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Abstract 9 

 10 

The present paper evaluates numerically the feasibility of a solar jet-ejector refrigeration system from an 11 

efficiency maximization perspective with three low environmental impact refrigerants, namely, R1234yf, 12 

R1234ze and R600a. Special emphasis is given to the jet-ejector internal geometry optimization as a 13 

mechanism to improve the overall cycle performance. The jet-ejector entrainment ratio in different 14 

operating conditions and geometric configurations is determined by using a Computational Fluid 15 

Dynamics (CFD) approach experimentally validated which includes real gas models of R1234yf, R1234ze 16 

and R600a. R1234yf exhibited the best performance in terms of overall system efficiency closely followed 17 

by R600a and R1234ze. This suggests that the influence of the working fluid can be considerably mitigated 18 

if a thorough design of the jet-ejector is carried out. Afterwards, the refrigerant R1234yf is selected to 19 

carry out sensitivity studies with different collector typologies and solar irradiation scenarios. The 20 

Evacuated Tube Collector (ETC) model provided the highest overall system efficiency (𝜂𝜂𝑜𝑜𝑜𝑜 = 0.213) for 21 

the peak solar irradiation (1000 𝑊𝑊/𝑚𝑚2). Nevertheless, one of the Parabolic Trough Collectors (PTC) 22 
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models under investigation offered the most robust performance if a wider range of solar irradiation 23 

scenarios is considered. 24 

Keywords 25 

 26 

Solar cooling, jet-ejector refrigeration, environmentally friendly refrigerants, energy efficiency, energy 27 

conversion, solar thermal collector 28 
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Acronyms 30 

CFD Computational Fluid Dynamics 
COP Coefficient Of Performance 
GWP Global Warming Potential 
JERS Jet-Ejector Refrigeration System 
TMY Typical Meteorological Year 

 31 

Notation 32 

Latin  33 

A Area [m2] 
c Specific heat capacity [J/kg·K] 
𝑘𝑘 Jet-ejector scaling factor [-] 
G Solar irradiation [W/m2] 
h Specific enthalpy [J/kg] 
�̇�𝑚 Mass flow rate [kg/s] 
P Pressure [bar] 
�̇�𝑄 Heat exchanger power [W] 
T Temperature [°𝐶𝐶] 
�̇�𝑊 Mechanical power [W] 
Z Compressibility factor [-] 

 34 

Greek letters 35 

𝜔𝜔 Jet-ejector entrainment ratio [-] 
 36 

Subscripts 37 

amb Ambient 
avg Average 
cl Cooling load 
co Condenser 
col Solar collector 
comp Compressor 
e Jet-ejector 
ev Evaporator 
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ge Generator 
h Hydraulic 
in Inlet 
ind Indoor 
mf Jet-ejector mixed flow 
opt Optimum 
out Outlet 
ov Overall system 
pf Jet-ejector primary flow 
pm Liquid pump 
ref Reference situation/condition 
sat Saturation 
sf Jet-ejector secondary flow 
sol Solar 
t Global solar irradiation 
b,t Direct solar irradiation 
d,t Diffuse solar irradiation 
th Thermal 

 38 

1. Introduction 39 

 40 

Solar cooling technologies have received a great deal of interest in the last decades, especially in 41 

Mediterranean climates due to the peak electricity consumption of traditional refrigeration systems 42 

during summer periods. In fact, the energy consumption of refrigeration systems has been quantified 43 

around 40%-45% of the whole energy consumption in residential and commercial buildings [1,2].  44 

Up to now, the limited market penetration of solar cooling systems can be ascribed to their high 45 

investment cost, a significant part of which is attributed to the solar collectors, the lack of practical 46 

knowledge and their control complexity due to the intermittent nature of solar irradiation [1,2]. 47 

Therefore, an efficiency increase in both the refrigeration cycle side and solar module side is crucial to 48 

improve the overall cycle performance and make these systems more attractive. Nevertheless, these 49 

technologies have great potential because, normally, the peak cooling demand is synchronized with the 50 

most favorable conditions to drive the solar cooling system (peak solar irradiation) [2,3]. Its 51 

implementation in warm climates could entail primary energy saving in the range of 40%-50% [1]. 52 

A vast amount of literature has been published concerning solar cooling applications with a predominance 53 

of absorption systems [4–6] and adsorption systems  [7] due to their higher COP (ranging from 0.5-1.4 54 

depending on the sorption machine configuration [8]). In comparison with sorption systems, jet-ejector 55 
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refrigeration systems show lower COP, however, they present lower installation cost and complexity 56 

[9,10]. Also, its versatility in terms of working fluid selection and its capability of integration with 57 

traditional refrigeration systems [11] are other positive aspects. 58 

There are several research works available in the literature dealing with jet-ejector refrigeration cycles 59 

driven by solar energy following both a numerical and an experimental approach: Experimental facilities 60 

to determine the overall cycle performance  [12,13], evaluation of the overall system behaviour over 61 

dynamic conditions [14,15], screening of different working fluids from a numerical perspective [16,17]. 62 

Research papers relative to jet-ejector single component are also common in literature from an 63 

experimental  [18,19] and numerical perspectives (CFD) [20,21] with special focus on geometry design 64 

and evaluation of internal flow phenomena.  65 

Research works dealing with jet-ejector solar cooling in which a thorough design of the jet-ejector internal 66 

geometry is done has rarely been performed in the literature. Recently, Bellos and Tzivanidis [10] 67 

conducted a numerical study of a solar assisted JERS in which the optimization is focused on a reduction 68 

of secondary flow pressure drop by using a 1D approach rather than an extensive optimization of its 69 

geometry. In addition, only one type of solar collector is examined and their investigation is not focused 70 

on environmentally friendly working fluids. 71 

The main originality of the present paper is the feasibility evaluation of low ecological impact refrigerants 72 

(R1234yf, R1234ze, and R600a) on a solar-driven jet-ejector refrigeration system (JERS) with special 73 

emphasis on the design of the jet-ejector internal geometry. To maximize the jet-ejector performance, 74 

four key geometrical parameters are varied simultaneously together with the jet-ejector cycle generating 75 

temperature. Therefore, this work is intended to study the potential of a solar-driven JERS with further 76 

insight because the main development efforts are focused on the jet-ejector design. In addition, the 77 

influence of three kinds of solar collectors on the overall cycle performance is investigated. 78 

The main objectives of the present paper can be summarized as follows: 79 

• To conduct a computational evaluation of a solar-assisted jet-ejector refrigeration system 80 

working with environmentally friendly and new generation refrigerants, namely, R1234yf, 81 

R1234ze and R600a.   82 
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• To estimate the overall system efficiency, that is to say, the ratio between the incident solar 83 

radiation in different scenarios and the cooling capacity attained by the refrigeration cycle if the 84 

jet-ejector geometry is exhaustively optimized according to the reference operating conditions.  85 

• To establish a close relationship between the jet-ejector cycle performance, the overall system 86 

performance, the solar collector side and the operating conditions. 87 

• To carry out a sensitivity analysis to study the impact of different types of solar collectors over 88 

the overall system performance, specifically, Evacuated Tube Collectors (ETC), Compound 89 

Parabolic Concentrators (CPC) and Parabolic Trough Collectors (PTC). 90 

• To compare the potential energy saving of the JERS with a traditional vapor-compression 91 

refrigeration system operating under the same cooling requirements and condensing 92 

temperature. 93 

 94 

2. Solar refrigeration system description 95 

 96 

The sketch of the JERS under investigation is shown in Figure 1 together with the solar collector field. The 97 

JERS is intended for air-conditioning applications and can be divided into two loops: On the refrigeration 98 

loop, the low-pressure secondary flow generates the desired cooling capacity as it evaporates in a heat 99 

exchanger. On the power loop, the high-pressure primary flow evaporates as it receives thermal energy 100 

coming from the low-grade heat source (solar collector field in this particular application) and expands 101 

within the jet-ejector thereby enabling suction of secondary flow inside the jet-ejector. Once the mixing 102 

and recompression processes are completed inside the jet-ejector, the resulting mixed-flow condenses in 103 

a heat exchanger rejecting heat to the environment in an intermediate pressure. Downstream the 104 

condenser a fraction of the liquid is recirculated to feed the pump of the power loop and the remainder 105 

is expanded trough the throttling valve to complete the refrigeration loop. 106 

 107 
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 108 

Figure 1. Solar-assisted JERS and collector field layout 109 

The performance of both the JERS and the solar collector side can be defined by using power efficiency 110 

transformation from solar irradiation to thermal power and thermal power to cooling capacity: 111 

𝜂𝜂th−sol =
�̇�𝑄ge

𝐺𝐺𝑡𝑡 · 𝐴𝐴𝑐𝑐𝑜𝑜𝑐𝑐
 (1) 

 112 

𝜂𝜂th−cool =
�̇�𝑄ev
�̇�𝑄ge

= 𝐶𝐶𝐶𝐶𝑃𝑃th (2) 

 113 
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With the aim of simplifying the analysis, the JERS has been dimensioned for a rated thermal power (�̇�𝑄ge) 114 

of 10 kW.  115 

Likewise, the efficiency of the thermally-driven refrigeration cycle can be expressed as a function of the 116 

jet-ejector entrainment ratio and the specific enthalpy change occurring in the evaporator and the 117 

generator. 118 

𝐶𝐶𝐶𝐶𝑃𝑃th =
�̇�𝑚sf · (ℎout,ev − ℎin,ev)
�̇�𝑚pf · (ℎout,ge − ℎin,ge)

= 𝜔𝜔 ·
ℎout,ev − ℎin,ev

ℎout,ge − ℎin,ge
 (3) 

 119 

Where 𝜔𝜔 refers to the jet-ejector entrainment ratio: 120 

𝜔𝜔 =
�̇�𝑚sf

�̇�𝑚pf
 (4) 

 121 

Then, the overall system efficiency governing the conversion of solar irradiation to cooling power is 122 

summarized in Equation (5):  123 

𝜂𝜂ov = 𝜂𝜂th−cool · 𝜂𝜂th−sol =
�̇�𝑄ev

𝐺𝐺t · 𝐴𝐴𝑐𝑐𝑜𝑜𝑐𝑐
 (5) 

 124 

Where 𝐺𝐺t is the incident global solar irradiation. To reduce the operative cost of the overall system both 125 

𝜂𝜂th−cool and 𝜂𝜂th−sol must be maximized.  126 

 127 

3. Solar refrigeration system operating conditions 128 

 129 

This section is devoted to present the operating parameters and boundary conditions of the solar 130 

refrigeration system discriminating between the degrees of freedom (variables) and fixed parameters of 131 

both the solar field side and the JERS side. 132 
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On the solar field side, the solar irradiance data (global, direct and diffuse radiation) coming from satellite 133 

observations is presented. In addition, all the solar collector typologies under investigation are introduced 134 

as well as the main hypothesis adopted. 135 

On the JERS side, in the first instance, a discussion of the working fluid selection is conducted. 136 

Subsequently, the cooling requirements and the outdoor conditions are defined thus fixing the 137 

condensing and evaporating temperatures of the JERS.  Accordingly, the evaporating and condensing 138 

pressures can be determined for each refrigerant as well. Lastly, the jet-ejector internal geometry is 139 

described pointing out which geometric parameters are deemed as fixed or variable in the optimization 140 

process. 141 

3.1 Solar field side 142 

 143 

3.1.1 Solar irradiation level 144 

 145 

Figure 2 shows the global solar irradiation over the area of Valencia Airport (latitude =146 

39.489°, longitude = 0.478°) for the typical meteorological year (computed in the time period 2006-147 

2015). It provides information about the global solar irradiation distribution in the months with air-148 

conditioning utilization (typically April-September). Figure 3 shows the hourly distribution of global solar 149 

radiation and ambient temperature over the same area for every day in the reference month of July (July 150 

2014 in the TMY). As can be observed in Figure 3, some days the sky is partially cloudy, however, the 151 

hourly evolution of global solar irradiation follows a similar pattern. The collected dataset of daily surface 152 

irradiance parameters come from hourly measurements of geostationary Meteosat satellites. The solar 153 

radiation products are defined in the present paper for a particular geographical area, nevertheless, the 154 

irradiation pattern would be comparable in other Mediterranean latitudes. 155 

 156 
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 157 

Figure 2. Evolution of global solar irradiation along the typical meteorological year (TMY) in Valencia 158 

Airport. Source: Photovoltaic Geographical Information Systems (PVGIS) [22] 159 
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 160 

Figure 3. Superposition of instantaneous daily global solar irradiation in Valencia Airport (July 2014) [22] 161 

and daily evolution of the ambient temperature. 162 

Figure 4 depicts the global and direct solar irradiation of three sample days of July 2014 with clear sky 163 

conditions. With this sample selection, the ratio between the diffuse and direct solar can be computed in 164 

a favorable scenario. Thanks to meteorological data it is possible to make a realistic prediction of direct 165 

(𝐺𝐺b,t/𝐺𝐺t) and diffuse (𝐺𝐺d,t/𝐺𝐺t) solar intensity ratios. 166 
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 167 

Figure 4. Global and diffuse solar irradiation on three sample days with a clear sky scenario (July 2014). 168 

Source: [22]. 169 

Table 1 shows four representative cases from Figure 4 which covers the time interval when the peak 170 

ambient temperature and the peak cooling demand normally occur. These meteorological parameters are 171 

used in the subsequent sensitivity analysis to feed the collector models in order to determine 𝜂𝜂th−sol. 172 

 173 

Case Daily hour 𝐺𝐺t[W/m2] 𝐺𝐺d,t/𝐺𝐺t[−] 
C1 ~11:30-12:30  1000 0.18 
C2 ~10:00-11:00 & ~14:00-15:00 850 0.19 
C3 ~09:00-10:00 & ~15:00-16:00 700 0.21 
C4 ~08:00 & ~ 17:00 or Partially cloudy sky 450 0.25 

 174 

Table 1. Four characteristic cases under evaluation  175 

 176 

3.1.2 Solar collector typology  177 

 178 

Regarding the solar module classification, Flat Plate Collectors (FPC) have been used predominantly in 179 

available research works dealing with solar cooling systems, followed by Evacuated Tube Collectors (ETC) 180 

and, to a lesser extent, Compound Parabolic Concentrators (CPC) and Parabolic Trough Collectors (PTC) 181 
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[8,10]. The operating temperature of the solar collector is directly related to the collector type and design 182 

and high variability in collector operating temperature exists, even within the same collector’s category.  183 

In the present paper a total amount of five solar collectors have been assessed: three PTC, one ETC and 184 

one CPC, (see Figure 5) and a certain representative value of collector outlet temperature has been 185 

selected for all of them:  𝑇𝑇out,col = 150°C [23]. Flat Plate Collectors have been disregarded because their 186 

maximum achievable temperature is normally limited to ~90°C [24]. As will be discussed later the 187 

optimum driving temperature of the JERS considering some degree of vapor superheating is above this 188 

temperature. 189 

 190 

 191 

Figure 5. Schematic view of the solar collectors under evaluation: A) Parabolic Trough Collector (PTC), B) 192 

Compound Parabolic Concentrator (CPC), C) Evacuated Tube Collector (ETC) 193 

3.2 Jet-ejector refrigeration system (JERS) 194 

 195 
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3.2.1 Working fluid 196 

 197 

The system performance has been evaluated considering environmentally friendly working fluids to meet 198 

the increasingly stringent regulations, specifically, R1234yf, R1234ze and R600a.  The Ozone Depletion 199 

Potential (ODP) of all the refrigerants under consideration is zero while their Global Warming Potential is 200 

very low (R1234yf, GWP = 4; R1234ze, GWP = 6; R600a, GWP=3). All of them have been considered before 201 

in solar cooling applications [16,18]. 202 

 203 

3.2.2 Jet-ejector internal geometry 204 

 205 

The internal geometry of the jet-ejector strongly affects the expansion, entrainment and mixing processes 206 

and it must be carefully designed to maximize the JERS performance for given operating conditions. Figure 207 

6 shows a schematic representation of the jet-ejector internal geometry and Table 2 provides its most 208 

relevant dimensions. 209 

 210 

 211 

Figure 6. Schematic illustration of the jet-ejector internal geometry 212 

 213 

Dimension Value Dimension Value 
𝛼𝛼e,1[°] Constant 160 𝐷𝐷e,3[mm] Variable - 
𝛼𝛼e,2[°] Constant 3 𝐷𝐷e,4[mm] Variable - 
𝛼𝛼e,3[°] Constant 15 𝐿𝐿e,1[mm] Constant 7 
𝛼𝛼e,4[°] Constant 3 𝐿𝐿e,2[mm] Variable - 
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𝐷𝐷e,1[mm] Constant 6 𝐿𝐿e,3[mm] Constant 30 
𝐷𝐷e,2[mm] Variable - 𝐿𝐿e,4[mm] Constant 45 

 214 

Table 2. Main dimensions of the jet-ejector 215 

Those geometric parameters labeled as “Variable”, namely, nozzle exit position (𝐿𝐿e,2), primary nozzle 216 

throat diameter (𝐷𝐷e.2), primary nozzle exit diameter (𝐷𝐷e,3) and mixing chamber diameter (𝐷𝐷e,4) are 217 

considered as four key geometric parameters [25,26] and they have been varied to maximize the jet-218 

ejector entrainment ratio for each operating condition. In regard to the geometric parameters labeled as 219 

“Constant”, the diverging angle in the supersonic primary nozzle (𝛼𝛼e,4) and the diverging angle in the 220 

diffuser section (𝛼𝛼e,2) are reduced to avoid flow detachment. Moreover, the mixing chamber length (𝐿𝐿e,3) 221 

and the diffuser length (𝐿𝐿e,4)  guarantee a uniform flow field across the radial direction. These values are 222 

coherent when compared to other research works [27–29]. 223 

 224 

3.2.3 Outdoor conditions and cooling requirements 225 

 226 

An evaporating temperature of 13 °C and a condensing temperature of 40 °C have been defined to carry 227 

out the CFD simulations.  The evaporating temperature is consistent with the typical operating 228 

temperatures of air-conditioning applications [20,30]. Considering a pinch point in the heat exchanger of 229 

approximately 7 °C the present refrigeration system would meet an indoor temperature of 20 °C. The 230 

condensing temperature has been determined assuming an ambient temperature of 31 °C, a pinch point 231 

in the condenser of 7 °C and some degree of liquid subcooling. Hence, the JERS is intended to work 232 

satisfactorily under relatively adverse outdoor conditions. In fact, the ambient temperature considered is 233 

near the maximum daily average temperature in the month of July according to the TMY (see Figure 3). 234 

For each refrigerant under evaluation, the corresponding evaporating/condensing pressure and 235 

temperature are shown in Table 3. The primary flow evaporating pressure and, consequently, the primary 236 

flow evaporating temperature is not fixed but examined in a parametric study to find its optimum value. 237 
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Refrigerant Condensing 
temperature [°C] 

Condensing 
pressure [bar] 

Evaporating 
temperature [°C] 

Evaporating 
pressure [bar] 

R1234yf 40 10.18 13 4.80 
R1234ze 40 7.67 13 3.41 

R600a 40 5.31 13 2.43 
 238 

Table 3. Equivalent condensing and evaporating temperatures for each refrigerant 239 

4. Computational models 240 

 241 

This section presents the methodology and the computational models dedicated to estimate the solar 242 

collector field and the JERS performance under various operating scenarios. Special emphasis is given to 243 

jet-ejector modeling and its validation procedure. Optimization processes of both the jet-ejector internal 244 

geometry and the JERS are also discussed in detail.  245 

 246 

4.1 Solar collector models 247 

 248 

The efficiency in the solar collector field side, that is, the capability of the solar collector to transform solar 249 

irradiation into thermal power (𝜂𝜂th−sol), can be determined for different types of collecting devices by 250 

using the Hottel-Whillier-Bliss performance curves in a quadratic form (Equation (6))  [8,10,31]: 251 

𝜂𝜂th−sol = 𝜂𝜂0 · �𝐾𝐾𝜃𝜃b(𝜃𝜃) ·
𝐺𝐺b,t

𝐺𝐺t
+ 𝐾𝐾𝜃𝜃d ·

𝐺𝐺d,t

𝐺𝐺t
� − 𝑎𝑎1 ·

𝑇𝑇avg,col − 𝑇𝑇amb
𝐺𝐺t

− 𝑎𝑎2 · 𝐺𝐺t · �
𝑇𝑇avg,col − 𝑇𝑇amb

𝐺𝐺t
�
2

 (6) 

 252 

Where the solar irradiation data (Figure 4) is used to compute the ratio between direct and global solar 253 

irradiation �𝐺𝐺b,t
𝐺𝐺t
� as well as the ratio between the diffuse and global solar irradiation �𝐺𝐺d,t

𝐺𝐺t
�. Additionally,  254 

𝜂𝜂0 is the zero-loss collector efficiency, 𝑎𝑎1 is the heat loss coefficient, 𝑎𝑎2 is the temperature dependence 255 

of the heat loss coefficient, 𝐾𝐾𝜃𝜃d is the diffuse incident angle modifier and 𝐾𝐾𝜃𝜃b is the direct incident angle 256 

modifier (null angle of incidence assumed 𝜃𝜃 = 0). The aforementioned fitting coefficients must be 257 

adjusted for each particular collector technology and model. Figure 7 represents the dependence 258 
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between the solar collector efficiency and the operating temperatures for each model presented in Table 259 

4. 260 

 𝜂𝜂0[−] 𝑎𝑎1[W(/m2 · K)] 𝑎𝑎2[W/(m2 · K2)] 𝐾𝐾𝜃𝜃d[−] 
𝐸𝐸𝑇𝑇𝐶𝐶Model−1 0.745 2.007 0.0050 0.850 
𝐶𝐶𝑃𝑃𝐶𝐶Model−1 0.644 0.749 0.0050 0.540 
𝑃𝑃𝑇𝑇𝐶𝐶Model−1 0.693 0.476 0.003128 0.070 
𝑃𝑃𝑇𝑇𝐶𝐶Model−2 0.590 0.932 0 0.048 
𝑃𝑃𝑇𝑇𝐶𝐶Model−3 0.680 0.4 0.0015 0.073 

 261 

Table 4. Fitting coefficients of performance curves for different collector models. Source: [8] 262 

 263 

 264 

Figure 7. Solar collector efficiency curves (𝐺𝐺𝑡𝑡 = 1000 𝑊𝑊/𝑚𝑚2 and  𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 = 31°𝐶𝐶) 265 

 266 

4.2 Jet-ejector model 267 

 268 

4.2.1 CFD implementation 269 

 270 

The jet-ejector entrainment ratio for each operating condition and geometric configuration has been 271 

evaluated by means of CFD simulations. The thermodynamic behavior of the refrigerants under 272 
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examination has been modeled by using existing NIST real gas models of R1234yf [32], R1234ze [33] and 273 

R600a [34]. Two-dimensional, steady-state and compressible turbulent flow has been assumed as well as 274 

single-phase hypothesis. Axisymmetric domain with a quadrilateral structured mesh is selected due to the 275 

prevalence of axial flow.  The 𝑘𝑘 − 𝜔𝜔 𝑆𝑆𝑆𝑆𝑇𝑇 turbulence model which is commonly employed in literature 276 

when modelling supersonic flow inside jet-ejectors [35,36] is also assumed together with a pressure-based 277 

coupling scheme. Second-order upwind spatial discretization schemes for turbulence and conservation 278 

equations are used. The number of cells of the computational domain is around 50,000 in all simulations 279 

with slight variations according to the geometric configuration under examination. If the number of cells 280 

of the computational domain is further refined (increment from 50,000 cells to 100,000 and 170,000) the 281 

relative variation in the entrainment ratio is not exceeding 1%. It must be stressed that slight discrepancies 282 

have been found in the magnitude and position of strong shockwaves when the mesh is further refined. 283 

Nevertheless, the present CFD approach seeks to predict accurately global flow phenomena parameters 284 

i.e, entrainment ratio, rather than making a precise description of local flow phenomena. 285 

Around 330 CFD simulations have been required in the present investigation to find all the optimum jet-286 

ejector geometries. For this reason, the computational economy has special significance. 287 

Total pressure and total temperature boundary conditions have been defined in the jet-ejector primary 288 

inlet with 15°C of superheating to avoid condensation phenomena as the flow expands in the primary 289 

nozzle. Following the same reasoning, a superheating temperature of 7°C has been assumed at the 290 

secondary flow inlet.  291 

 292 

4.2.2 Validation 293 

 294 

The CFD approach used in this study has been compared to experimental data available in the literature 295 

in order to guarantee that the present CFD model is predicting accurately the jet-ejector entrainment 296 

ratio (see Figure 8), which is the key parameter in this investigation to model the jet-ejector performance. 297 

The experimental results under consideration are those reported by Hakkaki-Fard et al. [37,38] and García 298 

del Valle et al. [28] (geometry “A”) and their study comprises entrainment ratio determination for 299 
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different jet-ejector geometries and operating conditions using R134a as working fluid. In the former 300 

experimental study the generating pressure (𝑃𝑃𝑝𝑝𝑝𝑝) ranges between 29 bar (𝑇𝑇sat = 84.6 °𝐶𝐶) and 19.3 bar 301 

(𝑇𝑇sat = 65.9 °𝐶𝐶), the evaporating pressure (𝑃𝑃𝑠𝑠𝑝𝑝)  ranges between 2.65 bar (𝑇𝑇sat = −2.7 °𝐶𝐶) and 4.15 bar 302 

(𝑇𝑇sat = 10 °𝐶𝐶) and the condensing pressure (𝑃𝑃𝑎𝑎𝑝𝑝) varies between 4.2 bar (𝑇𝑇sat = 10.4 °𝐶𝐶) and 8.4 bar 303 

(𝑇𝑇sat = 33°𝐶𝐶). In the present validation process only the operating points in which the jet-ejector operates 304 

in the double-chocking mode have been reproduced. In the latter experimental work the generating 305 

pressure (𝑃𝑃𝑝𝑝𝑝𝑝)  is between 25.98 bar (𝑇𝑇sat = 79.4 °𝐶𝐶) and 31.9 bar (𝑇𝑇sat = 89.1 °𝐶𝐶), the evaporating 306 

pressure (𝑃𝑃𝑠𝑠𝑝𝑝) varies between 3.49 bar (𝑇𝑇sat = 5 °𝐶𝐶) and 4.15 bar (𝑇𝑇sat = 10 °𝐶𝐶) and the condensing 307 

pressure (𝑃𝑃𝑎𝑎𝑝𝑝) changes between 7.47 bar (𝑇𝑇sat = 28.9 °𝐶𝐶) and 8.97 bar (𝑇𝑇sat = 35.4 °𝐶𝐶).  308 

The evaporating and condensing temperatures of the refrigerants in both the experimental results 309 

(R134a) and the numerical approach of the present study (R1234yf, R1234ze and R600a) lead to relatively 310 

high operating pressures. Therefore, the real gas effects considered in the CFD setup have special 311 

significance [39]. The maximum relative error in the entrainment ratio between the computational and 312 

the experimental results is not exceeding 9.3% considering the experimental data of Hakkaki-Fard et al. 313 

and 9.5% when compared with the results of García del Valle et al (see Figure 8). Hence, the CFD method 314 

is providing reliable estimations of the jet-ejector entrainment ratio.  315 

 316 



19 
 

 317 

Figure 8. Entrainment ratio prediction with the present CFD approach vs experimental data available in 318 

the literature [28,37,38] 319 

 320 

4.2.3 Geometric optimization 321 

 322 

The main objective of the jet-ejector optimization process is to obtain the ejector design that maximizes 323 

the entrainment ratio for given operating conditions, that is, the condensing and evaporating 324 

temperatures specified in Table 3. The decision algorithm when optimizing the jet-ejector internal 325 

geometry is represented as the flowchart of Figure 9. The optimization sequence starts after finding a 326 

combination of geometric parameters that brings a positive entrainment ratio. This is conducted by using 327 

a trial and error method. 328 
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 329 

Figure 9. Optimization sequence to maximize the jet-ejector entrainment ratio (𝜔𝜔) 330 

 331 

4.3 JERS governing equations and optimization procedure 332 

 333 
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The JERS governing equations are feed with the jet-ejector entrainment ratio coming from CFD 334 

simulations and are subsequently solved to maximize the power efficiency transformation from thermal 335 

energy to cooling capacity 𝐶𝐶𝐶𝐶𝑃𝑃th. The model of the JERS is based on the conservation of mass and energy 336 

in each element of the cycle and it is described elaborately by Galindo et al. [40]. The main assumptions, 337 

constraints and objectives are listed below: 338 

 339 

Assumptions 340 

- Primary and secondary flow expansion processes are modeled by introducing an isentropic 341 

efficiency, which is a common approximation in the literature.   342 

- It is supposed that the solar collector field provides 10 kW of thermal power. This hypothesis is 343 

assumed just to dimension the jet-ejector component bearing in mind that the whole system 344 

might be scaled. 345 

- It is assumed that the primary mass flow rate through the nozzle of the JERS is at choking 346 

condition. 347 

- Pressure losses are neglected in all the heat exchangers. 348 

- The expansion valve is assumed to be isenthalpic and the liquid pump is modeled by introducing 349 

an isentropic efficiency. 350 

- Subcooling at condenser exit equals to 2°C. 351 

 352 

Objective and resolution strategy 353 

The objective of the MOGA-II (Multi-Objective Genetic Algorithm) used in the present study is to maximize 354 

𝐶𝐶𝐶𝐶𝑃𝑃th by finding the optimum combination of inputs. The multidisciplinary design optimization (MDO) 355 

platform modeFrontier has been used as a design tool. The description of the MOGA-II fundamentals 356 

implemented in the optimization software can be found in the literature [41–43]. The solving procedure 357 

of the governing equations is sequentially displayed in the flowchart of Figure 10. The jet-ejector primary 358 

mass flow rate is a priori unknown and it can be computed by using the model proposed by Zegenhagen 359 

and Ziegler [39] which includes real gas effects. 360 
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It is worth noting that the jet-ejector scaling factor (𝑘𝑘) and the collector inlet temperature (𝑇𝑇in,col) are the 361 

input variables of the MOGA-II. The former is intended to modify the size of the reference jet-ejector and, 362 

therefore, the primary and secondary mass flow rates passing through this element. The latter is 363 

iteratively adjusted to meet the corresponding pinch point in the generator. 364 

 365 

�̇�𝑚pf = �̇�𝑚pf(𝑃𝑃pf,𝑇𝑇pf, fluid,𝑍𝑍, 𝑘𝑘 · 𝐷𝐷(e,2),ref) (7) 

 366 

�̇�𝑄ge = �̇�𝑚pf · (ℎout,ge(𝑃𝑃pf,𝑇𝑇out,ge) − ℎin,ge(𝑃𝑃pf,𝑇𝑇in,ge)) (8) 

 367 

�̇�𝑄ge = �̇�𝑚col · 𝑐𝑐𝑝𝑝,col · (𝑇𝑇out,col − 𝑇𝑇in,col) (9) 

 368 

�̇�𝑄ev = �̇�𝑚sf · (ℎout,ev(𝑃𝑃sf ,𝑇𝑇out,ev) − ℎin,ev(𝑃𝑃sf,𝑇𝑇in,ev)) (10) 

 369 

𝐷𝐷(e,2),opt = 𝑘𝑘opt · 𝐷𝐷(e,2),ref (11) 

 370 

𝐷𝐷(e,3),opt = 𝑘𝑘opt · 𝐷𝐷(e,3),ref (12) 

 371 

𝐷𝐷(e,4),opt = 𝑘𝑘opt · 𝐷𝐷(e,4),ref (13) 

 372 

𝐿𝐿(e,2),opt = 𝑘𝑘opt · 𝐿𝐿(e,2),ref (14) 

 373 
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 374 

Figure 10. Resolution flowchart to determine JERS 𝐶𝐶𝐶𝐶𝑃𝑃𝑡𝑡ℎ = 𝜂𝜂𝑡𝑡ℎ,𝑐𝑐𝑜𝑜𝑜𝑜𝑐𝑐  375 

 376 

Constraints 377 

- Inside the jet-ejector only single-phase flow is permitted to be consistent with the CFD 378 

calculations. For this reason, all the MOGA-II solutions showing multiphase flow as primary and 379 

secondary flows expand are discarded. 380 

- The pinch point of the heat exchange processes occurring at the evaporator, condenser and 381 

generator must be greater than 7°C. 382 

 383 

5. Results 384 

 385 

This section is dedicated to analyze the influence of different refrigerants, operating conditions and solar 386 

collector technologies over the system efficiencies, i.e, solar-thermal (𝜂𝜂th,sol), thermal-cooling (𝜂𝜂th,cool) 387 

and overall (𝜂𝜂ov) energy conversion processes. Firstly, the jet-ejector geometries that maximized the 388 
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entrainment ratio for each operating condition and working fluid are presented. Then, the overall system 389 

efficiency is estimated by using the algorithm already introduced in Section 4.3. Subsequently, the 390 

refrigerant that provided the best results (maximum 𝜂𝜂ov) is selected and the impact of different solar 391 

irradiation scenarios and collector types over the system performance is assessed. To conclude, the JERS 392 

performance is confronted with a traditional vapor-compression refrigeration system. 393 

 394 

5.1 Jet-ejector optimization results 395 

 396 

Table 5 shows the optimum jet-ejector geometry for each working fluid and generating pressure with the 397 

corresponding entrainment ratio. It should be noticed that the scaling factor presented in Equation (7) 398 

and Figure 10 is already applied on each jet-ejector dimension according to Equations (11), (12), (13) and 399 

(14). To graphically illustrate the jet-ejector entrainment ratio improvement resulting from the 400 

optimization process, Figure 11 is provided. The lack of smoothness in some entrainment ratio curves can 401 

be attributed to the discretization interval of the geometric dimensions (usually 0.1 mm in the most 402 

sensitive geometric parameters) when searching for the optimum geometry. Marginal improvements in 403 

entrainment ratio could be achieved if the discretization interval in the optimization process is reduced at 404 

the expense of increasing notoriously the number of simulations required to characterize each refrigerant. 405 

Hence, this strategy would be not attractive from the computational economy perspective and it does not 406 

change the final conclusions of this work. 407 

Figure 11 shows that the generating pressure does not have a decisive influence over the entrainment 408 

ratio if the jet-ejector internal geometry is carefully designed. A diminution over the maximum achievable 409 

entrainment ratio is found if the generating pressure decreases for a fixed condensing pressure. This trend 410 

is maintained regardless of the fluid under consideration. It is also observed that both the primary nozzle 411 

area ratio and the jet-ejector area ratio (ratio between mixing chamber area and primary nozzle throat 412 

area) tend to increase to counteract the increase of generating pressure in the optimum geometries. 413 

These are precisely the most important geometric parameters and must be attentively designed according 414 

to the operating conditions. If the optimum geometries for each refrigerant are analyzed under uniform 415 
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conditions at the jet-ejector inlet it is observed that the working fluid with the highest specific volume 416 

(R600a) presents the smallest jet-ejector throat diameter (𝐷𝐷e,2) and, consequently, the smallest jet-417 

ejector size, followed by R1234ze and R1234yf. 418 

R600a shows the maximum entrainment ratio (𝜔𝜔opt = 0.464) for 𝑃𝑃pf = 31.29 bar followed by R1234yf 419 

(𝜔𝜔opt = 0.417 and 𝑃𝑃pf = 35.14 bar) and R1234ze (𝜔𝜔opt = 0.405 and 𝑃𝑃pf = 33.35 bar). A priori, it is not 420 

possible to discern which working fluid is the most convenient in terms of 𝜂𝜂th,cool maximization. For that 421 

purpose, the whole refrigeration system must be evaluated. 422 

 423 

Figure 11. Optimum jet-ejector entrainment ratio for each primary flow operating pressure 424 
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 425 

Working 
Fluid 

𝑃𝑃pf[bar] 𝑃𝑃sf[bar] 𝑃𝑃mf[bar] 𝐷𝐷(e,2),opt[mm] 𝐷𝐷(e,3),opt[mm] 𝐷𝐷(e,4),opt[mm] 𝐿𝐿(e,2),opt[mm] 𝜔𝜔opt[−] 

R1234yf 37.74 4.80 10.19 2.14 3.33 5.46 4.16 0.408 
R1234yf 35.14 4.80 10.19 2.26 3.26 5.52 4.39 0.417 
R1234yf 32.87 4.80 10.19 2.37 3.42 5.52 4.60 0.405 
R1234yf 30.88 4.80 10.19 2.47 3.43 5.48 4.80 0.383 
R1234yf 29.11 4.80 10.19 2.56 3.41 5.54 4.98 0.386 
R1234yf 27.54 4.80 10.19 2.64 3.53 5.44 5.14 0.352 
R1234ze 36.52 3.41 7.67 2.05 3.42 5.93 3.99 0.395 
R1234ze 33.35 3.41 7.67 2.18 3.64 5.94 4.24 0.405 
R1234ze 30.68 3.41 7.67 2.30 3.58 6.00 4.47 0.399 
R1234ze 28.41 3.41 7.67 2.41 3.74 6.01 4.68 0.395 
R1234ze 26.45 3.41 7.67 2.50 3.62 5.98 4.87 0.380 
R1234ze 24.74 3.41 7.67 2.60 3.75 5.91 5.05 0.361 
R1234ze 23.24 3.41 7.67 2.69 3.58 5.82 5.23 0.365 
R1234ze 21.91 3.41 7.67 2.77 3.70 5.85 5.39 0.341 

R600a 31.29 2.43 5.32 1.87 3.53 5.92 3.64 0.464 
R600a 28 2.43 5.32 1.99 3.54 5.97 3.87 0.462 
R600a 25.33 2.43 5.32 2.10 3.50 6.07 4.08 0.453 
R600a 23.13 2.43 5.32 2.21 3.68 6.00 4.29 0.452 
R600a 21.28 2.43 5.32 2.31 3.59 6.03 4.49 0.450 
R600a 19.70 2.43 5.32 2.41 3.48 6.02 4.68 0.436 
R600a 18.34 2.43 5.32 2.50 3.62 5.98 4.87 0.419 
R600a 17.16 2.43 5.32 2.60 3.75 6.01 5.05 0.397 
R600a 16.12 2.43 5.32 2.69 3.58 5.97 5.23 0.401 
R600a 15.20 2.43 5.32 2.77 3.39 5.86 5.39 0.370 

 426 

Table 5. Optimum jet-ejector geometry for each operating condition and working fluid 427 
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 428 

5.2 JERS and overall system performance using a parabolic trough collector 429 

(𝑷𝑷𝑷𝑷𝑪𝑪𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌−𝟑𝟑) 430 

 431 

One of the parabolic trough collectors, specifically 𝑃𝑃𝑇𝑇𝐶𝐶Model−3, has been selected as the reference 432 

collector due to its superior operational behavior in a wider range of collector temperatures and solar 433 

irradiation conditions when compared to other collector technologies. The sensitivity study has been 434 

carried out for a fixed irradiation level (1000 W/m2) and an ambient temperature of 31°C. Hence, the 435 

solar collector efficiency is almost invariant except for the slight differences in collector inlet temperature 436 

(𝑇𝑇in,col) when the generating pressure varies. The maximum solar irradiation intensity (1000 W/m2)  437 

according to Figure 2 and Figure 3 has been selected to maximize the solar collector performance and 438 

thus to evaluate the refrigeration system in the best-case scenario.  439 

Figure 12 depicts the JERS efficiency, the solar collector efficiency and the overall system efficiency against 440 

generating pressure for each refrigerant. As specified in the optimization algorithm a detailed jet-ejector 441 

geometric optimization has been conducted for each operating pressure and each refrigerant. As the 442 

generating pressure increases the JERS efficiency does not exhibit a decreasing trend but it is almost 443 

constant. Therefore, this demonstrates that the JERS performance could be marginally enhanced at the 444 

expense of a more robust generator capable to withstand higher pressure. It might not be attractive from 445 

a cost-benefit criteria because the equipment cost would increase and the efficiency improvement 446 

(𝜂𝜂th,cool) is insignificant. The maximum JERS efficiency corresponds to 𝜂𝜂th,cool = 0.377, 𝜂𝜂th,cool =447 

0.355, 𝜂𝜂th,cool = 0.352  for R1234yf, R600a and R1234ze, respectively. It is noteworthy that the 448 

refrigerant with the highest jet-ejector entrainment ratio (R600a) is not the refrigerant with the highest 449 

𝜂𝜂th,cool. This is because more thermal power per unit of cooling demand is required to get superheated 450 

vapor at the corresponding generating pressure.  451 

The pump power consumption would be another factor of relevance when evaluating the generating 452 

pressure. The power consumption of the liquid pump is far less when compared to the input thermal 453 

power of the generator. The power consumption has been determined for the rated thermal power in the 454 
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generator (10 kW) and depends on the thermodynamic properties of each working fluid (i.e. the specific 455 

volume of each refrigerant, enthalpy variation across the pump…) and the liquid pump pressure ratio. 456 

R1234yf shows the greatest power consumption varying between 134W for the lowest operating pressure 457 

(𝑃𝑃𝑝𝑝𝑝𝑝 = 27.54 𝑏𝑏𝑎𝑎𝑏𝑏) and 209W for the highest (𝑃𝑃𝑝𝑝𝑝𝑝 = 37.74 𝑏𝑏𝑎𝑎𝑏𝑏), followed by R1234ze (85W for 𝑃𝑃𝑝𝑝𝑝𝑝 =458 

21.91 𝑏𝑏𝑎𝑎𝑏𝑏 and 174W for 𝑃𝑃𝑝𝑝𝑝𝑝 = 36.52 𝑏𝑏𝑎𝑎𝑏𝑏) and R600a (59W for 𝑃𝑃𝑝𝑝𝑝𝑝 = 15.20 𝑏𝑏𝑎𝑎𝑏𝑏 and 146W for 𝑃𝑃𝑝𝑝𝑝𝑝 =459 

31.29 𝑏𝑏𝑎𝑎𝑏𝑏). 460 

All the refrigerants under consideration offer similar efficiencies when the overall system is assessed. 461 

R1234yf maximizes the solar irradiation conversion to cooling power (𝜂𝜂ov = 0.201), closely followed by 462 

R1234ze (𝜂𝜂ov = 0.187) and R600a (𝜂𝜂ov = 0.184). This suggests that other criteria should prevail when 463 

selecting one of the previous refrigerants for this application (refrigerant or equipment cost, availability, 464 

flammability…) rather than the system efficiency. 465 

 466 

Figure 12. JERS, solar collector and overall system efficiencies operating with R1234yf, R1234ze and 467 

R600a as working fluids (𝐺𝐺𝑡𝑡 = 1000 𝑊𝑊/𝑚𝑚2) 468 

The present results have been compared with data available in the literature.  The aim is to quantify the 469 

effectiveness of the optimization procedure introduced in this paper as a way to improve the JERS 470 

performance. A rigorous comparison is quite hard because the evaporating and condensing temperatures 471 
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considered in the present paper, 13 °𝐶𝐶 and 40 °𝐶𝐶, respectively, are not exactly reproduced in the available 472 

literature. Nevertheless the 𝐶𝐶𝐶𝐶𝑃𝑃𝑡𝑡ℎ  results have been compared with some literature data working at 473 

similar operating conditions. Bellos and Tzivanidis [10] reported a maximum 𝐶𝐶𝐶𝐶𝑃𝑃𝑡𝑡ℎ = 0.299  using R141b 474 

as working fluid for a condensing temperature of 40 °𝐶𝐶 and an evaporating temperature of 10 °𝐶𝐶. Also for 475 

the same operating temperatures, Kasperski and Gil [44] reported a maximum 𝐶𝐶𝐶𝐶𝑃𝑃𝑡𝑡ℎ = 0.32 for R600a. 476 

More recently, the same authors calculated a maximum 𝐶𝐶𝐶𝐶𝑃𝑃𝑡𝑡ℎ = 0.23 [30] keeping the same condensing 477 

and evaporating temperatures and considering only non-flammable synthetic refrigerants in the low 478 

primary vapor temperature range (below 140 °𝐶𝐶). Chen et al. [45] obtained a maximum 𝐶𝐶𝐶𝐶𝑃𝑃𝑡𝑡ℎ = 0.38 479 

and 𝐶𝐶𝐶𝐶𝑃𝑃𝑡𝑡ℎ = 0.25  for an evaporating temperature of 10 °𝐶𝐶, and a condensing temperature of 35 °𝐶𝐶 and 480 

40 °𝐶𝐶, respectively, when R245fa and R600 are used as refrigerants. 481 

From the previous literature search is not possible to discern whether the superior operational behavior 482 

reported in the present paper can be attributed to the higher evaporating temperature or, alternatively, 483 

the optimization process and working fluid have an appreciable influence. To elucidate the effect of the 484 

optimization process, the operational behavior of the JERS has been compared with literature data of a 485 

JERS working under a higher or equal evaporating temperature and a lower condensing temperature, 486 

indeed, more beneficial conditions.  487 

Chen et al. [45] performed a screening of working fluids and obtained a COPth ranging between 0.21 and 488 

0.46 for a condensing temperature of 35°𝐶𝐶 and an evaporating temperature of 13°𝐶𝐶. Nehdi et al. [46] 489 

reported a COPth ranging between 0.3 and 0.41 (depending on the working fluid under examination) for 490 

an evaporating temperature of 15°𝐶𝐶 and a condensing temperature of 35°𝐶𝐶. These values are comparable 491 

with the ones indicated in the present study so this would suggest that the thorough optimization of the 492 

jet-ejector internal geometry would have a remarkable positive effect over the JERS performance. 493 

 494 

5.3 Collector type sensitivity analysis 495 

 496 

R1234yf has been selected as the reference working fluid for the collector type sensitivity analysis because 497 

it maximizes the refrigeration cycle efficiency (𝜂𝜂th−cool). Hence, the transformation efficiency from 498 
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thermal power to cooling power is equal to the optimum value presented in the previous subsection, 499 

𝜂𝜂th,cool = 0.377. To clarify the influence of the solar collector typologies the comparison is carried out for 500 

the maximum solar irradiation (𝐺𝐺t = 1000 W/m2). 501 

The 𝐸𝐸𝑇𝑇𝐶𝐶Model−1 provides the best performance with the peak solar irradiation of 1000 W/m2 (𝜂𝜂th,sol =502 

0.565, 𝜂𝜂ov = 0.213) as can be seen in Figure 13. In contrast, the worst behavior in the solar collector side 503 

is found for the 𝑃𝑃𝑇𝑇𝐶𝐶Model−2 (𝜂𝜂th,sol = 0.425) and it also causes a reduction in the overall system efficiency 504 

(𝜂𝜂ov = 0.161).  505 

 506 

 507 

Figure 13. Influence of the solar collector technology over the system efficiency (𝐺𝐺𝑡𝑡 = 1000 𝑊𝑊/𝑚𝑚2) 508 

 509 

5.4 Influence of solar irradiation level 510 

 511 

After evaluating the solar collector side for the most favorable irradiation scenario it has special relevance 512 

to assess the operational behavior of the solar collector side considering the fluctuating nature of solar 513 

irradiation. To do so, the four cases (𝐶𝐶1 − 𝐶𝐶4) of Table 1 have been studied. According to Figure 14 the 514 
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𝑃𝑃𝑇𝑇𝐶𝐶Model−3 presents the most robust behaviour when the solar irradiation changes showing 𝜂𝜂ov = 0.201 515 

when 𝐺𝐺t = 1000 W/m2 and 𝜂𝜂ov = 0.168 when 𝐺𝐺𝑡𝑡 = 450 𝑊𝑊/𝑚𝑚2. On the contrary, 𝐸𝐸𝑇𝑇𝐶𝐶𝑀𝑀𝑜𝑜𝑀𝑀𝑀𝑀𝑐𝑐−1  shows 516 

the highest deterioration against fluctuating irradiation conditions. Indeed, 𝜂𝜂ov = 0.213 when 𝐺𝐺t =517 

1000 W/m2 while 𝜂𝜂ov = 0.137 when 𝐺𝐺t = 450 W/m2. The performance degradation occurring in the 518 

solar field side should be compensated by an increase in the solar collector area to keep invariant the 519 

achievable cooling capacity on the JERS side. 520 

 521 

Figure 14. Influence of different solar irradiation scenarios over system efficiency 522 

 523 

Alternatively, the negative impact over the maximum attainable cooling capacity can be directly related 524 

to the diminution in solar irradiation if the solar collector area is fixed. If the solar field is sized for the 525 

𝑃𝑃𝑇𝑇𝐶𝐶Model−3 according to the maximum solar irradiation (𝐺𝐺t = 1000 W/m2) an efficiency 𝜂𝜂th,sol = 0.532 526 

is obtained for the transformation of solar irradiation to thermal energy. This leads to a collector area of 527 
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18.8 m2 to meet a thermal capacity of 10 kW in the generator. Figure 15  (left axis) depicts the maximum 528 

achievable generator  thermal power and cooling capacity as a function of the solar irradiation intensities 529 

(C1 − C4) for a fixed collector area. As the solar irradiation is reduced from 1000 W/m2 (C1) to 450 W/m2 530 

(C4) the cooling capacity and the generator thermal power diminishes by a factor of 2.65.  Figure 15  (right 531 

axis) represents the jet-ejector primary nozzle size variation that must be accomplished. This 532 

characteristic dimension is 1.63 times larger in the case with the peak solar irradiation (C1)  in relation to 533 

the case with the lower irradiation intensity (C4). This reveals the importance of an adjustable jet-ejector 534 

to face the fluctuating climatic conditions.   535 

Typically, the daily peak solar irradiation and the peak ambient temperature nearly coincide  (normally, a 536 

time offset exists) and the daily pattern of solar irradiation and ambient temperature follow a similar 537 

trend. The penalty over the maximum achievable cooling capacity caused by the reduction of solar 538 

irradiation could be alleviated taking into account that the cooling requirements are partially reduced as 539 

the solar irradiation diminishes in a standard summer day because solar irradiation and temperature 540 

patterns are almost synchronized. As a first approximation, if the overall heat transfer coefficient and the 541 

surface area where the heat transfer takes place remain constant the heat transfer rate is proportional to 542 

the difference between indoor and ambient temperature. Figure 16 shows the hourly evolution of Δ𝑇𝑇 (left 543 

axis), that is, the difference between the mean temperature during the month of July in the TMY (July 544 

2014) and the target indoor temperature together with the solar irradiation pattern of a clear sky day in 545 

the same month (right axis). The synchronization between both patterns is envisaged. A priori, the 546 

mitigation effect is not sufficient to keep the cooling capacity needs because the temperature difference 547 

is Δ𝑇𝑇 = 10°𝐶𝐶 when 𝐺𝐺t ≈ 1000 W/m2 and Δ𝑇𝑇 = 7.9°𝐶𝐶 when 𝐺𝐺t ≈ 450 W/m2at ~17: 00  (reduction by 548 

a factor of  1.26) and  Δ𝑇𝑇 = 5.9°𝐶𝐶 when 𝐺𝐺t ≈ 450 W/m2at ~08: 00 (reduction by a factor of  1.69). 549 

Indeed, the cooling capacity is reduced by a factor of 2.65 in these hours as mentioned above. 550 



33 
 

 551 

Figure 15. Maximum achievable thermal power and cooling capacity according to the solar irradiation (left 552 

axis). Required primary nozzle throat diameter to work satisfactorily in different solar irradiation scenarios 553 

(right axis). 554 

 555 
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 556 

Figure 16. Difference between the outdoor and indoor temperature for the solar irradiation scenarios 557 

assessed.  558 

 559 

5.5 Comparison with a traditional vapor-compression air-conditioning system 560 

 561 

In view of the previous results, the design efforts focused on improving the jet-ejector behavior by 562 

optimizing its internal shape are essential to improve the overall system performance. The relatively low 563 

energy conversion efficiency can be attributed to the JERS itself as well as the solar collector field but the 564 

JERS still has the greatest improvement potential. This translates into a relatively high collector area per 565 
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unit of cooling power and, consequently, in higher investment cost. Nonetheless, if the input power to 566 

drive the JERS operating in its peak efficiency scenario (R1234yf as refrigerant and 𝜂𝜂th,cool = 0.377) is 567 

compared with a traditional vapor-compression system working under the same cooling requirements 568 

and outdoor conditions (assuming also the same degree of liquid subcooling in the condenser and vapor 569 

superheating in the evaporator) it is found that the power consumption of the traditional system is 2.52 570 

times higher than the JERS. It is worthy emphasizing that the main power input in the JERS and the 571 

conventional refrigeration system corresponds to the liquid pump and the compressor, respectively. Both 572 

elements have been modeled in this comparison assuming an isentropic efficiency (𝜂𝜂comp = 𝜂𝜂pm = 0.85). 573 

Equivalently, the efficiency improvement with respect to the conventional vapor-compression system can 574 

be evaluated by means of the traditional COP definition. In such a case 𝐶𝐶𝐶𝐶𝑃𝑃h = �̇�𝑄ev/�̇�𝑊comp = 7.74 for 575 

the traditional system and 𝐶𝐶𝐶𝐶𝑃𝑃h = �̇�𝑄ev/�̇�𝑊pm = 19.51 for the JERS. In view of the above, hybrid 576 

configurations in which the JERS would be intended to assist a vapor-compression refrigeration machine 577 

with the aim of reducing the compressor’s power consumption could be promising alternatives from the 578 

perspective of both power efficiency and investment cost. 579 

 580 

6. Conclusions 581 

 582 

The present paper evaluates numerically a solar-driven jet-ejector refrigeration system using 583 

environmentally friendly and new generation refrigerants with low ecological impact, namely, R1234yf, 584 

R1234ze and R600a. A detailed jet-ejector shape optimization is carried out in each operating condition 585 

as a mechanism to improve the overall cycle performance. The influence of variable solar irradiation 586 

conditions and different collector technologies over the overall system performance is also evaluated. The 587 

main conclusions are outlined below: 588 

- Considering slight variations, the primary flow pressure does not affect significantly the jet-589 

ejector entrainment ratio and the maximum achievable 𝜂𝜂th,cool  if the jet-ejector internal 590 

geometry (primary nozzle throat and exit diameter, NXP and mixing chamber diameter) is 591 

thoroughly designed according to the operating conditions. Bearing this in mind the jet-ejector 592 
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refrigeration system achieves a maximum 𝜂𝜂th,cool = 0.377  for R1234yf, closely followed by 593 

R600a and R1234ze. 594 

 595 

- If the analysis is extended to the overall system, that is, the coupling of the jet-ejector 596 

refrigeration system and solar collector field it is observed that R1234yf refrigerant offered the 597 

best performance in terms of solar irradiation transformation to cooling capacity (𝜂𝜂ov = 0.201) 598 

closely followed by the system operating with R1234ze (𝜂𝜂ov = 0.187) and R600a (𝜂𝜂ov = 0.184). 599 

Hence, if the jet-ejector internal geometry is carefully designed, the overall system performance 600 

is almost insensitive to the working fluids under examination. 601 

 602 

- The ETC (Evacuated Tube Collector) model under consideration maximizes the overall system 603 

efficiency for the peak solar irradiation (1000 W/m2) but one of the PTC (Parabolic Trough 604 

Collectors) offers the best performance in those situations with fluctuant solar irradiation. 605 

 606 

- The power consumption of a traditional vapor-compression system working under the same 607 

cooling requirements and outdoor conditions is 2.52 times higher than the JERS. 608 

 609 
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