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a b s t r a c t 

Refrigeration and air conditioning systems consume about 17% of the world-wide electricity and their 

conventional refrigerants cause ozone depletion and global warming. In this study a novel thermo- 

mechanical refrigeration (TMR) system is developed and analyzed that is powered, instead of electricity, 

by thermal energy from waste heat or renewable sources in the ultra-low temperature range of 60–

100 °C. A novel isobaric expander-compressor unit (ECU) is designed and combined with vapor com- 

pression refrigeration cycle to constitute the TMR system. The technological solutions (mainly towards 

simplification of the design) are crucial components of the study novelty. The suitable refrigerants for the 

system are systematically investigated, analyzed and selected from a list of 43 refrigerants. Nine fluids for 

the power loop (the isobaric expansion cycle) and nine fluids for the cooling loop (the thermal refrigera- 

tion cycle) were selected and compared based on their mode of operation (subcritical and supercritical), 

environmental effects and safety class. It is found that the HFO refrigerants such as R1234yf and R1234ze 

have acceptable performance with no ODP and very low GWP. Natural refrigerants R717 (ammonia) has 

the best performance in subcritical mode with toxicity as the main drawback. At heat source tempera- 

tures less than 85 °C, the system operation in subcritical mode is more efficient and more compact than 

in the supercritical mode. Thorough analysis and recommendations are made for the size of the ECU in 

terms of the diameters of the expander and the compressor. 

© 2020 Elsevier Ltd and IIR. All rights reserved. 

Conception et analyse d’un système frigorifique thermo-mécanique combiné avec 

un groupe détendeur-compresseur isobare alimenté par une chaleur de faible 

qualité

Mots-clés: Froid thermo-mécanique; Machine à détente isobare; Choix des frigorigénes; Chaleur perdue; Froid à compression de vapeur 
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. Introduction 

It has been about 200 years since the vapor compression re-

rigeration cycle (VCRC) was invented. At that time, natural re-

rigerants such as ammonia, propane, and ether were used. Due

o the flammability and toxicity of natural refrigerants, safe re-

rigerant families (chlorofluorocarbons (CFCs) and hydrochloroflu-
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rocarbons (HCFC)) were introduced to replace the natural re-

rigerants through 1930s–1970s. However, it was discovered that

hese refrigerants cause ozone layer depletion. Then, alternative re-

rigerants (hydrofluorocarbons (HFCs)) that have zero Ozone De-

letion Potential (ODP) with medium Global Worming Potential

GWP) were used. The continuous usage of the harmful refriger-

nts causes destructive environmental effects. This mandated re-

earchers to develop new generation of refrigerants, HydroFluro-

lefins (HFOs), which have zero ODP and very low GWP. In addi-

ion to that, the technological improvements and safety standards

ade it possible to use some natural refrigerants in refrigeration

https://doi.org/10.1016/j.ijrefrig.2020.08.017
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ijrefrig
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Nomenclature 

Symbol Description, Units 

A c cross-sectional area of the compressor piston, m 

2 

A ex cross-sectional area of the expander piston, m 

2 

D c diameter of the compressor piston, mm 

D ex diameter of the expander piston, mm 

h 1 , h 2 specific enthalpy at the state point shown in Fig. 1 , 

kJ/kg 

L the length of the power/backward stroke, mm 

˙ m cl mass flow rate of the working fluid in the cooling 

loop, kg/s 

˙ m pl mass flow rate of the working fluid in the power 

loop, kg/s 

N frequency of the expander-compressor unit (ECU), 

Hz 

P c 1 saturated pressure in condenser 1, kPa 

P c 2 saturated pressure in condenser 2, kPa 

P e saturated pressure in the evaporator, kPa 

P h pressure at the inlet of the heater, kPa 
˙ Q e cooling capacity of the cooling loop, kW 

s 1 , s 2, specific entropy at the states shown in Fig. 1 , kJ/kg- 

°C 

T c 1 condensing temperature of condenser 1, o C 

T c 2 condensing temperature of condenser 2, °C 

T e evaporator temperature, °C 

T h heat source temperature, °C 

v 3 specific volume of the working fluid at state 3 in 

Fig. 1 , m 

3 /kg 
˙ W c power consumed by the compression process, kW 

˙ W net net power produced by the expander-compressor 

unit, kW 

˙ W p power consumed by the pump, kW 

ηpl thermal efficiency of the power loop, % 

Abbreviations 

COP coefficient of performance 

CFC Chlorofluorocarbons 

ECU expander-compressor unit. 

GWP global worming potential. 

HCFC Hydrochlorofluorocarbons. 

HFC Hydrofluorocarbons. 

HFOs hydrofluro-olefins. 

ODP ozone depletion potential. 

ORC organic Rankine cycle. 

TMR thermo-mechanical refrigeration system. 

TDC thermal-driven compressor. 

VCRC vapor compression refrigeration cycle. 

applications ( Danfoss 2012 ). In addition to the negative effects

of the conventional refrigerants on the environment, refrigeration

and air-conditioning systems consume about 17% ( Naimaster and

Sleiti, 2013 ; Sleiti and Naimaster, 2016 ) of the world-wide elec-

tricity and in the gulf countries, this percentage reaches alarming

level of more than 67% ( Sleiti et al., 2020 ), ( Elbeih and Sleiti, 2020 ).

This also contributes to the global warming since most of the grid-

electricity is generated by conventional power plants that consume

fossil fuels ( Iir et al., 1963 ; Sleiti, 2017 ). 

In recent decades, many researchers studied various options to

create refrigeration systems that have no harmful effects on the

environment ( Sleiti et al., 2020 ). These systems could be classi-

fied into two major categories (based on the type of the energy

source): a) electricity driven systems such as conventional Vapor

Compression Cycle (VCC) driven by PV panels ( Lazzarin, 2014 ), or

thermoelectric cooling ( Söylemez et al., 2018 ), b) heat-driven sys-
ems driven by thermal energy sources (solar, geothermal, waste

eat). The latter category is classified into: a) sorption-process sys-

ems (such as absorption refrigeration systems ( Berdasco et al.,

019 ), adsorption refrigeration systems ( Habib et al., 2011 )) and

) thermal mechanical refrigeration systems (such as VCC sys-

ems driven by ORC ( Jeong and Kang, 2004 ) and ejector refriger-

tion systems ( Rostamnejad and Zare, 2019 ). Other systems that

ombine both thermal and electrical refrigeration, simultaneously

re suggested in Salhi et al. (2018 ) and Khaliq (2015 ). Each of

hese systems has its advantages and disadvantages based on the

pplication, heat source type, capacity of the system and other

actors. For instance, the VCC powered by PV cell is considered

s an attractive option in countries that have high solar radia-

ion intensity ( Sleiti et al., 2020 ). However, the cost of their bat-

eries still very high ( Zeyghami et al., 2015 ). The application of

RC is not economical at heat source temperatures lower than

00 °C ( Sleiti et al., 2020 ). Absorption system does not work effi-

iently at temperatures less than 90 °C. Due to the simplicity of

he ejector structure, numerous studies have been presented to im-

rove its COP and its operation stability at off-design conditions

 Shestopalov et al., 2015 ; Shestopalov et al., 2015 ). The improve-

ent approaches of the ejector and ORC where reviewed com-

rehensively by Sleiti et al. (2020 ). The improvement approaches

f the ejector systems include its improvement as component

by improving its geometry ( Van Nguyen et al., 2020 ; Yan et al.,

016 ; Wu et al., 2014 ; Foroozesh et al., 2020 )), operating mech-

nism ( Dennis and Garzoli, 2011 ; Zhu et al., 2014 ), working flu-

ds ( Roman and Hernandez, 2011 ; Nemati et al., 2017 ) and op-

rating conditions ( Chen et al., 2017 )), as a system (such as bi-

jector system ( Yu and Li, 2007 ) and free-pump ejector systems

 Srisastra et al., 2008 )), and as an integrated system (with power

ycles and/or with other cooling cycles ( Sanaye and Refahi, 2020 ;

ioud et al., 2019 ; Heidari et al., 2019 ). Similarly, the ORC improve-

ent approaches introduced by the development of the cycle it-

elf (by improving the expander efficiency ( Ziviani et al., 2018 ), and

orking fluids selection ( Frutiger et al., 2016 )) and by the integra-

ion with other power or cooling cycles ( Sleiti et al., 2020 ). 

A new approach for building refrigeration systems pow-

red by ultra-low heat temperature sources was presented by

leiti et al. (2018 ) based on the work developed by Encontech BV

lushenkov et al. (2018 ). They proposed the integration of the con-

entional VCC with isobaric compressor, namely Bush compres-

or and the whole system is referred to as Thermo-Mechanical

efrigeration (TMR) system. The compressor works by means of

n isobaric expansion engine (engines that produced work by ex-

ansion process at constant pressure). The concept of using iso-

aric expansion to convert thermal energy to mechanical energy is

ot new. However, the related problems to its application in ac-

ual systems still in the research phase. In 1841, another technol-

gy; direct-acting steam pump was invented by Henry Worthing-

on ( ASME, 2016 ), see Glushenkov et al. (2018 ) for more details on

otential applications. It consists of steam and pumping cylinders

ith rigidly-connected steam and pumping pistons inside them.

ach cylinder has two control valves. As the inlet valve of the

team cylinder is opened, the steam piston moves and compresses

he liquid in the pumping cylinder. That is, the isobaric expansion

f the steam performs the compression of the liquid pump. At the

nd of the expansion stroke, the inlet steam valve closes, and the

utlet valve opens. By the pressure of the liquid entering the liquid

ylinder, the steam piston moves back, and the reciprocating mo-

ion then repeats. This pump is still being used in applications such

s boiler feed pumps, ship emergency pumps without any signifi-

ant changes in the original design. The operation principle of this

ump could be used to generate mechanical energy from thermal

nergy (like the Worthington pump-based power plant producing

haft power proposed by Glushenkov et al. (2018 ). The principle of
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Fig. 1. Schematic diagram of the TMR system. 
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he isobaric expansion was also implemented to build Bush com-

ressor. The main feature of this compressor is its ability to di-

ectly convert thermal energy to mechanical energy used to per-

orm a compression process. Also, in some advanced versions, it

ould be made as a self-oscillating piston to eliminate the seal-

ng and its related losses. However, the sensitivity to dead volumes

nd the low thermal expansion of gases are considered as the main

rawbacks of the Bush compressor. 

The selection of the working fluids for power and refrigera-

ion cycles play major role in their performance, size, and cost

 Duarte et al., 2019 ). Many researchers studied the performance

f various working fluids in thermal refrigeration systems. How-

ver, the recommended fluids differ according to the main objec-

ives of these studies. In the present study, we intend to select the

roper refrigerants that could be used in a thermo-mechanical re-

rigeration system powered by ultra-low heat temperature sources

n the range of (60–100 °C). This system uses the isobaric expan-

ion principle to drive the compressor of the conventional vapor-

ompression refrigeration cycle. The authors of the current pa-

er conducted a detailed review in Sleiti et al. (2020 ) of thermo-

echanical refrigeration systems including ejector, ORC, and iso-

aric expansion systems. Only one study was found in open liter-

ture by Aphornratana and Sriveerakul (2010 ) that has studied the

erformance of a thermal refrigeration system, however they stud-

ed only two working fluids (R22 and R134a) in subcritical mode.

urthermore, they performed calculations by applying isentropic

elations that are only valid for ideal gases. In contrast, in the cur-

ent work, all refrigerants in EES program library have been ana-

yzed and the selection of the fluids is performed in a systematic

ethod. In addition to that, the present work introduces a compar-

son between subcritical and supercritical operation modes of the

ower cycle, not studied before in open literature. 

The novelty aspects of the current study can be summarized as

ollows: (i) the TMR in the current study is designed to work on

ow heat temperature sources with no complex processes nor high

aintenance requirements, unlike existing ORC and its variations;

ii) the thermodynamic cycle of the heat driven compressor with

uitable working fluids as in the current study have never been

sed in heat engines; (iii) the technological solutions (mainly to-

ards simplification of the design) are crucial components of the

tudy novelty and (iv) a comparison is provided between subcriti-

al and supercritical operation modes of the power cycle, not stud-

ed before in open literature. 
The present study is subdivided into 5 sections. Section 2 de-

cribes the operating mechanism of the TMR system and its com-

onents in addition to the specifics of the expander-compressor

nit design. Section 3 presents the thermodynamic model of the

MR system. Section 4 discusses the working fluid selection pro-

ess, simulation of the subcritical mode of the system with design

nd environmental parameters, and comparison between subcriti-

al and supercritical operation modes of the system. 

. TMR system description 

Fig. 1 shows the proposed thermal mechanical refrigeration sys-

em (TMR). It consists of vapor compression refrigeration system

ith replacing the electrically powered compressor by a low-grade

hermal powered compressor (TPC). 

The compressor power is provided by an isobaric expander. The

xpander-compressor unit (ECU) consists of two cylinders with two

onnected pistons, details of which are provided in Section 2.1 be-

ow. The expander power is supplied by the expansion of high-

ressure vapor generated in the heater. The heater receives heat

rom low-grade waste heat. The working fluid is to be an organic

uid such that the generation of high-pressure vapor is achieved

ith low-grade heat sources (with temperatures less than 100 °C). 

The overall operation of the system could be explained as fol-

ows: in the power stroke, the saturated liquid of the working

uid at the condenser pressure (point 1) is pumped by the isen-

ropic pump to the heater pressure (point 2). The high-pressure

uid flows into the heater and evaporates to saturated vapor state

hen directed to the expander (point 3). The vapor that enters the

xpander through valve A undergoes an isobaric expansion pro-

ess by displacing the piston to the left direction. During the ex-

ansion, the refrigerant inside the compressor is compressed to

he high pressure, P h , which is the condenser pressure (condenser

) and discharged through valve B (point 7). The cooling refriger-

nt is condensed by condenser 2 (process 7–8) then throttled to

he evaporator (process 8–9) to produce the cooling effect. Then it

ows back into the compressor cylinder through valve C (point 9)

o perform the back stroke. At the same instant, valve D is opened

o discharge the working fluid of the expander to condenser 1.

alve D acts as a throttling valve so the pressure through the

ischarging process drops from the heater pressure to condenser

ressure (point 5). The backstroke of the expander cylinder can be

erformed by the evaporator pressure and pneumatic mechanism
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Fig. 2. Expander-compressor unit. (1) cooling jacket, (2) compressor cylinder, (3) pistons, (4) auxiliary cover, (5) rod, (6) expander cylinder, (7) expander piston, (8) valve 

cover, (9) valve stem, (10) pillar, (11) flange. 
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(not shown in Fig. 1 ). Alternatively, the valve mechanism could be

adjusted such that the high pressure of the power loop performs

both the power stroke and the backward stroke (double acting pis-

ton as those used in Westinghouse steam driven air compressor).

After condenser 1, the expander working fluid is condensed to the

saturated liquid state (point 1). Then the cycle is repeated. The

control process of valves A and D is usually performed by elec-

trical, hydraulic or pneumatic actuators to ensure precise opening

and closing of the valves during the expansion (power) and back

strokes. For instance, (based on the design, operating conditions

and safety requirements) one can use single/double pilot pneu-

matic valve to fill and empty the cylinder chamber with the aid of

mechanical spring or accumulator (see the operating mechanism

and the connection method by Airmax Pneumatics LTD (2020 ). 

2.1. Design of the isobaric expander-compressor unit (ECU) 

The detailed design of the ECU, which is schematically shown

in Fig. 1 , is provided in Fig. 2 . The ECU performs two strokes; the

stroke from right to left referred to as the compression stroke and

from left to right referred to as expansion stroke. In the compres-

sion stroke, the working fluid that is coming from the power loop

(at state 3 in Fig. 1 ) enters the right-hand chamber of the expander

cylinder (6) via valve stem (9). The valve stem is a self-contained

valve that opens to admit the working fluid to the first chamber

of the expander cylinder (6) and is then automatically closed and

kept sealed by the pressure in the chamber. Due to the rise of

the pressure in this chamber, the expander piston (3c) moves to

the left along with expander piston (7), expander piston (3b), rod

(5) and compressor piston (3a). The compressed working fluid in

cylinder 3, enters the cooling loop via the non-return valve (B)

shown in Fig. 1 to perform the cooling cycle (states 7-8-9-6 in

Fig. 1 ). 

In the back stroke, the working fluid enters cylinder (2) via the

non-return valve (C), shown in Fig. 1 , causing piston (3a), rod (5),

pistons (3b), (7) and (3c) to move from left to right. The working

fluid now exits the ECU via valve stem (9) and flows back to the

power loop shown in Fig. 1 to complete the power cycle (states

5-1-2-3 of the power loop). 

The novel ECU design presented in Fig. 2 and the TMR system

proposed in the current study are based on the use of innova-

tive prime mover (heat engine acting as compressor, Fig. 2 ) that

can be combined with vapor compression refrigeration. The prime

mover can be positioned in between ORC engines and Stirling-cycle

thermal machines. The thermodynamic cycle of the heat driven
ompressor with suitable working fluids as in the current study

ave never been used in heat engines. The technological solutions

mainly towards simplification of the design) are crucial compo-

ents of the study novelty. 

The Organic Rankine Cycle (ORC) is the only proven and in-

ustrially applied technology to convert low-temperature heat into

ower. It is considered to be the most efficient and economic tech-

ology in temperature ranges of 20 0–40 0 °C ( Bianchi and De Pas-

ale, 2011 ). An assessment of the potential of various heat recov-

ry technologies by Hammond and Norman (2014 ) showed that

he greatest potential for reusing the surplus heat available is, in

articular, in conversion to electricity, mostly using ORC technol-

gy. However the specific costs of 20 0 0–40 0 0 €/kW ( Heberle and

rüggemann, 2015 ) is rather high. At ultra-low heat source tem-

eratures, below 100 °C, the technology is not economic at all.

he Kalina cycle, a variation of the classical ORC utilizing water-

mmonia mixtures, is a promising alternative for very low temper-

ture sources. However, studies indicate that the promised bene-

ts of Kalina cycles appear over-estimated while this process is

uch more complex and maintenance demanding than classical

RC processes ( Chen et al., 2010 ). In contrast to ORC and its varia-

ion, the TMR in the current study is designed to work on low heat

emperature sources with no complex processes nor high mainte-

ance requirements. 

. Thermodynamic modeling 

Throughout the modeling of the TMR system, the following as-

umptions were made: 

1 The changes in kinetic and potential energies are neglected. 

2 The pressure drop through the connecting pipes is neglected

( Aphornratana and Sriveerakul, 2010 ). 

3 All pipes and Expander/compressor cylinders are well insulated.

4 The working fluid of the power loop leaves the heater as satu-

rated vapor. 

5 The compression process (6–7) is performed isentropically

( Aphornratana and Sriveerakul, 2010 ). 

Starting with pumping process from point 1 to point 2 (see

igs. 1 and 3 ), the consumed power by the pump is given as

 Cengel and Boles, 2015 ): 

˙ 
 p = 

˙ m pl ( h 2 − h 1 ) (1)

here ˙ m pl is the fluid mass flow rate of the power loop. The en-

halpy at point 1 ( h ) is obtained at the saturation temperature
1 
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Fig. 3. T-S diagram of the TMR system (for the same working fluid in both loops). 

T  

i

a  

fl  

B

Q

w  

P

 

p  

a  

2

W

W

w  

a

 

t

W

W

W

w  

e  

i  

P  

c

Q

Table 1 

Range of the input parameters. 

Parameter Range unit 

High cycle temperature of the power loop, T h 60–100 °C 
Low cycle temperature of the power loop, T c 1 30–50 °C 
High cycle temperature of the cooling loop, T c 2 30–50 °C 
Low cycle temperature of the cooling loop, T e -10–5 °C 

Cooling capacity of the evaporator, ˙ Q e 1 (design capacity) kW 

Length of the expansion stroke, L 5–15 cm 

Frequency of the cycle, N 0.5–5 Hz 
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 c 1 and quality of x 1 = 0. Assuming that the pump process (1–2) is

sentropic, the enthalpy at point 2 is obtained at heater pressure P h 
nd entropy s 2 = s 1 . The required power to evaporate the working

uid inside the heater from point 2 to 3 is given as ( Cengel and

oles, 2015 ): 

˙ 
 h = 

˙ m pl ( h 3 − h 2 ) (2) 

here the enthalpy at point 3 is obtained at the heater pressure

 h and quality of x 3 = 1 (saturated vapor). 

Referring to Figs. 1 and 3 , the produced power by the ex-

ander through the expansion process (point 3 to 4) is calculated

s ( Glushenkov et al., 2018 ; HYPERLINK \ l "bib47" Cengel and Boles,

015 ): 

˙ 
 ex = 

˙ m pl ( h 3 − h 4 ) (3) 

˙ 
 ex = NL A ex ( P h − P c1 ) (4) 

here N is the frequency of the cycle, L is the length of the stroke

nd A ex is the cross-sectional area of the expander piston. 

The power produced by the expander is directly consumed by

he compressor, that is: 

˙ 
 net = W ex − W p (5) 

˙ 
 net = 

˙ W c (6) 

Also, the compressor power ˙ W c is given as: 

˙ 
 c = 

˙ m cl ( h 7 − h 6 ) (7) 

here ˙ m cl is the fluid mass flow rate inside the cooling loop. The

nthalpy h 6 is obtained at the evaporator pressure P e and qual-

ty x 6 = 1 . The enthalpy h 7 is obtained at the condenser pressure

 c 2 and entropy of s 7 = s 6 (by the assumption # 6). The cooling

apacity of the evaporator is given as: 

˙ 
 e = 

˙ m cl ( h 6 − h 9 ) (8) 
Fig. 4. Flowchart of the c
here enthalpy h 9 is equal to h 8 , which is obtained at the con-

enser pressure P c 2 and quality of x 8 = 0 . 

The mass flow rate of the power loop is given as: 

˙ 
 pl = 

NL A ex 

v 3 
(9) 

here v 3 is the specific volume of expander working fluid at point

 (at the inlet of the expander). 

 ex = πD 

2 
ex / 4 (10) 

Also, the mass flow rate of the cooling loop is given as: 

˙ 
 pl = 

NL A c 

v 6 
(11) 

here Ac is the cross-sectional area of the compressor piston given

s: 

 c = πD 

2 
c / 4 (12) 

nd v 6 is the specific volume of the cooling fluid at point 6 (at the

nlet of the compressor). 

The efficiency of the power loop is given as: 

pl = 100 ×
˙ W net 

˙ Q h 

(13) 

The Coefficient of Performance ( COP) of the cooling loop is ex-

ressed as: 

OP = 

˙ Q e 

˙ W c 

(14) 

here ˙ W c = W ex − W p as defined by Eqs. (5) and (6) above. 

The flowchart of the calculation process is shown by Fig. 4 and

he input parameters are given in Table 1 . The simulation process

f the system with several working fluids was performed using En-

ineering Equation Solver (EES). The range of the operating con-

itions was selected based on the nominal climate conditions of

atar and the desired temperature range of the low-grade ther-

al sources. Also, the range of the cycle frequency is slower than

he commercial compressors to avoid technical problem such as

earing, noise, and overheating of the piston. Furthermore, low

requency implies that the lifetime of the ECU is longer than the

onventional compressors. 
alculation process. 
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Table 2 

Model verification. 

Fluid L mm D ex mm D c mm N Hz T h °C T c 1 , T c 1 °C T e °C Q e kW Q h kW Area ratio A comp / A ex 
Overall COP 

Ref. ( Aphornratana and Sriveerakul, 2010 ) R134a 150 29.13 50.50 1 80 35 5 0.75 3.0 3.00 0.274 

Present work R134a 150 29.39 49.40 1 80 35 5 0.75 2.8 2.82 0.270 

Diff.% – 0 0.89 2.28 0 0 0 0 0.00 6.1 6.00 1.5 

Fig. 5. Steps of working fluid selection of the power loop of the TMR system. 
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4. Results and discussion 

4.1. Model verification 

To verify the model of the TMR system, a comparison was made

between the results of this model and those obtained by the only

study found in literature with similar objective (but different de-

sign, assumptions and approach) by Aphornratana and Sriveerakul

(2010 ). See discussion in the introduction section above about the

work presented in Aphornratana and Sriveerakul (2010 ) and how

it is different from the current study. As shown in Table 2 , at the

same input conditions and same working fluid, R134a, the obtained

expander and compressor diameters of the present model are very

close to that used by the published model. It should be noted that

Aphornratana and Sriveerakul (2010 ) have defined the compres-

sor diameter as an input and the cooling capacity as an output.

In this paper, the inverse is done; we define the required cooling

capacity to obtain the required diameters that satisfy it. Also, they

obtained the thermodynamics properties from ASHRAE while the

present work uses EES library. 

4.2. Selection criteria of the working fluids 

There are several factors that affect the selection process of the

proper working fluids such as energy efficiency, system size, safety,

environmental effects, thermo-physical properties and the avail-

ability and cost of the fluids. There is no ideal criteria to select a

fluid that satisfies all the design requirements, so tradeoffs have to

be made. For instance, some fluids have attractive performance but

have negative effects on the environment or their cost is very high

relative to other fluids. Other fluids may have eco-friendly use, but

their performance is not efficient. In the present TMR system, to

select proper working fluids, specific criteria were applied to the

available refrigerants in EES program (43 fluids). These criteria are

discussed in this section. 

Fig. 5 shows the steps of working fluid selection of the power

loop of the TMR system. Through the selection process, the input
ata were set as: Q e = 1 kW , L = 50 mm , N = 5 Hz , T c1 = T c2 =
0 ◦C , and T e = −5 ◦C . First, the selection process was applied to

3 working fluids available in EES. Then, the refrigerants that have

ariable saturation pressure (mixtures) were eliminated. The range

f interest of the heat source temperature is from 60 to 100 °C, so

efrigerants with critical temperature lower than 70 °C were also

liminated (9 fluids). 

The remaining 28 fluids were simulated at heat source tem-

erature of 65 °C. To ensure suitable performance and small size

f the isobaric expander-compressor unit, the fluids that require

ompressor diameter higher than 75 mm or produced power with

fficiency of power loop less than 4% were eliminated (12 flu-

ds). The simulation process is repeated with larger range of heat

ource temperature (60–75 °C). In this case, the fluids that require

xpander diameter higher than 50 mm were eliminated (7 flu-

ds). Now, the 9 remaining fluids were compared to each other

ased on their environmental effects (GWP, ODP, and lifetime in

tmosphere), safety class, and their thermo-physical properties as

hown in Table 3 . The power loop efficiency associated with the

 selected fluids in Table 3 is shown in Fig. 6 for the same work-

ng fluid in booth loops over the heat source temperature range

f 60–100 °C. It can be noted that R717 (Ammonia) has the highest

ower loop efficiency (max. 7.5%), while R1234yf has the lowest ef-

ciency (min. 4%). The other 7 fluids have similar efficiencies with

ptimum obtained at 83–87 °C. 

Referring to Table 3 , R12 and R500 are CFC refrigerants, which

ave high global warming potential and ozone depletion poten-

ial. Furthermore, they are phased out refrigerants. So, R12 and

500 are eliminated from selected fluids list. Also, from the safety

oint of view, R161 and R290 have safety class of A3. That means

hese refrigerants have high flammability. Taking into account that

FO refrigerants have low GWP relative to their HFC alternatives,

1234yf and R1234ze are selected as proper working fluids for the

ower loop of the presented TMR system. R717 (ammonia) has no

WP or ODP with lowest atmospheric life and highest efficiency.

he main drawback of R717 is its toxicity nature. However, it is

idely used in commercial refrigeration applications due to its low
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Table 3 

Comparison of the 9 selected fluids for the power loop. Properties were obtained at optimum performance temperature of 83 °C. 

Fluid Critical temp. 

T cr 
◦C 

Critical 

pressure P cr kPa 

Enthalpy 

h kJ/kg 

Specific volume 

v kg 
m 3 

× 10 −3 

GWP ODP Atm life (yrs.) Safety class Toxicity class Category 

R717 132.3 11,333 1471.0 27.40 0 0 0.010 B2L B Natural 

R161 102.1 5010 600.5 9.03 12 0 0.210 A3 HFC 

R290 96.7 4247 627.8 10.79 20 0 0.041 A3 A HC 

R152a 113.3 4520 543.1 11.25 138 0 1.400 A2 A 

R1234yf 94.7 3382 398.1 4.99 4 0 0.029 A2L A HFO 

R143m 104.8 3635 437.6 7.34 0 HFC 

R500 105.5 4455 249.3 6.11 8077 0.66 0.731 A1 CFC 

R12 112.4 4114 213.0 6.33 10,890 1 100.00 A1 CFC 

R1234ze 109.4 3632 427.9 7.41 6 0 A2L A HFO 

Fig. 6. Power loop efficiency of the 9 selected fluids within the design heat source temperature range. 

Fig. 7. Steps of working fluid selection of the cooling loop of the TMR system. 
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ost and good performance. So, it is selected as a suitable working

uid for the TMR system. 

Similar to the process of the working fluid selection of the

ower loop, Fig. 7 shows the selection steps of the working fluid

f the cooling loop. However, in this process, all the fluids with

ritical temperature less than 50 °C were eliminated. This is done

ecause the condensing temperatures are usually between 30 and

5 °C in regions of interest such as in Qatar. It was found that

here are 9 selected fluids (shown in Fig. 8 ) that showed attractive

erformance in the cooling loop. As for the power loop, R12 and

502 are phased out refrigerants, so they are eliminated from fur-

her analysis. As shown in Table 4 , R32 has a medium GWP while

13B1 and R143a have high GWP. So, for safety and environmental

urposes, R13B1, R143a, R161, and R290 were considered as alter-

ative working fluids for the cooling loop. R717, R1234yf, and R32
re the best selected fluids of the cooling loop for their high Q e 

nd thus COP (see Fig. 8 ) and acceptable environmental properties.

.3. Performance in the subcritical mode 

In the present research work, subcritical mode refers to the

tate of the working fluid at the inlet of the expander that is not

upercritical or superheated. It is a saturated vapor corresponding

o the saturation temperature of the heat source. The efficiency of

he power loop, COP of the cooling loop and the diameters of the

xpander and the compressor are considered as performance indi-

ators (PIs). The performance of the system varies with the varia-

ion of the operating conditions such as the heat source temper-

ture, condenser temperature and evaporator temperature. In this

ection, R717 is used as the working fluid of the power loop and

32 is the working fluid of the cooling loop as these two fluids

ogether provide better performance in subcritical mode. 

Fig. 9 (a) shows the variation of the power loop efficiency with

he heat source temperature. It can be noted that higher source

emperature increases the efficiency up to an optimum point. At

0 °C, the power efficiency is 4.5%, which is 75% of Carnot ef-

ciency. At 100 °C, the power efficiency is 7.2%, which is 44.8%

f Carnot efficiency. Further increase of the heat source tempera-

ure reduces the efficiency. Also, higher source temperature pro-

ides higher pressure at the inlet of the expander, which mini-

izes the required diameters of the expander and compressor pis-

ons as shown in Fig. 9 (a) and (c). In addition to that, the increase

f the cooling capacity increases the required diameters of the

xpander and compressor pistons with no effect on the efficiency

f the power loop. At cooling capacity of 1 kW and heat source
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Fig. 8. Cooling capacity of the 9 selected fluids of the cooling loop within the design range of the evaporator temperature. 

Table 4 

Selected fluids of the cooling loop. Properties were obtained at – 5 °C. 

Fluid Critical 

temp. T cr 
◦C 

Critical 

pressure P cr kPa 

Enthalpy 

h kJ/kg 

Specific volume 

v kg 
m 3 

×10 −3 

GWP ODP Atm life (yrs.) Safety class Toxicity class Category 

R32 78.1 5784 514.3 53.3 675 0 A2L 

R13B1 67.0 3971 122.6 17.4 7140 16 65 A1 

R143a 72.7 3761 385.2 42.9 4470 0 52 A2 

R717 132.3 11,333 1457.0 346.5 0 0 0.01 B2L B Natural 

R161 102.1 5010 575.3 114.8 12 0.21 A3 HFC 

R290 96.7 4247 569.1 112.1 20 0.041 A3 A HC 

R1234yf 94.7 3382 360.0 66.8 4 0 0.029 A2L A HFO 

Table 5 

Comparison of the thermo-mechanical refrigeration system (TMR) with other cooling technologies ( Sleiti et al., 2020 ). 

Technology Heat source temperature, °C COP Main Advantages Main Limitations 

Electricity driven cooling (PV, TEC) – 3–3.45 Flexible and reliable High cost 

Absorption 85–220 0.7–1.25 High cooling capacities Limited operating temperature 

Adsorption 60–165 0.3–0.7 Less corrosion at high temperatures Expensive and bulky systems 

Desiccant 60–95 0.3–0.51 Low operating temperatures Complex control, crystallization risk 

ORC 100–300 0.1–0.75 A mature technology Not economical at temperatures lower than 100 °C 
Ejector 60–160 0.1–0.62 Simple, high capacity Not flexible 

TMR 60–100 1.2–2.6 Simple, flexible Low cooling capacities, 
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temperature of 60 °C, the required expander and compressors di-

ameters are 72.6 and 75.4 mm, respectively. At heat source temper-

ature of 100 °C, the required diameters are 34.5 and 74.4 mm, re-

spectively. This means that the increase of the heat source temper-

ature from 60 to 100 °C, reduces the expander diameter by 52.5%

with the same compressor diameter. The compressor diameter is

mainly affected by the parameters of the cooling loop such as cool-

ing capacity, evaporator temperature and condenser temperature.

For instance, at cooling capacity of 1 kW, the compressor diame-

ter is 75.4 mm, while at 5 kW it is 168.6 mm. Also, higher cooling

capacity requires higher expander diameter (as shown in Fig. 9 (a)).

The required expander diameter at 5 kW cooling capacity is at least

two times higher than at 1 kW cooling capacity. 

As shown in Fig. 9 (b) and (c), the condenser temperature has

considerable effect on the performance of the power and cool-

ing loops. The range of the condensing temperature is selected to

be 30–50 °C to ensure the occurrence of the condensation process

for both average and high temperature regions. Higher condenser

temperature requires higher pressure in the condenser, which in-

creases the load of the compressor. Fig. 9 (c) reveals that the in-

crease of the condensation temperature from 30 to 50 °C increases
he required diameter of the expander piston by more than 60%

ith less than 1% increase in the compressor piston diameter. This

s explained by that the compressor diameter is a function of the

ooling capacity, while the expander diameter is a function of the

ork rate of the compressor. Also, it can be noted that the power

oop efficiency is not affected by the increase of the cooling ca-

acity. At condensing temperature of 50 °C and cooling capacity of

 kW, the power efficiency is 6% with expander and compressor di-

meters of 92.50 and 75 mm, respectively. At the same temperature

ith cooling capacity of 5 kW, the power efficiency is 6% with ex-

ander and compressor diameters of 210 and 180 mm, respectively.

The evaporator temperature also has considerable effect on the

ize of the expander and compressor diameters, Fig. 9 (d). At the

ame cooling capacity, lower evaporator temperature, minimizes

he pressure at the inlet of the compressor. This in turn requires

igher compressor power with larger diameters. However, the in-

rease of the expander and compressor diameters is not signifi-

ant compared to the increase of the condenser temperature. For

nstance, at cooling capacity of 1 kW and evaporator tempera-

ure of −5 °C, the expander and compressor diameters are 68 and

2 mm, respectively. At the same capacity with evaporator temper-
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Fig. 9. Performance of the subcritical mode. a) heat source temperature with power 

loop efficiency, b) condenser temperature with power loop efficiency and COP of the 

cooling loop, c) condenser temperature with expander and compressor diameters, 

and d) evaporator temperature with expander and compressor diameters. 

a  

a
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Fig. 10. Performance of the supercritical mode. (a) heat source temperature with 

power loop efficiency of subcritical and supercritical modes, and (b) heat source 

temperature with the expander diameter of the subcritical and supercritical modes. 
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ture of −10 °C, the compressor and expander diameters are 80

nd 84 mm. 

The COP results of the TMR system of the present study are

ompared to the results of typical refrigeration systems reviewed

y Sleiti et al. (2020 ) as shown in Table 5 . The TMR system has
etter COP (1.2–2.6) than other thermal driven systems with sim-

le and flexible design. The low cooling capacity limitation of the

MR system can be mitigated by installing several systems in par-

llel to boost the cooling capacity. 

.4. Performance in the supercritical mode 

Supercritical mode refers to the state of the working fluid that

s supercritical at the entrance of the expander. In this mode, it is

ound that R32 has the best performance over the other refriger-

nts in EES. Compared to the best case of the subcritical mode,

here R717 in power loop with R32 in cooling loop performed

est, in the supercritical mode, however R32 in both loops showed

est performance. Elaboration on this is provided next. 

At high cycle temperature (T h ) of less than 85 °C, (see

ig. 10 (a)), the power efficiency in the subcritical mode is two to

hree times higher than that in the supercritical mode. This is ex-

lained by that R717 consumes less pumping power in subcritical

ode than R32 in supercritical mode. 

Also, the required heat to be supplied by the heater, reduces

ith the increase of the heat source temperature in subcritical

ode, while it increases in supercritical mode. The required ex-

ander and compressor diameters in supercritical case are larger

han that of the subcritical mode case. This is because R32 has

igher pressure in both loops, which requires more work rate and

o larger piston diameter. Also, at higher source temperature, the

equired diameter becomes closer in both modes (see Fig. 10 (b)). In

ddition to that, at heat source temperature larger than 95 °C, the

upercritical mode is more efficient and closer in size to the sub-

ritical mode. This is due to the increase of the pumping power

ith temperature increase in subcritical mode, while pumping
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power in supercritical mode is not a function of the heat source

temperature. 

5. Conclusions 

In this research study, a novel thermo-mechanical refrigeration

(TMR) system is developed and suitable refrigerants as working

fluids for the system are selected and recommended. The TMR sys-

tem consists of an isobaric-exposition engine powered by ultra-low

heat source temperature and used to directly drive a vapor com-

pression refrigeration cycle. The selection of the working fluids is

performed systematically according to strict criteria and a number

of design factors including the performance, size, environmental

effects, saf ety and cost. A thorough analysis and comparison be-

tween the subcritical and supercritical modes of the power loop

of the system has been performed as well. Based on the proposed

criteria of the working fluid selection and the simulation results, it

was found that: 

• Refrigerants, R717, R1234yf, and R1234ze are selected as suit-

able working fluids. R717 has better performance and lower

cost with toxicity as main drawback. R1234yf and R1234ze have

zero ODP with very low GWP and comparable performance and

size with other refrigerants. 

• For the cooling loop, R32, R717, and R1234yf are considered as

proper fluids based on the applied criteria. R32 shows better

performance. 

• The size of the system is affected by the environmental and

design conditions. At the same environmental conditions, the

size of the pistons does not affect the power efficiency and the

COP of the system. In other words, if the mass flow rate was

changed by changing the ECU diameters, the performance indi-

cators of the system remain the same. 

• The subcritical mode of the system is more efficient and more

compact than the supercritical mode at heat source tempera-

ture less than 90 °C. At temperatures higher than 95 °C, the

supercritical mode is more efficient than the subcritical mode. 
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