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ABSTRACT 23 

In this study, a scaled solar thermal system, which utilises HFE 7000, an environmentally 24 

friendly organic fluid has been designed, commissioned and tested to investigate the system 25 

performance. The proposed system comprises a flat-plate solar energy collector, a rotary vane 26 

expander, a brazed type water-cooled condenser, a pump and a heat recovery unit. In the 27 

experimental system, the flat-plate collector is employed to convert HFE-7000 into high 28 

temperature superheated vapour, which is then used to drive the rotary vane expander, as well 29 

as to generate mechanical work.  30 

 Furthermore, a heat recovery unit is employed to utilise the condensation heat. This heat 31 

recovery unit consists of a domestic hot water tank which is connected to the condenser. 32 

Energy and exergy analysis have been conducted to assess the thermodynamic performance 33 

of the system. It has been found that the collector can transfer 3564.2 W heat to the working 34 

fluid (HFE 7000) which accounts for the 57.53% of the total energy on the collector surface. 35 

The rotary vane expander generates 146.74 W mechanical work with an isentropic efficiency 36 

of 58.66%. In the heat recovery unit, 23.2% of the total rejected heat (3406.48 W) from the 37 

condenser is recovered in the hot water tank and it is harnessed to heat the water temperature 38 

in the domestic hot water tank up to 22.41 ºC which subsequently will be utilised for 39 

secondary applications. The net work output and the first law efficiency of the solar ORC is 40 

found to be 135.96 W and 3.81% respectively. Exergy analysis demonstrates that the most 41 

exergy destruction rate takes place in the flat plate collector (431 W), which is the thermal 42 

source of the system. Post collector, it is followed by the expander (95 W), the condenser 43 

(32.3 W) and the pump (3.8 W) respectively. Exergy analysis results also show that the 44 

second law efficiency of the solar ORC is 17.8% at reference temperature of 15 ºC. 45 

Parametric study analysis reveals that both increase in the expander inlet pressure and the 46 

degree of superheat enhances the thermodynamic performance of the solar ORC. 47 
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Nomenclature 
    

A Area, m
2
 in inlet 

CFCs Chlorofluorocarbons int initial 

e Specific exergy, J/kg out outlet 

 ̇  Exergy rate, W p plate 

h Enthalpy, J/kg rec recovery 

HCFCs Hydrochlorofluorocarbons s isantropic 

HFCs Hydrofluorocarbons sat saturation 

HFEs Hydrofluoroethers sol solar 

L Litre st storage 

m Mass, kg u useful 

 ̇ Mass flow rate, kg/s w water 

I Solar radiation, W/m
2
 wf working fluid 

ORC Organic Rankine cycle 0 reference (dead) state 

 ̇ Heat transfer rate, W   

 ̇  Useful heat gain, W Greek symbols 

PFCs Perfluorocarbons     Density, kg/m
3
 

PV Photovoltaic ƞ First law efficiency  

RO Reverse osmois ε Second law efficiency 

s Entropy, J/kg K   

t time, s   

T Temperature, ºC   

V Volume, m
3
   

 ̇ Work rate, W   

    

Subscripts   

amb ambient   

col collector   

cond condenser   

dest destruction   

exp expander   

fin final   
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 54 

1. Introduction 55 

Large scale energy utilization has become a vital concern due to the increase in the demand 56 

of energy use in the last decades. At the same time, use of conventional energy sources such 57 

as fossil fuels has brought many environmental problems. Climate change and global 58 

warming, which is the main issues resulted from the release of harmful substances into the 59 

atmosphere have been forcing us to explore alternative energy sources[1, 2].  60 

Solar energy is a free, clean and abundant alternative energy source and it can be utilised by 61 

means of solar photovoltaic (PV) and solar thermal systems[3]. Although solar PVs have 62 

become one of the most representative ways of electricity generation in rural areas, high costs 63 

of PV panels, limited efficiency and requirement of expensive batteries are the main 64 

disadvantages of such systems[4].  65 

Medium and high temperature solar thermal systems where concentrated solar collectors such 66 

as parabolic through [5, 6], linear Fresnel [7] and parabolic dish [8] are used have been 67 

suggested and developed over the last decades. However, these systems need high initial cost 68 

and complex tracking devices [9].  69 

An organic Rankine cycle, which has the same system configuration as conventional Rankine 70 

cycle uses organic substances (refrigerants or hydrocarbons) instead of water as a working 71 

fluid [10]. Using organic fluids with a lower boiling temperature than water allows these 72 

systems to utilize low temperature heat from various renewable energy sources [11]. As a 73 

result, non-concentrated low temperature flat plate collectors can be employed in organic 74 

Rankine cycles to generate power and heat simultaneously [12].   75 

Various refrigerants have been used and analysed in solar organic Rankine cycles for both 76 

mechanical work and heat generation. Manolakos et al. [13-15] suggested a low-temperature 77 

solar thermal power system utilizing HFC-134a for reverse osmosis (RO) desalination. The 78 



mechanical work generated in the expander of the cycle is used for the pumping purpose of 79 

the RO desalination. An experimental study of solar organic Rankine cycle using HFC-245fa 80 

was conducted by [9]. In this study, two stationary collectors which are flat-plate and 81 

evacuated tube were employed in the experiments. Collector efficiencies of evacuated tube 82 

and flat-plate were found 71.6% and 55.2% respectively. The solar thermal power system, 83 

including heat regeneration was also analysed in [16]. In this study R-245fa was used as a 84 

working fluid of the cycle and maximum thermal efficiency of 9% was obtained with heat 85 

regeneration [16]. In another study, recuperative solar thermal cycle with HFC-245fa was 86 

designed and constructed by Wang et al. [17]. It was found that the recuperator did not have 87 

any effect on the improvement of the system thermal efficiency, which was about 3.67% 88 

[17]. Not only pure refrigerants but also zeotropic mixtures were studied in solar thermal 89 

systems. Wang et al. [18] carried out an experimental study of low-temperature solar thermal 90 

system considering pure HFC-245fa, a zeotropic mixture of (HFC-245fa/HFC-152a, 0.9/0.1) 91 

and another mixture of (HFC-245fa/HFC-152a, 0.7/0.3). Since the efficiency of the collector 92 

and the system found higher in zeotropic mixtures it is concluded that zeotropic mixtures 93 

have a potential to improve the overall efficiency of such systems [18]. 94 

In addition to refrigerants, CO2 which is a natural fluid was also examined in many solar 95 

powered supercritical cycle studies. Zhang et al. [19] carried out an experimental study to 96 

examine a solar thermal power cycle performance where supercritical CO2 was utilised as a 97 

working fluid. They concluded that the heat collection efficiency of the collector reached 98 

70% and the system achieved 8.78-9.45% power generation efficiency [19]. Another solar 99 

thermal power system using CO2 was proposed and built in Yamaguchi et al. [20]. A 100 

throttling valve was used in order to simulate pressure drop in turbine and to study the system 101 

performance. They concluded that solar collector can be used for heating of CO2 in the cycle 102 



up to 165ºC. The power generation efficiency of the cycle is estimated for 25% and the heat 103 

recovery efficiency for 65% [20]. 104 

Thermodynamic analysis considering energy and exergy methods is an essential tool to 105 

investigate not only the quantity, but also the quality of energy used in a system [21] and it is 106 

also important for designing and analysing thermal systems [22]. 107 

Many studies, including energy and exergy analysis of solar thermal power systems have 108 

been conducted by many researchers. Singh et al. [23] conducted the first and second laws 109 

analysis of a solar thermal power system integrated with parabolic through collector. It is 110 

reported that the highest energy loss occurred in the condenser whereas parabolic through 111 

collector/receiver component was found to be the source of main exergy losses in the system 112 

[23]. Exergy analysis of parabolic through collector combined with steam and organic 113 

Rankine cycle has been examined by [24]. Among the considered various refrigerants R-134a 114 

gives the best exergetic performance with an efficiency of 26% [24]. Combined exergetic and 115 

exergoeconomic analysis of an integrated solar cycle system was carried out by [25]. In this 116 

study, genetic algorithm was utilized for the optimization procedure to minimize the 117 

investment cost of equipment and the cost of exergy destruction. Results showed that for 118 

optimum operation, total cost rate decreased by 11% [25]. Elsafi [26] applied exergy and 119 

exergoeconomic analysis methods to a commercial-size solar power plant using parabolic 120 

through collectors. Exergy and exergy costing balance equations are formulated for each 121 

component. It is reported that the highest exergy destruction was calculated for the solar field 122 

(63319 kW) and it was followed by the condenser (4187.5 kW) [26].  123 

Although numerous experimental and simulation studies have been reported on the thermal 124 

performance evaluation of small scale solar organic Rankine cycles, detailed thermodynamic 125 

analysis of such systems considering energy and exergy methods has been of interest to a 126 

limited number of papers. Previously, a flat plate solar collector was numerically modelled 127 



and simulated to investigate the collector performance for two working fluids (HFC-134a and 128 

HFE-7000) under various operating conditions [27]. In this study, a scaled solar thermal 129 

cycle where the flat plate solar collector is utilised as a direct vapour generator of the system 130 

was designed and commissioned. An experimental study using working thermo-fluid (HFE-131 

7000) was performed. To understand the performance characteristics of the solar ORC, the 132 

first and second law analyses of each component as well as, the whole system is evaluated by 133 

using experimental data. To utilise the rejected heat from the system, the solar ORC is 134 

integrated with a heat recovery unit and the findings is represented in the energy analysis of 135 

the system.   136 

In the exergy analysis of the solar organic Rankine cycle, exergy destruction rate and the 137 

second law efficiency of each component is investigated. Furthermore, a parametric analysis 138 

is carried out in order to evaluate the effects of expander inlet pressure and the degree of 139 

superheat on the system performance. 140 

2. Working fluids for solar ORC 141 

Working fluid selection is an important task in ORCs since it affects the performance of a 142 

system, as well as it is essential for environmental concerns[28]. Chlorofluorocarbons (CFCs) 143 

and hydrochlorofluorocarbons (HCFCs) are conventional refrigerants and they have high 144 

potential to deplete the ozone layer [29]. Therefore, perfluorocarbons (PFCs) and 145 

hydrofluorocarbons (HFCs) have been used as a promising alternative since they have near-146 

zero ozone depletion potential (ODP).However, PFCs and some HFCs have a relatively high 147 

global warming potential [30]. Alternatively, hydrofluoroethers (HFEs) which have zero 148 

ozone depletion factor and low global warming potential can be used as candidates for CFCs, 149 

HCFCs and PFCs [31] and HFEs can be utilized as a working fluid in ORCs [32, 33]. Table 1 150 

shows the properties of conventional and novel organic fluids that have been used in ORCs 151 

and refrigeration cycles. 152 



 153 

 154 

Table 1 155 

Properties of conventional and novel organic fluids 156 

Working fluid
 *

Tboiling (ºC) ODP GWP Reference 

CFC R-11 23.37 1 5800 [34] 

HCFC R-141b 31.67 0.12 725 [35] 

HFC R-245fa 14.81 0 950 [35] 

HFE-7000 RE347mcc 34 0 450 [30] 

*
Fluids boiling temperature data was taken from REFPROP 9.1 programme [36] at 1 bar. 157 

In this study, HFE-7000 is utilized as a working fluid of the solar thermal cycle as it has zero 158 

ODP, relatively low value of GWP and reasonable boiling temperature.  159 

3. Experimental bench testing 160 

Experimental system evaluates the performance of a small scale solar thermal technology 161 

which employs HFE 7000 as a working fluid. 162 

3.1. Description of the system 163 

The proposed experimental solar thermal system consists of two units: (i) solar organic 164 

Rankine cycle unit which has main components of a flat-plate solar collector, an air motor, a 165 

plate-type heat exchanger, a liquid reservoir and a positive displacement pump. (ii) heat 166 

recovery unit with a domestic hot water tank, as shown in Figure 1. The test rig operates on 167 

an ORC principle where the working fluid (HFE-7000) is compressed by the pump and is 168 

sent to the flat-plate collector (Figure 1, state 2). The solar radiation is converted to heat in 169 

the collector and it is transferred to the high pressure fluid in the collector tubes where the 170 

phase change occurs. Therefore, the collector acts as an evaporator, in other words 171 

pressurised vapour generator of the cycle. The fluid might leave the collector as liquid-vapour 172 

mixture, saturated vapour or superheated vapour depending on the operating conditions of the 173 

system (Figure 1, state 3). 174 



 175 

Figure 1.Schematic layout of the solar thermal system 176 

Pressurised vapour is directed to the turbine where the fluid expands and generates mechanical 177 

work. Then, the lower pressure exhaust vapour at the end of the expander goes to the condenser to 178 

reject some of its heat from the system (Figure 1, state 4). The mains water (with an average 179 

temperature of 10-13ºC) is used to cool the working fluid and turn it into the liquid state in the 180 

condenser (Figure 1, state 1). Then, liquefied working fluid is pumped again into high pressure to 181 

complete the cycle. As shown in Figure 1the condenser outlet is connected to the heat recovery unit 182 

where the domestic hot water tank is utilized to recover the energy content of rejected heat from the 183 

solar ORC. 184 

Flat-plate collector which is formed of a glass cover, a stainless steel absorber plate and a 56 185 

m copper tube in length is used in the experiments. A diaphragm pump which is employed in 186 

the experiments to compress the working fluid and it can provide a maximum flow rate of 3 187 

L/min. To adjust the flow rate of the fluid by throttling on the discharge side of the pump a 188 

valve is mounted in the system. The condenser utilized in the experiments is a brazed plate 189 

heat exchanger and it is fed by mains water to cool the working fluid as mentioned 190 



previously. Twelve litre vertical liquid reservoir which provides a steady supply of the fluid 191 

was placed after the condenser. A rotary vane air motor is modified and used as an expander 192 

of the cycle. Rotary vane expanders can be utilized in ORC applications [37] since they have 193 

simpler structure, easy manufacturing and low cost [28]. The air motor used in the 194 

experiments can supply a maximum power output of 0.8 kW and maximum rotational speed 195 

of 4000 rpm. A 118 L copper-coiled hot water tank is selected to deliver the energy of the 196 

pre-heated water coming out of the condenser to the stagnant, stored water in the storage tank 197 

(Figure 1, heat recovery unit). 198 

3.2. Experimental method 199 

Leak test of the system is one of the most important tasks as it affects the overall efficiency 200 

and the safety of the system. The system leak test was conducted to examine if there was any 201 

leakage somewhere in the cycle. Special attention was given to couplings, joints and the 202 

components of the cycle. Initially, a vacuum pump was connected to the system via a vacuum 203 

line to pull a vacuum in the cycle. Vacuum gauge was mounted to the system to record the 204 

pressure. The system was evacuated and left for 24 hours to observe for any leakage through 205 

changes in the system pressure. As no change observed in the pressure of the system the line 206 

was shut off and the vacuum pump was disconnected. Then, the same line was connected to 207 

the working fluid cylinder and the valve was turned on for the subsequent flow of the 208 

working fluid into the cycle due to the pressure difference between the system and the 209 

working fluid cylinder. 8 kg (5.7 L) of HFE-7000 was introduced to the system. Evaluation of 210 

the amount of working fluid to be charged relies on the calculation of the volume of each 211 

component and the tube of the cycle. Since the vapour density of the fluid is relatively 212 

smaller than the liquid density, the regions in the components and the pipe where the fluid 213 

turns into vapour is neglected in the calculation. After the calculation of the volume of each 214 

component and the tube, the total volume of the system is multiplied by the fluid density to 215 



evaluate the total mass of the working fluid [38]. Then, the condenser and the pump were 216 

turned on to circulate the water and the fluid through the system without supplying any heat 217 

input to check the system consistency and safety. The data acquisition unit was turned on to 218 

monitor and record the temperature, pressure and flow rate data. In order to supply steady 219 

radiant energy to the collector a solar simulator was utilised in the experiment. Initially, the 220 

solar simulator was switched on and the expander by-pass line was opened so the fluid 221 

reaches the condenser directly after the solar collector. Once the fluid reaches the vapour 222 

conditions the by-pass line was closed and let the fluid pass through the expander. The fluid 223 

expands in the rotary vane air motor and produces mechanical work by rotating the motor 224 

shaft. Then it is condensed by the help of cooling water in the condenser and is sent back to 225 

the solar collector. 226 

In the data measurement system, K-type thermocouples and pressure transmitters are 227 

mounted in the experimental prototype to measure temperature and pressure values of HFE-228 

7000 and temperature values of water at specified points as represented in Figure 1. 229 

Thermocouples and pressure transmitters have an accuracy of ±0.18 and ±0.5% 230 

respectively.A turbine flow meter with an accuracy of 2% was used to measure the 231 

volumetric flow rate of the fluid and the measured flow rate was multiplied by the fluid 232 

density (   ) to calculate the mass flow rate of the working fluid. All the data is taken and 233 

recorded in a time step of 10 sec. and transmitted to the computer by an Agilent 34972A data 234 

acquisition unit. Although it was not shown in Figure 1, a pyranometer is mounted in the 235 

collector to measure the average irradiance on the collector surface. The collector was 236 

marked at every 48 cm in height and at every 58 cm in width.10 kW heat was supplied from 237 

the solar simulator and the radiation data was measured at the specified points via the 238 

pyranometer on the collector surface. Detailed representation of the measured points on the 239 

collector surface can be found in [27]. During the measurements the solar simulator was 240 



located 2 m away from the collector surface and the measured radiation was assumed to be 241 

constant at each point. According to the measurement results the calculated average radiation 242 

on the collector surface was found to be 890 W/m
2
. This value of average radiation on the 243 

collector surface is in the range of solar radiation intensity which is used either in 244 

experimental and theoretical studies reported previously [9, 17, 20, 24, 39].  245 

4. Thermodynamic analysis 246 

Based on the measured temperature, pressure and flow rate values of the working fluid at the 247 

defined locations (Figure 1) it is possible to gain an understanding of performance of the 248 

proposed solar thermal cycle by applying the first and second law analysis of 249 

thermodynamics. Since the proposed solar thermal system is a closed loop cycle the 250 

calculations rely on the application of mass, energy and exergy balance equations at steady 251 

state on the each component.   252 

The balance equations in the rate form for any open system at steady state, steady-flow 253 

condition with negligible kinetic and potential energy changes are expressed in Eq. (1) - (3) 254 

[40, 41]. 255 

∑ ̇   ∑ ̇              (1) 256 

where  ̇ is the mass flow rate and the subscripts “in” and “out” represent inlet and outlet 257 

respectively. 258 

The energy balance equation can be defined as: 259 

 ̇  ̇  ∑ ̇        ∑ ̇               (2) 260 

In Eq. (2), h is the enthalpy,  ̇ and  ̇are the heat and work transfer rates of the system. 261 

The exergy balance equation is expressed as: 262 

 ̇       ̇ ∑ ̇    ∑ ̇     ∑ ̇            (3) 263 

where  ̇  indicates the exergy rate and the subscript “dest” represents the exergy destruction 264 

rate of the system. 
 

265 



In Eq. (3),  ̇      represents the exergy transfer rate by heat and it can be calculated as: 266 

 ̇      ∑  (
  

 
) ̇           (4) 267 

and the specific exergy (kJ/kg) is given by:  268 

  (    )   (    )                     (5) 269 

Therefore, the total exergy rate (W) can be calculated by using the following equation: 270 

 ̇   ̇                         (6)  271 

Table 2 272 

Balance equations for each component [21, 41, 42] 273 

Component Mass balance equations Energy balance equations Exergy balance equations 

Collector  ̇   ̇   ̇    ̇   ̇   (     ) 

  ̇          ( ̇    ̇  ) 

     +      [  
  

  
] 

Expander  ̇   ̇   ̇    ̇     ̇   (     )  ̇          ( ̇    ̇  )- ̇    

Condenser 

 ̇   ̇   ̇   

 ̇   ̇   ̇  

 ̇      ̇   (     ) 

 ̇      ̇  (            ) 

 ̇           ( ̇    ̇  ) 

                  +  ̇  ( ̇    ̇  ) 

Pump  ̇    ̇   ̇    ̇      ̇   (      ) 
 ̇           ( ̇     ̇  ) 

 +  ̇     

 274 

The balance equations (mass, energy and exergy) for each componentare derived with the 275 

following assumptions by using Eqs. (1) - (6) and given in Table 2. 276 

¶ All the components in the system are at steady state. 277 

¶ Changes in kinetic and potential energy are neglected. 278 

¶ The reference-dead state has a pressure of P0 = 1 bar = 101.325 kPa and temperature 279 

of 15 ºC. 280 

In the exergy destruction equation of the collector, the term (      [  
  

  
]) represents the 281 

exergy rate of the solar radiation absorbed on the collector surface where I is the incoming 282 



solar radiation, Acol is the collector area, T0 and Tp are the dead state temperature and the 283 

collector plate temperature respectively [42]. 284 

Furthermore, water flow rate through the condenser isevaluated via the energy balance in the 285 

condenser. Considering the steady state conditions: 286 

 ̇      ̇   (     )   ̇  (            )                   (7) 287 

and water mass flow rate can be evaluated as:  288 

 ̇   
 ̇    

(            )
                      (8) 289 

where  ̇     represents the amount of heat rate rejected in the condenser and        and       290 

represents the outlet and inlet enthalpy of the water respectively. 291 

4.1. Energy efficiencies 292 

First law efficiency, in other words energy efficiency of a system or system component 293 

represents the ratio of energy output to the energy input and it can be calculated as [43]; 294 

  
                     

                     
          (9) 295 

Flat-plate collector 296 

Collector efficiency can be defined as the ratio of useful collected heat rate of the working 297 

fluid ( ̇ ) to the solar radiation absorbed on the collector surface (    ). 298 

     
 ̇ 

    
                     (10) 299 

where; 300 

                               (11) 301 

Expander 302 

     
     

       
                     (12) 303 

 304 

 305 

 306 



Solar ORC 307 

The thermal (first law) efficiency of the proposed solar organic Rankine cycle can be 308 

expressed as the ratio of the net work output to the useful heat gain of the working fluid and it 309 

is calculated as below: 310 

      
 ̇   

 ̇ 
 
 ̇     ̇    

 ̇ 
                                                                                                (13) 311 

Heat recovery 312 

Heat recovery efficiency can be expressed as the ratio of the amount of heat which is gained 313 

by the water in the hot water tank to the maximum amount of heat that can be utilised from 314 

the condenser.   315 

     
 ̇  

 ̇    
                     (14) 316 

where 317 

 ̇    
           (                         )

    
                 (15)    318 

                                (16) 319 

4.2. Exergy efficiencies 320 

Second law efficiency is defined as the ratio of the output exergy to the exergy input and it is 321 

given as: 322 

  
             

            
                    (17) 323 

Flat-plate collector 324 

Exergy efficiency of the collector is the ratio between the exergy gain of the fluid and exergy 325 

content of the incoming solar radiation and it is calculated as:    326 

     
 ̇    ̇  

      (  
  
  
)
                    (18) 327 

Expander 328 

     
 ̇   

( ̇    ̇  )
                    (19) 329 



Pump 330 

      
 ̇    ̇   

 ̇    
                    (20) 331 

Condenser 332 

      
 ̇    ̇  

( ̇    ̇  )
                    (21) 333 

Solar ORC 334 

The exergy efficiency of the system is written as; 335 

      
 ̇   

 ̇   
                     (22) 336 

Taking the exergy of the solar radiation as an exergy input to the solar organic Rankine cycle, 337 

the Eq. (22) becomes; 338 

      
 ̇   

     (  
  
  
)
                    (23) 339 

Furthermore, in order to calculate the relative ratio of the exergy destruction of jth component 340 

to the total exergy destruction, the following expression is used: 341 

    
 ̇       

 ̇         
                                (24) 342 

5. Results and Discussion 343 

In performing the first and second law analysis of the small scale solar thermal system, the 344 

experimental values of temperature (ºC), pressure (bar) and flow rate (kg/s) were collected in 345 

order to determine fluid state where gas refers to superheated vapour, specific enthalpy 346 

(kJ/kg), specific exergy and exergy rate associated with each of the state of the proposed 347 

cycle (Table 3). T-s diagram of the working fluid at each state is also shown in Figure 2.  348 

 349 

 350 

 351 

 352 



Table 3 353 

Thermodynamic state properties of HFE-7000 at various points 354 

State 

(No) 

Fluid type Phase 

T 

(ºC) 

P 

(bar) 

 ̇ 

(kg/s) 

h 

(kJ/kg) 

e 

(kJ/kg) 

 ̇  

(W) 

0 HFE-7000 Dead state 15 1 - 218.05 - - 

0 Water Dead state 15 1 - 63.076 - - 

1 HFE-7000 Liquid 19.54 0.66 0.022 223.56 0.038 0.83 

1’ HFE-7000 Liquid 18.73 0.57 0.022 222.57 0.084 1.86 

2 HFE-7000 Liquid 19.1 1.86 0.022 223.06 0.402 8.84 

3 HFE-7000 Gas 45.41 1.32 0.022 385.07 15.532 341.7 

4 HFE-7000 Gas 36.36 0.66 0.022 378.4 4.542 99.98 

5 Water Liquid 13.47 0.66 0.06 56.63 -0.11 -6.6 

6 Water Liquid 26.88 0.66 0.06 112.75 1.002 60.12 

 355 

During the experiments the average value of I = 890 W/m
2
 of solar radiation was supplied to 356 

the collector and the flow rate of the working fluid was held constant with an average value 357 

of 0.022 kg/s. In the analysis, the-reference dead state conditions for temperature and 358 

pressure are taken to be 288 K and 1 bar respectively. All the data monitored and analysed in 359 

this study when the expansion can take place in the expander and thermodynamic state 360 

properties of HFE 7000 were extracted from Ref. [36]. 361 

 362 

Figure 2.T-s diagram of the experimental results 363 



5.1. Energy analysis results 364 

In this section the performance of the proposed solar thermal cycle through the collector 365 

efficiency, expander efficiency, heat recovery efficiency, net work output and the system 366 

thermal efficiency are examined by the measured temperature, pressure and flow rate values.  367 

Energy rate analysis of the solar collector is shown in Table 4. 368 

Table 4 369 

Energy rate analysis of the solar collector 370 

Parameters Value Unit 

Energy received by the collector  (Qsol) 6194.4  W 

Useful heat gain of the fluid (Qu) 3564.2  W 

Collector energy loss
a
 2907.8  W 

Collector efficiency (ƞexp) 57.53  % 

a 
=Qsol – Qu 371 

The energy received on the collector surface is calculated as 6194.4 W with the help of Eq. 372 

(11). In the collector, 57.53% of this energy is utilised to heat the working fluid from 19.1 ºC 373 

at the collector inlet to 45.41 ºC at the collector outlet. The working fluid temperature at the 374 

outlet of the collector is almost 4 ºC higher than the corresponding saturation temperature 375 

(Tsat = 41 ºC) of the fluid. This shows that with the constant flow rate of 0.022 kg/s, HFE-376 

7000 was able to finish its phase change and leave the collector as a superheated vapour state 377 

(Figure 2). Since HFE 7000 is a dry fluid according to its saturation vapour line, a small 378 

degree of superheating would not cause any risk of encountering some portion of liquid in the 379 

expander. Furthermore, higher degree of superheating at the collector outlet might lead an 380 

excessive increase in the fluid temperature as well as, the heat loss from the system to the 381 

atmosphere. Energy rate analysis of the expander can be found in Table 5.Assuming the 382 

expander is adiabatic, according to the Eq. (12) the isentropic efficiency of the expander and 383 

the work output are found to be 58.66% and 146.74 W respectively. This isentropic 384 



efficiency value is similar to the reported efficiency of rotary vane expander using HFE 7000 385 

in [32]. 386 

Table 5 387 

Energy rate analysis of the expander 388 

Parameters Value Unit 

Work output of the expander ( ̇   ) 146.74  W 

Isentropic efficiency of the expander (ƞexp) 58.66  % 

As it can also be seen from the Figure 1, pressure loss through the condenser is neglected. 389 

Therefore, the outlet pressure of the expander also represents the condensing pressure of the 390 

cycle (Psat= 0.66 bar). The working fluid leaves the expander at 36.36 ºC and it transfers its 391 

heat to the cooling water and leaves the condenser at 19.54 ºC. According to the 392 

corresponding saturation temperature at 0.66 bar (Tsat = 22.93 ºC), the fluid is below the 393 

saturation temperature, in other words it is sub-cooled at the outlet of the condenser. Then its 394 

temperature decreases to 18.73 ºC after the liquid reservoir. Although there is a slight 395 

decrease in pressure after the liquid reservoir, it can be seen that with the temperature of 396 

18.73 ºC and a pressure of 0.57 bar, the fluid is sub-cooled at the outlet of the reservoir. This 397 

shows that there is no vapour flowing through the pump which might cause a cavitation 398 

problem otherwise. Since water-cooling system is used to reject some portion of heat from 399 

the solar ORC unit,  it is found that in the condenser an average amount of 3406.48 W heat is 400 

transferred to the cooling water and increased its temperature from 13.47 ºC to 26.88 ºC. As 401 

mentioned above, in order to recover the dissipated heat the condenser outlet (Figure 1, state 402 

6) is connected to the hot water storage tank. This pre-heated water circulates within the coil 403 

of the water tank and delivers its heat energy to the stored cold water (Figure 1, state 7) in the 404 

tank. Figure 3shows the cooling water inlet and outlet temperature and the temperature 405 

change of the stored water in the tank during the experiment. It is seen from Figure 3that at 406 



the beginning of the experiment stored water temperature was 16.65 ºC and its final 407 

temperature reached 22.41 ºC by the end of the experiment. This utilised heat in the hot water 408 

tank is supplied by the waste cooling water coming out of the condenser with an average 409 

temperature of 26.88 ºC. 410 

 411 

Figure 3. Water temperature at condenser inlet, outlet and hot water tank 412 

By using Eqs (14) - (16) heat gain rate of the hot water tank and the heat recovery efficiency 413 

of the system are calculated and the analysis results are given in Table 6. It is shown that 414 

23.2% of the total rejected heat ( ̇             ) is recovered and is used to pre-heat the 415 

stored water in the hot water storage tank.  416 

 417 

 418 

 419 

 420 

 421 

 422 



Table 6 423 

Analysis results of the heat recovery unit 424 

Parameters Value Unit 

Testing time 3600  s 

Initial water temperature (T7,int) 16.65  ºC 

Final water temperature (T7,fin) 22.41  ºC 

Total mass of water in the tank (mw,st) 118 kg 

Water specific heat capacity (Cp,w) 4.187 kJ/kg K 

Total energy gain rate in the tank 2845.82 kJ 

Average energy gain rate throughout the test ( ̇  ) 0.79 kW 

Average rejected heat rate in the condenser ( ̇    ) 3.406 kW 

Heat recovery efficiency in the hot water tank (ƞrec) 23.2 % 

Consequently, the proposed solar ORC extracts 3564.2 W heat from the solar source and it 425 

converts 146.74 W of this heat to the mechanical work. Considering the average pump 426 

consumption rate in the analysis ( ̇    = 10.78 W), the net work output of the proposed 427 

solar ORC is found to be 135.96 W. Therefore, by using Eq. (13), the first law efficiency of 428 

the cycle is calculated as 3.81%. In the condenser, 3406.48 W of heat, which represent 95.5% 429 

of the total heat input of the cycle is rejected from the system. Then, 23.2% of this rejected 430 

heat is recovered in the domestic hot water tank for secondary uses.  431 

5.2. Exergy analysis results 432 

The exergy destruction rate and the exergetic efficiency values are represented in Table 7 and 433 

relative irreversibility of each component is represented in Figure 4. It should be noted that 434 

heat recovery unit is neglected in the calculation of exergy analysis. Therefore, the causes of 435 

the exergy destruction in the solar ORC include flat-plate solar collector, expander, pump and 436 

condenser. 437 



Table 7 438 

Exergy performance data for the cycle 439 

Component  ̇      (W)   (%) 

Solar collector 431 43.57 

Expander 95 60.7 

Condenser 32.3 67.3 

Pump 3.8 64.73 

 440 

As it can be seen from Table 7 the highest exergy loss occurs in the collector (431 W) and 441 

this represents 76.68 % of the total exergy destruction rate in the system (Figure 4). This 442 

large amount of exergy destruction rate in the solar collector could be explained by the high 443 

difference in quality between solar radiation and the working fluid at collector operating 444 

temperature. The same trend can be found in Ref. [24, 26, 44] where the solar collector that 445 

represents the thermal source of the cycle is the main source of exergy destruction.The next 446 

largest exergy destruction rate appeared to be in the expander (95 W), representing 16.9% of 447 

total exergy destruction rate (Figure 4). Then the expander is followed by condenser and 448 

pump, accounting for 32.36 W and 3.8 W respectively. The second law efficiencies of each 449 

component and the system are calculated by using Eq. (17) - (23) and are represented in 450 

Table 7. As it can be seen from Table 7 that solar collector has the lowest second law 451 

efficiency (43.57%) due to its large exergy destruction. Another exergy efficiency value at 452 

the expander was calculated as 60.69%. This low exergetic efficiency value could be 453 

explained by the irreversibilities in the expander such as internal leakage and thermal loss 454 

[45]. This also leads a low expander isentropic efficiency which is found to be 58.66% for the 455 

present expander. Finally, according to the Eq. (23) the exergy efficiency of the whole system 456 

is calculated as 17.8%. The overall exergy efficiency of the system can be improved by 457 

reducing the exergy destruction rate of the flat-plate collector and the expander as these 458 



components are the main source of the irreversibilities of the system. This will also diminish 459 

the overall exergy destruction rate of the system and will lead to an increase in the exergy 460 

efficiency of these components, as well as the whole system.  461 

 462 

Figure 4. Relative irreversibilities of each component 463 

5.3. Parametric analysis 464 

As a part of the analysis the effects of expander inlet pressure and the degree of superheat on 465 

the first and second law efficiency of the solar ORC are investigated. Figure 5 and Figure 6 466 

demonstrate the effect of expander inlet pressure and superheat at the expander inlet on 467 

working fluid mass flow rate and the net work output of the solar ORC respectively. 468 

 469 

Figure 5. Mass flow rate and net work output of the cycle versus expander inlet pressure 470 



 471 

 472 

Figure 6.Mass flow rate and net work output of the cycle versus degree of superheat 473 

Since the incoming solar radiation and the collector efficiency were kept constant, increase in 474 

expander inlet pressure and degree of superheat reduce the working fluid mass flow rate. At 475 

the same time, increase in the both pressure and temperature leads an improvement in the 476 

enthalpy gradient at the expander which results in higher amount of net work output of the 477 

system. Figure 7 shows the variation of the first and second law efficiency of the solar ORC 478 

with increasing expander inlet pressure. 479 

 480 



Figure 7. Variation of the energy and exergy efficiencies of the solar ORC for various expander inlet pressure 481 

As it can be seen from the Figure 7 that for the constant condenser pressure of 0.66 bar, when 482 

the expander inlet pressure increases from 2 bar to 5 bar, the first and second law efficiency 483 

of the system increase from 9.96% to 21.63% and from 36.95% to 54.07% respectively. As 484 

expected this trend shows that higher pressure ratio of the cycle leads to an increase in the 485 

efficiency of the system [34].  486 

Similar trend is observed with the increasing expander inlet temperature. At the constant 487 

expander inlet pressure (1.32 bar) when the degree of superheating is increased to 35 K the 488 

thermal efficiency of the system rises and finally reaches 19.29% while the exergy efficiency 489 

reaches 56.9% (Figure 8). 490 

 491 

Figure 8.Variation of the energy and exergy efficiencies of the solar ORC for various degree of superheat 492 

Improvements in the first and second law efficiency of the system with increasing both 493 

expander pressure and the degree of superheat could be explained by the improvement in the 494 

amount of net work output which is superior to the decrease in the flow rate of the system. 495 

However, during the parametric analysis some limitations of the cycle such as the pressure 496 

ratio of the cycle and heat losses from the collector to the ambient were neglected. For 497 

instance, in real conditions due to leakage and structural problem there should be a 498 



reasonable pressure ratio value which was stated as about 3.5 by Tchanche et al. [46]. 499 

Furthermore, it is expected that as the degree of superheating and pressure at the expander 500 

inlet increases, in other words the collector temperature increases, the higher amount of 501 

thermal losses takes place from the collector to the ambient and this would cause a decrease 502 

in the collector efficiency [27]. Therefore, it is important to conduct an optimization study 503 

considering all the limitations mentioned above in order to define optimum operating 504 

conditions of the cycle.    505 

6. Conclusions 506 

In this study, a small scale solar thermal cycle which employs HFE 7000 as a working fluid is 507 

designed, commissioned and tested experimentally. The proposed cycle is comprised of solar 508 

ORC and heat recovery units. The solar ORC uses a solar flat-plate collector as an evaporator 509 

in order to supply sufficient heat to the fluid and it acts as a direct vapour generator in the 510 

cycle. This high pressure vapour in the collector expands and generates mechanical work 511 

through the rotary vane expander. Some portion of the heat is rejected from the solar ORC in 512 

the condenser. In order to utilise this waste heat, the condenser is connected to the heat 513 

recovery unit where the domestic hot water tank is placed.    514 

Experimental results have been discussed through the first and second law analysis of 515 

thermodynamics using mass, energy and exergy balance equations in this paper. The 516 

experimental results reveal that the flat plate collector can provide sufficient heat to increase 517 

the working fluid temperature up to 45.41ºC and turn it into superheated vapour at the 518 

expander inlet with an average solar radiation of 890 W/m
2
. In the energy analysis, average 519 

heat collection efficiency of the collector is estimated as 57.53%. The rotary vane expander 520 

which is used in the experiments generates average mechanical work of 146.74 W, with an 521 

isentropic efficiency of 58.66%. In the condenser 3.406 kW heat is rejected from the system 522 

and 23.2% of this condensation heat is re-used in the heat recovery unit. It is recovered to 523 



increase the temperature of 118 L water in the tank from 16.65 ºC to 22.41 ºC in60 min. 524 

Exergy analysis results show that the maximum exergy destruction rate occurs in the flat 525 

plate collector with 431 W which also accounts for around 76.68% of the total exergy 526 

destruction rate of the solar ORC.The expander is the second highest source of the exergy 527 

destruction rate with a value of 95 W and this value represents 16.9 % of the total exergy 528 

destruction rate. It is followed by the condenser (32.3 W) and the pump (3.8 W) respectively. 529 

These results highlight that more attention should be given to the flat plate collector which is 530 

the heat source of the solar ORC in order to enhance the system efficiency.The components 531 

of the cycle: flat-plate collector, expander, condenser and pump exergy efficiencies are 532 

estimated at 43.57%, 60.7%, 67.3% and 64.73% respectively.The overall energy and exergy 533 

efficiency of the solar ORC is calculated as 3.81% and 17.8% respectively. The parametric 534 

analysis study also demonstrates that an increase in expander inlet pressure and the degree of 535 

superheat have a positive impact on the first and second law efficiency of the solar ORC. 536 

Finally, these results show that small scale solar thermal systems,which utilises a flat plate 537 

collector can be used to generate not only mechanical work but also heat energy at the same 538 

time. Furthermore, environmentally friendly working fluid HFE 7000 offers a feasible 539 

alternative to be utilised in small scale solar thermal systems. 540 
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Figure 1 Schematic layout of the solar thermal system. 697 

Figure 2 T-s diagram of the experimental results 698 

Figure 3 Water temperatures at condenser inlet, outlet and hot water tank 699 
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