary) with the same pressure, the 
calculation of the primary nozzle and secondary converge is needed, by iteration until pressures they are 
equal each other. 
   
 The conservation of momentum equation:  
 
Qmm = Qmp + Qms                                                    (2) 
 
 𝑚
•
1𝑉5+ 𝑃5𝐴5+𝑚

•
2𝑉4 +𝑃4𝐴4  with  𝑃4 = 𝑃5 

 
𝑄𝑚 = 𝑚

•
𝑚𝑉𝑚+𝑃𝑚𝐴𝑚 → Vm    

 
 Energy conservation: 
 
𝐸𝑚 = 𝐸𝑝 + 𝐸𝑠 = 𝑚

•
1(ℎ5 + 𝑉25

2
)  +  𝑚

•
2(ℎ4 + 𝑉24

2
)         →           ℎ𝑚 = 𝑚

•
1(ℎ𝑚 + 𝑉2𝑚

2
)         (3)       

 
 The same calculation procedure as the converging primary nozzle, up to the outlet of the secondary 
nozzle, respecting the model of the chosen ejector (Figure 1 of the constant pressure ejector). 
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Figure 2 Organigram to calculate geometry of ejector and thermo-physics characteristic of refrigerant. 
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Figure 3 Diagram of solar ejector refrigeration cycle with storage [14]. 
 
 

 
Figure 5 Ejector thermodynamic cycle representation [14]. 
 
 
 For an optimal operation, and that is for all refrigerants, the following relation makes it possible to 
determine the optimal training ratio [15]:   
 
 𝑈𝑜𝑝𝑡= 3.32 [1

r
 (1- 1.21

ℰ
) ]2.12                   (4) 

 
Or r is the compression ratio 𝑃𝐶 𝑃𝐸�  of the generator part and ℰ is the motor ratio 𝑃𝐵 𝑃𝐶� of the ejector. For the 
pressure calculation, the REFPROP database are used. 
 
 Calculation of COPS 
 The whole coefficient of performance is given by: 
 
 𝐶𝑂𝑃𝑠 =  COP ∗  ȠSC                                                                                 (5) 
 
 The ordinary coefficient of performance COP of an ejector refrigeration cycle given by the 
following equation: 
 
COP =  Energy absorbed by the evaporator 

Energy generated by the boiler+Wpump 
=  𝑚𝑝𝛥ℎ𝑒

𝑚𝑠𝛥ℎ𝑏
=  𝑈 𝛥ℎ𝑒

𝛥ℎ𝑏
                                                            (6) 

 
The electrical energy W consumption by the pump is negligeable,  
U is the entrainment ratio which is the ration between the primary and secondary fluids, 
Energy absorbed by the evaporator: 𝑚𝑝𝛥ℎ𝑒 = 𝑚𝑝(𝐻𝑒𝑠 − 𝐻𝑒𝑒), 
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Energy absorbed by the boiler:  𝑚𝑠𝛥ℎ𝑒 = 𝑚𝑠(ℎ𝑏𝑠 − ℎ𝑏𝑒). 
 
 The solar collector yield is given by the following expression: 
 
ȠSC = 0.80 − Ci

𝑇𝑒𝑐 − 𝑇𝑎
𝐼𝐺

  [7]                                                                                                                                                                                              (7) 
 
With Ϲi = 2 W/m2K (type of collector) [16], it’s a coefficient given by the manufacturer of solar collector, 
it’s preferable to choose a under vacuum solar thermal collector type, for maximum profit from the solar 
radiation to fueled the boiler. Tec and Ta are the input temperatures in the collector and the ambient 
respectively, or the solar collector intake temperature (Tec) has been assumed 10 °C higher than the 
boiler temperature, Tec = Tg + 10 [7]. This is a result of thermal loses between collector outlet and the 
boiler inlet, also the thermal energy losses from the storage equipment. Ambient temperature (Ta) and 
total solar radiation (GI) are estimated for weather conditions in Adrar using solar atlas of Algeria. 

1) The average ambient temperature for the day (16-August) is Ta = 45 °C (Meteonorm database) 
2) IG: is the incident total solar radiation received on the surface of the solar collector, where the 

average solar radiation for a day (16 August in Adrar) IG = 825 W/m2 [17]. The solar collector efficiency 
(ȠSC) and the overall performance coefficient of the overall system (refrigeration machine and the solar 
collector) was calculated, the values obtained are shown in the graphs below. 
 
COPS = COP * ȠSC   
 
Results and discussion 

 This section summarizes and discusses the main findings of the work, like the variation of the 
ambient temperatures, the solar radiation in Adrar, and finally the performance coefficient of overall 
system for different refrigerants in different conditions (condenser temperature) and for different 
applications (evaporator temperature), and according to the temperature of energy source (boiler), this last 
of course is related with the solar radiation in Adrar in different season. 
 
 Solar energy source 
 Adrar situated in the south-west of Algeria and his coordinates are: Between latitude (20 °13’ - 31 ° 
40’N) and longitude (5 ° 46’W - 2 ° 15’E), is endowed with high intensity of global solar radiation 
greater than 2,200 kwh/m2/year [18], the sunshine duration is between 8 and 14 h for all season 
(meteonorm database), using meteonorm software version 7, the below graphs are drawing. 
 
 

 

Figure 6 Monthly solar radiation in Adrar. 
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 In the Figure 6, the monthly solar radiation in Adrar is very interesting to use solar collector as a 
worm source for a thermal refrigeration system, especially in summer season for air conditioning system 
or for refrigeration, the values of monthly global solar radiation are greater than 120 kwh/m2 from Mars 
to September.  

 
 

 

Figure 7 Yearly temperature variation in Adrar.  
 
 
 The temperatures in Adrar are very high specially in summer, in July for example, the temperature 
is higher than 45 °C, for this reason, an economic and efficiency refrigeration system is needed.  
 
   

 
Figure 8 Yearly sunshine duration in Adrar.  
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 The sunshine duration in Adrar is long, in all seasons from January to December, this is very helpful 
to receive huge quantities of solar radiation and use it to powered a boiler.  
 Using TRNSYS [19] dynamic simulation software version 17 and meteonorm database for weather, 
by choosing 2 type of collector, plat one and parabolic, below is the summer useful energy gain variation 
for both solar panels. 
 
 

 

Figure 9 Summer useful energy gain by plat solar panel in Adrar.  
 
 

 

Figure 10 Summer useful energy gain by parabolic solar panel in Adrar.  
 
 
 The comparison between the 2 graphs shown that useful energy gain for the parabolic panel is far 
greater than the plat one, for this reason is preferable to using the parabolic solar panel if we have the 
sufficient place for this type of collector. 
 
 The used refrigerants   
 Below is a table for thermo-physics characteristics for the 3 fluids used, from the REFPROP 
database. 
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Table 1 Refrigerants characteristics. 

  R11 R134a R717 

ODP 1 0.000015 0 

GWP 4660 1360 0 

Cp (at 25 °C) (KJ/Kg.K) L 1.07 
G 1.67 

L 1.11 
G 1.71 

L 1.4 
G 5.31 

ρ (Kg/m3) 5 33.33 6.66 

Tmax (°C) 198.05 101.06 132.35 
 
 
 Refrigerant R717 (ammonia) is the best fluid from an environmental point of view, which has no 
influence on the ozone layer and global warming too. Freon R11 has the highest critical temperature, so 
the possibility of using it with a parabolic solar concentrator. Also, the refrigerant R134a has the highest 
density, therefore the advantage of being used in micro-exchangers. The heat capacity of the 3 fluids are 
converging from one to another. R717 is toxic at certain concentrations; therefore, it should be used only 
in industrial installations where safety precautions are controlled. 
 
 

 
Figure 12 Variation of COPS as a function of the evaporator temperature for R134a, R11 and R717. 
 
 
 From the diagram in Figure 12, which indicates the performance coefficient variation of the overall 
system (COPS) as a function of the evaporator temperature TE, it’s noted that the increase of  the 
coefficient of performance COPS is proportional to the increase of  evaporator temperature TE, and the 
solar collector yield it remains constant to the variation of evaporator temperature TE, under 17 °C 
(refrigeration mode), the fluid R134a gives the best values of performance, but above this temperature 
(Air conditioning mode), the CFC R11 is the best among the 3 fluids tested. 
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Figure 13 COPS Variation according to the boiler temperature for R134a, R11 and R717. 
 
 
 From the diagram in Figure 13 which indicates the COPS variation according to the boiler 
temperature TB, it’s noted that the COPS is increased with the increase of the boiler TB for the 3 
refrigerants.  
 
 

 
Figure 14 COPS variation as a function of the condenser temperature for R11, 134a and R717. 
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 Illustrating, shows an increase of Tc that causes a decrease in the value of COPs. In this study a 
solar collector vacuum tube is chosen, despite the collector cost is very high, but they give a better value 
of solar fraction. 
        The results revealed that in optimal operating conditions, the performance coefficient of the overall 
system COPS automatically varies as the COP according to the evaporator temperature, the condenser 
temperature and the boiler temperature. 
 
Conclusions 

 The most relevant conclusions can be summarized as follows: The overall performance coefficient 
(COPS) of the solar ejector refrigeration for a three chosen refrigerant (R11, R134a and R717) as working 
fluids are investigated. The boiler temperature (TB) varying from 70 to 90 °C. For R134a, the condenser 
temperature (TC) wide-ranged from 15 to 45 °C which represent the outdoor ambient temperature and 
evaporator temperature (TE) wide-ranged from 7 to 25 °C to ensure refrigeration or air conditioning of a 
given interior. In each case, we set the temperatures of the two sources constants and modify the 
temperature of the third source. From this work, it is found that the performance coefficient of the overall 
system (ejector cycle with solar subsystem) is lower than the refrigeration system coefficient of 
performance under the same conditions compared than simple ejector refrigeration system (without a 
solar collector), because the COPS is attached to ȠSC, for this reason it is better to use high performance 
solar collector (for example, vacuum tube sensor). The CFC R11 gives the best value of performance but 
is harmful for environment, causes global warming and depletion of the ozone layer, it’s used just for 
comparison because it is an old efficiency refrigerant. The HFC R134a also gives a better performance 
coefficient than the natural fluid R717, and it’s a real alternative as a transition fluid for a multiple 
application. For this reason, it’s recommended to use the HFC refrigerant R134a for a solar ejector 
refrigeration system, especially for a domestic application. The natural refrigerant R717 (ammonia) is 
preferable to using it for industrial applications because it’s toxic at certain concentrate and of its high 
critic temperature. Finally, the use of solar ejector refrigeration systems in hot and arid climate like Adrar 
in Algeria is investigated, and the values of the coefficient of performance are acceptable wherever the 
summer is very hot where the outdoor temperatures are very high specially in July and August, wherever 
the temperatures are superior to 44 °C. The value of the COPs is better than other studies in other cities 
like the study of Bellos et al in Athens [10], because of the high values of solar radiation in Adrar (among 
the highest solar radiation in the world). 
        The use of solar energy in cooling systems is well suited to hot regions, whose needs coincide with 
the maximum hours of sunshine. In most cases, there is a lag that requires storage to meet the needs of the 
non-sunning period: Storage tank associated with a solar collector for refrigeration needs during the 
nighttime or cloudy days specially for refrigeration mode in winter (Adrar is rarely cloudy in summer). 
The performance of the solar ejector refrigeration system in Adrar is investigated and it’s the first 
investigation of this very hot region (the temperature reaches 50 °C in summer), the values of COPs are 
very interesting for air condition and refrigeration to implicate and use of this system in Adrar and it can 
be generalized this study in other very hot regions in Algeria or around the world. 
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