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ABSTRACT 

In this work, a theoretical analysis and a multi-objective optimization of three-heat-

reservoir absorption heat pump (THR AHP) and four-temperature-level absorption heat pump 

(FTL AHP) were carried out under real operating conditions. It highlights the different 

thermodynamic cycles including the inversed Carnot, Brayton, Stirling and Ericsson cycles. In 

fact, the non-insignificant increase in absorption systems such as refrigeration, air conditioning 

and heat pump which is the subject of our attention is presented as ecological, economical and 

environment-friendly systems. In addition, multi-objective optimization, particularly for AHP, is 

established by first considering the thermo-ecological criterion for THR AHP, then the exergetic 

criterion for FTL AHP. Futhermore, the simultaneous analysis of ecological, exergetic and 

economic criteria is considered. Indeed, the different criteria are highlighted analytically using 

finite time thermodynamics (FTT). This made it possible to determine the optimal operating points 

of the system by minimizing exergy destruction rate, entropy generation rate, the environmental 

impact and the costs of capital and energy consumed. Also, the parameters taken into account 

influencing the performance of the absorption heat pump are the finite heat resistances, the heat 

leakages, the thermo-economic parameter, the ratio of heat rejected between the absorber and the 

condenser for FTL and the two internal irreversibility factors in particular that between the 

evaporator-condenser assembly for THR. However, the flowchart optimization methodology made 

it possible to deduce that the system has a significant advantage at the maxima of the thermo-

economic and exergetic criteria in terms of coefficient of performance. Nevertheless, THR AHP 

presents a significant advantage at the maximum of the exergetic criterion in terms of exergy 

destruction rate and at the maximum of the ecological criterion in terms of specific heating load 

and exergy output rate. These results could make it possible to improve the design and sizing of 

AHP, especially on the nature of the materials used and the difference in the temperature-level of 

the working fluid circulating in the absorber and the condenser. 

 

 

Keywords: multi-objective optimization, flowchart optimization, ecological coefficient of 

performance, absorption heat pump, exergy-based ecological function, exergetic performance 

criterion, thermo-economic criterion. 
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RESUME 

Dans l’organisation de ce travail, il a été effectué une analyse théorique et une optimisation 

multiobjective des pompes à chaleur à absorption avec trois et à quatre réservoirs thermiques dans 

les conditions réelles de fonctionnement. Il est mis en relief les différents cycles 

thermodynamiques notamment les cycles inversés de Carnot, Brayton, Stirling et Ericsson. En 

effet l’accroissement non négligeable des systèmes à absorption, réfrigération, air conditionnée et 

pompe à chaleur qui fait l’objet de notre attention est présenté comme systèmes écologiques, 

économes et soucieux de l’environnement. Par ailleurs, l’optimisation multiobjective 

particulièrement des AHP est établie en considérant tout d’abords le critère thermo-écologique 

pour les pompes à chaleur à absorption avec trois réservoirs thermiques (THR AHP), ensuite le 

critère exergétique pour les pompes à chaleur à absorption avec quatre réservoirs thermiques (FTL 

AHP). Plus encore l’analyse simultanée des critères écologique, exergétique et économique est 

considérée. En effet, ces différents critères sont mis en évidence analytiquement en utilisant la 

thermodynamique des temps finis (FTT). Ceci a permis de déterminer les points de fonctionnement 

optimaux du système en minimisant le taux d’exergie destruite, le taux d’entropie généré, l'impact 

environnemental et les coûts du capital et de l'énergie consommée. De plus, les paramètres pris en 

compte influençant les performances de la pompe à chaleur à absorption sont les résistances 

thermiques finies, les fuites de chaleur, le paramètre thermo-économique, le rapport de chaleur 

rejetée entre l’absorbeur et le condenseur pour FTL et les deux facteurs d'irréversibilité internes 

notamment celui entre l'ensemble évaporateur-condenseur pour THR. Cependant, la méthodologie 

d'optimisation flowchart a permis de déduire que le système présente un avantage significatif au 

maximum des critères thermo-économique et exergétique en termes de coefficient de performance. 

Néanmoins, la THR AHP présente un avantage significatif au maximum du critère exergétique en 

termes de taux d’exergie détruite et au maximum du critère écologique en termes de puissance 

spécifique de chauffage et du taux d’exergie à la sortie. Ces résultats pourront permettre 

d’améliorer la conception et le dimensionnement des AHP notamment sur la nature des matériaux 

utilisés et la différence du niveau de température du fluide circulant dans l’absorbeur et le 

condenseur. 

 

 

Mots clés : optimisation multi-objective, optimisation flowchart, pompe à chaleur à absorption, 

coefficient de performance écologique, fonction écologique, critère exergétique de performance, 

critère thermo-économique
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Increasing global warming over the last decade has led to the use of heating, cooling and 

air conditioning systems in industries, transportation and building, which are more concerned with 

the environment. What led researchers and engineers to develop systems for producing cold and 

heating (Sieniutycz and Salamon, 1990; Bejan, 1996; Chen et al., 1999; Chen and Sun, 2004; Feidt, 

2010, 2013; Andresen, 2011; Qin et al., 2013; Ngouateu Wouagfack and Tchinda, 2013; Rivera et 

al., 2015; Ge et al., 2016; Su et al., 2017; Chaves Fortes et al., 2018; Wang et al., 2019) which 

include Carnot, vapour compression refrigeration, cascade and multistage refrigeration, gas 

refrigeration (Brayton, Ericsson and Stirling), adsorption, desiccation and absorption cycles. 

However, given that the most used cycles are vapour compression cycles because they are more 

efficient, have drawbacks such as the high consumption of electricity and their refrigerants are 

pollutants which participate in climate change. As a result, the refrigeration industry has developed 

other systems to address these problems. One of these systems is the absorption machine 

environmental friendly while using renewable energy sources (solar, geothermal and biomass, 

etc.). In addition to using small amounts of energy, absorption cycles can operate from energy 

sources from industrial heat losses. Absorption machines use thermal energy (absorber-desorber 

or generator) and no mechanical or electrical energy in the driving part of the cycle. The fluids 

used in an absorption cycle are composed of a refrigerant and of an absorbent. Thus, the system 

requires a rectification column and/or a pre-condenser (rectifier) to purify the vapour leaving the 

desorber as illustrated in Fig. 1 (Lostec et al., 2010). The high pressure refrigerant liquid (2) 

leaving the condenser is sub-cooled in the refrigerant heat exchanger (RHX). The liquid (11) is 

expanded (3) and then evaporated in the evaporator. The resulting vapour (4) is superheated in the 

RHX. It is then necessary to compress this vapour before reinjecting it into the condenser. For this 

purpose the superheated vapour (12) is absorbed in a weak refrigerant-absorbent mixture (5) in the 

absorber and then compressed by the pump from (6) to (7). The generator or desorber and 

rectification column separate the refrigerant from the absorbent to complete the cycle. States 23 

and 24 are the outlet and inlet to the rectification column while states 8 and 9 are the inlet and 

outlet to the desorber or generator. The solution heat exchanger (SHX) permits an internal recovery 

of thermal energy, thus lowering the evacuated energy at the absorber and the energy provided to 

the generator or desorber. External streams indicated by discontinuous lines in Fig. 1 act as heat 

sources or sinks in the condenser, evaporator, absorber, desorber or generator and pre-condenser. 
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Fig. 1. Schematic representation of the absorption system single effect (Lostec et al., 2010). 

Moreover, because absorption systems are more energy efficient, they are also 

environmentally conscious with less polluting and use more environmentally friendly working 

fluids (Ally and Sharma, 2018; Hu et al., 2018; Sarbu, 2014). Moreover, the optimization of AHP 

and other thermal systems becomes crucial for research because the demand is increasing, 

especially in the industry with the use of renewable energy sources as a source of power (Mastrullo 

and Renno, 2010; Li et al., 2013; Dixit et al., 2017; Leonzio, 2017; Yuksel and Ozturk, 2017; 

Wang et al., 2018). This being so, the combined optimization approach by the several decisive 

objective functions EPC, E, EPC and F using finite time thermodynamics (FTT) aims to 

significantly improve the design and operation of AHP. These criteria are each characterized by: 

(i) The thermo-ecological function (ECOP), which is the ratio between the specific heating load 

and the loss rate of available (product of the entropy generation rate and the temperature of the 

environment). 

(ii) The exergetic performance criterion (EPC), which is the exergy output rate per unit exergy 

destruction rate or loss rate of availability. 

(iii) The ecological function (E) which is the difference between exergy output rate and the loss 

rate of availability. 
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(iv) The thermo-economic function (F) which is the specific heating or cooling or mechanical load 

per unit sum of cost on the investment and the cost of the energy consumed.  

However, research has systematically evolved towards optimization using the FTT. 

Therefore, Chen (1999), Kato et al. (2005), Chen et al. (2005a), Qin et al. (2006, 2007, 2015), Xia 

et al. (2007), Bi et al. (2008), Huang et al. (2008) and Xiling et al. (2011) on AHP, Wei et al. 

(2011) on magnetic HP of Ericsson, Bhardwaj et al. (2003, 2005), Zheng et al. (2004), Chen et al. 

(2005b, 2006), Qin et al. (2010) and Kaushik et al. (2018) on AR, Qin et al. (2004a, 2004b, 2008) 

and Chen et al. (2007a) on AHT, have analyzed these endoreversible and irreversible systems 

using the coefficient of performance, the specific heating load and the specific cooling load as 

objective functions. Then, the performances are studied considering the environmental impact with 

the heat losses, the heat leakage and the heat resistances in the various components. These 

parameters are derived from the second law of thermodynamics and initiated by Ust et al. (2006a, 

2006b) on irreversible Brayton heat engines using the thermo-ecological criterion. They are 

followed by Ngouateu Wouagfack and Tchinda (2011a, 2011b, 2014), Medjo Nouadje et al. (2014, 

2016) and Ahmadi and Ahmadi (2016) with the irreversible ARs, then Ngouateu Wouagfack and 

Tchinda (2012a, 2012b) and Ahmadi et al. (2015) with irreversible AHP and Ahmadi et al. (2016) 

with an inverse Brayton cycle. At the same time, the ecological criterion (E) based on the same 

considerations is first used by Angulo-Brown (1991) and followed by Sun et al. (2005), Chen et 

al. (2007b, 2019), Qin et al. (2017) and Frikha and Abid (2016). Moreover, the exergetic approach 

in addition to the previous considerations takes into account the useful energy consumed by the 

thermodynamic cycle (Sahin et al., 1997; Talbi and Agnew, 2000; Kilic and Kaynakli, 2007; 

Kaushik and Arora, 2009; Lostec et al., 2010; Farshi et al., 2013) and the exergetic performance 

criterion (EPC) used by Ust et al. (2007) on a dual cycle cogeneration system and Ust et Karakurt 

(2014) on a cascade refrigeration system. However, the optimization of thermal systems by the 

thermo-economic approach makes use of the cost on the investment with the parameters such as 

the areas of heat exchange, the thermal capacities and the cost on the consumption with the load 

rate consumed. Kodal et al. (2000, 2002, 2003) used this approach on AHP and two-stage AHP, 

followed by Silveira and Tuna (2003, 2004) on combined heat and power systems. Then, Misra et 

al. (2003, 2005) on single-effect and double-effect H2O/LiBr, Qin et al. (2005) on endoreversible 

AR, Durmayaz et al. (2004) on thermal systems, Wu et al. (2005) on irreversible AHP, Qureshi 

and Syed (2015) on AHP and AR. Zare et al. (2012) and Ahmadi et al. (2014b) conducting a 

thermo-economic and exergy study on an ammonia-water power/cooling cogeneration cycle and 

on multi-generation systems respectively using the evolutionary genetic algorithm. Therefore, 

each approach has been examined using each time an optimization criterion. Nevertheless, it is 
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important to consider simultaneously the influences of two internal irreversibilities due to heat 

losses (Xiling et al., 2011 using COP and specific heating load as objective functions and Medjo 

Nouadje et al., 2014 using the thermo-ecological criterion as objective function on THR AR), of 

the overall external irreversibility due to heat leakages and heat resistances. This being the case, 

the consideration multi-objective brings the limitation and the advantages presented by the 

optimization of each objective function. 

In this thesis, we will from the FTT, determine the optimal operating points of a THR AHP 

and  of a FTL AHP corresponding to the maximum of each respective objective function thermo-

ecological, ecological, exergetic and thermo-economic and discuss, while using the Maple 

software and Flowchart optimization algorithm (Su et al., 2017; Chen et al., 2019). In order to 

carry out this study, this work is divided into three chapters.  

In the first chapter, we will expose the approaches already studied, the current trends and 

the applications of the future in the absorption process. However, the different methods analysis 

technical and optimization will be based essentially on finite time thermodynamics or even non- 

equilibrium thermodynamics. This review is grouped into several parts: a part about to the basic 

principles of FTT, including thermodynamic cycles; a part on optimization by objective functions 

such as the coefficient of performance, the heating load, the cooling load and the mechanical 

power; a part on ecological and thermo-economic analysis; a part on exergetic analysis and a part 

on applications. 

In the second chapter, we will use the FTT, the Maple software (Maple 13) and a flowchart 

algorithm, analytically establish the expressions of the objective functions, determine their 

maximum values and obtain the corresponding optimal performance parameters, respectively. 

In the third chapter it will be a question of understanding and determining the optimal 

operating ranges of a THR AHP and FTL AHP single effect system by considering real hypotheses. 

This being so, we will in the following plot the curves of the objective functions ECOP for the 

THR cycle and EPC for a FTL cycle with respect to the temperatures of the working fluid and the 

heat exchange surfaces areas in the various components, coefficient of performance specific 

heating load and entropy generation rate. Then we will make a comparative study of the ecological, 

exergy and economic criteria for the THR and FTL cycles compared to performance indices such 

as the Coefficient of performance, exergy output rate and exergy destruction rate. Finally we will 

discuss these results in order to find a suitable compromise.  
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1.1. Introduction 

In recent years, the heat transformation with absorption systems has attracted increasing 

attention, in particular with absorption heat pumps (AHP) although vapor-compression systems 

are still the most used. In this chapter, we will expose the approaches already studied, the current 

trends and the applications of the future in the absorption process. However, the different methods, 

technical analysis and optimization will be based essentially on finite time thermodynamics (FTT) 

or even non- equilibrium thermodynamics. This review is grouped into several parts: a part about 

to the basic principles of FTT, including thermodynamic cycles; a part on optimization by 

objective functions such as the coefficient of performance, the heating load, the cooling load and 

the mechanical power; a part on thermo-economic, ecological and exergetic analysis and 

optimization, and a part on applications. 

1.2. Finite time thermodynamics approach 

1.2.1. Development and concept of irreversible finite time thermodynamics 

A system is said to have a reversible process if at the conclusion of the process it leaves no 

change anywhere within the system or with the surrounding. A reversible process is hypothetical 

which can never be attained in practice but can be approximated as close as reversible process. 

Such processes are defined in the limit of infinitely slow execution. So the real thermodynamic 

process should proceed in finite time or limited time which causes a change between the system 

and its surrounding and is known as irreversible process. All real/actual processes are irreversible 

which means there is some entropy generation, which is a measure of irreversibility. Thus, 

irreversibility can be defined as lost opportunities to do work. It represents the entropy generation 

that could have been converted into work but was not. The smaller the irreversibility associated 

with the cycle, the greater the work that will be produced by the heat engine cycle (or smaller work 

will be consumed by the refrigeration cycle). To improve the performance of thermodynamic 

systems, one should reduce the primary source of irreversibility associated with each component 

of the systems. For a closed system, the irreversibility is the difference of the reversible and real 

work, i.e. 

rev realI W W                                                                                                                                      (1.1) 

For energy-producing devices, like heat engines, the actual output work  realW  will be less, while, 

for energy-consuming devices like RAC and HP systems, the actual input work  realW  will be 

more than the reversible input work, i.e. 

For heat engine cycles  rev realI W W                                                                                           (1.2) 
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For RAC and HP cycles real revI W W                                                                                            (1.3) 

The irreversible thermodynamics in general deals with irreversibility of any kind in the 

system. The finite time thermodynamics deals with external irreversibility due to source/sink 

reservoirs, while the internal irreversibility deals with thermodynamic processes (including 

friction, etc.) within the cycle. Irreversibility in any system cannot be removed completely; 

however, it can be minimized up to some extent. The irreversible thermodynamics has become an 

increasing powerful tool for energy conversion systems. Thus, the concept of finite time 

thermodynamics came into existence after the novel work of Curzon and Ahlborn (1975) which 

not only answer the above questions but also solved the problems of heat transfer and energy 

conversion systems.  

Heat is a kind of energy, which can be transferred from one body to another because of 

temperature difference between them, but finite temperature difference makes the process 

irreversible. Therefore, the heat transfer process approaches a reversible one as the temperature 

difference between two bodies reaches zero. However, transfer of finite amount of heat through 

infinitesimal temperature difference would take infinite time or infinite heat transfer area. As we 

know from the heat transfer theory, the amount of heat  Q  transfer between two bodies is 

proportional to the temperature difference, the contact area, and the time taken, i.e. 

  Q UA T t   ,   Q A T t                                                                                                                 (1.4) 

where U  is the overall heat transfer coefficient, A  is the heat transfer area, T  is the temperature 

difference between the bodies, and t  is the time taken in the process. 

For infinitesimal temperature difference i.e. 0T  . 

Then A  or t   or U  . 

But due to the finite conductivity of materials U will be finite, thus the only possibility is 

that either A  or t  , again: 

i) If A  means the heat exchanger area is infinite, the heat engine/heat transfer unit becomes 

economically unviable, since the heat exchanger units are quite expensive. 

(ii) If t   means it takes infinite time to produce the finite amount of work, the power (which 

is work per unit time, i.e. 0P W t   as t  ) will tend to zero. 

Thus, the very purpose of power generation is nullified, since no engineer wants to design 

such type of machine whose output power is zero. Also the prime object of the machine is to 

produce power, which means finite amount of work in finite time rather than finite work in infinite 

time. This means we need finite heat transfer in finite time, which produces irreversibility. In the 

real engineering world, every machine has some power, which means the production of finite 
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amount of work in finite time. This requires that there should be a finite temperature difference 

between the working fluid and the external reservoirs. Thus, irreversible heat transfer due to finite 

temperature difference is known as ‘finite time thermodynamics’ and/or ‘finite temperature 

difference thermodynamics’. Curzon and Ahlborn (1975) proposed that due to finite conductivity 

of materials, the heat transfer to and from the heat engine is flowing through a finite temperature 

difference. They applied the idea in Carnot heat engine whose efficiency was found lower than the 

well-known Carnot efficiency. 

 1Carnot L HT T    while 1C A L HT T       C A  < 1Carnot L HT T   .                            (1.5) 

where LT  and HT  are the temperatures of sink and source reservoirs, respectively. The main objectif 

of finite time thermodynamics is to understand irreversible finite time processes and to establish 

bonds on efficiency and maximum power for such processes. Further, it seeks to establish general 

operating principle for system, which serves as a model for real processes. The real processes can 

be associated with two kinds of irreversibilities, as below: External irreversibilities and internal 

irreversibilities.  

The external irreversibilities are due to finite temperature difference and the direct heat 

leakage from source to sink (heat engines) and/or from sink to source (RAC and HP systems) and 

can be found using finite time thermodynamics methodology. The internal irreversibilities are due 

to non-isentropic compression/ expansion, friction, and entropy generation in the machine and can 

be determined using exergy analysis and irreversible thermodynamics. Thus, the concept of exergy 

should be used to review the performance of energy conversion systems, because exergy is the 

maximum possible work that can be extracted from a given system in a given state by a process, 

which brings it into equilibrium with environment. Thus, exergetic analysis is the true mission to 

calculate the real performance of real energy conversion devices. 

1.2.2. Application of finite time thermodynamics 

There are three main power cycles being used in power generation sector, and different 

options are characterized by the type of the working fluid and/or the thermodynamic cycles 

followed by a particular heat engine. The power cycles mainly used in power generation sector 

are, namely, Rankine cycle, Brayton cycle and Stirling cycle. The Rankine cycle is most 

commonly used for power generation and basically a steam/vapour power cycle. This cycle 

comprises the constant pressure heat addition and rejection processes along with the isentropic 

expansion and pumping processes and utilizes the working fluids, which change the phase during 

the heat addition processes to provide essentially isothermal heat addition and rejection. The other 

power cycles, such as Brayton, Stirling, and Ericsson cycles, are gas power cycles and utilize the 
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gas or air as the working fluid and are preferred for higher temperature applications. On one hand, 

the Brayton cycle combines the adiabatic compression and expansion along with the isobaric heat 

addition and rejection processes, while on the other hand, the Stirling cycle combines the 

isothermal heat addition and rejection along with the isochoric compression and expansion 

processes. Whereas the Ericsson cycle combines the isobaric compression and expansion along 

with the isothermal heat addition and rejection processes, respectively. Finite time thermodynamic 

analysis of various cycles. Rankine, Brayton, Stirling, and Ericsson, vapour compression, vapour 

absorption, etc. have been carried in detail with different possible options from a simple to a more 

complex version for both power generation and refrigeration applications. All these three cycles 

offer higher performance, and hence, attention on these cycles is increasing nowadays.  

However, improving the performance of these cycles has led physicists and engineers to 

design more energy and exergy efficient systems and environmentally friendly (Sieniutycz and 

Salamon, 1990; Bejan, 1996; Chen et al., 1999a; Ziegler, 2002; Chen and Sun, 2004; Feidt, 2010, 

2013; Andresen, 2011; Qin et al., 2013; Ngouateu Wouagfack and Tchinda, 2013; Rivera et al., 

2015; Ge et al., 2016; Su et al., 2017; Chaves Fortes et al., 2018; Dai et al., 2019; Wang et al., 

2019).  

1.2.3. Boundary between classical thermodynamics and finite time thermodynamics 

From the above, in contrary to classical thermodynamics stated by Carnot-Clausius-Kelvin 

and Gibbs, the difference between classical thermodynamics and finite time thermodynamics is 

the approach to the concept of processes such as reversible, endoreversible, exoreversible, 

irreversible, equilibrium, quasi-static equilibrium and non-quasi-static equilibrium. This means 

that finite time thermodynamics (FTT), which can combine heat transfer and thermodynamics of 

non-equilibrium processes, is a very valuable tool for the analysis and optimization of 

thermodynamic systems. In other words, the concept of classical thermodynamics calls for 

thermodynamic equilibrium, i.e. the temperature of the working fluid is the same as that of the 

heat reservoirs and the heat exchangers during the process, which is not the case for finite time 

thermodynamics which deals with thermodynamic non-equilibrium systems. Furthermore, in 

classical thermodynamics the heat exchange between the system and the environment is done in 

an infinitely long time, on the other hand in FTT, the temperature difference between the system 

and the environment is finished and the heat exchanges are done to finite time cycles. 

However, experimental observations have shown that heat cannot be transferred from a 

low-temperature reservoir to a high-temperature reservoir without external energy input or work. 

Therefore, the device that extracts heat from low-temperature reservoir and rejects or transfers it 

to high-temperature reservoir is called a refrigerator or heat pump, and the cycle followed by the 
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device or system is called refrigeration cycle. These devices are cyclic devices, and the working 

fluid flowing through the device is called a refrigerant. Refrigerator and heat pump are essentially 

the same device and follow the same thermodynamic cycle, but they differ in their objective 

function. However, the production of heat is the objective of a heat pump, and extraction of heat 

from low-temperature medium is only a necessary part of this operation in such system. 

There are several types of refrigeration cycles; some of the main cycles are as below: 

• The reverse cycle of Carnot 

• Vapour compression refrigeration cycle 

• Cascade and multistage refrigeration cycle 

• Vapour absorption refrigeration cycle 

• Gas refrigeration cycles (Brayton, Stirling and Ericsson) 

1.2.4. Analysis of thermodynamic cycles 

1.2.4.1. Carnot cycle coupled heat pump 

In 1824, Carnot showed that no heat engine operating between two temperature levels can 

work better than the ideal Carnot engine (reversible). This Carnot heat engine follows the Carnot 

cycle which is completely a reversible cycle composed of two isothermal transformations and two 

reversible isentropic transformations. It has maximum thermal efficiency for given temperature 

limits, and it also serves as a standard against which the actual power cycle can be compared. 

However, the reversibility of this cycle gives the four thermodynamic processes to be reversed in 

a cycle called “Carnot reverse cycle” (Tyagi et al., 2004a). This is commonly called Carnot 

refrigeration or heat pump which is shown in Fig 1.1. and characteristic T-s of Fig. 1.2. The 

reversed Carnot cycle is executed within the saturation dome of a refrigerant as can be seen clearly 

from Fig. 1.2. The refrigerant absorbs heat LQ  during process 1–2 at constant temperature LT  from 

a low-temperature source and is compressed isentropically to state point 3, and as a result its 

temperature rises to HT . The refrigerant rejects heat HQ  at constant temperature HT  to a high-

temperature sink during process 3–4 and then converts into saturated liquid and expands 

isentropically to state point 1 and cools down to low temperature LT , thereby completing the cycle. 

The coefficient of performance of Carnot heat pump can be expressed in terms of temperature as 

below (Cengel and Boles, 2006): 

    1 1HP H in H H L L HCOP Q W T T T T T                                                                     (1.6) 

where inW  is the work input of the Carnot cycle 
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Fig. 1.1. Schematic diagram of the reversed Carnot cycle (Cengel and Boles, 2006). 

 

Fig. 1.2. T-s diagram of the reversed Carnot cycle (Cengel and Boles, 2006). 

In reversed Carnot cycle (ideal Carnot cycle), temperature difference between the 

refrigerant and surrounding is zero; hence, heat transfer is zero. So to get a non-zero heat transfer, 

either heat transfer time is infinitely long or heat exchanger area is infinitely large, but both 

conditions are impractical. It turns out that reversible processes are only defined within the limits 

of an infinitely slow execution. Reversible isentropic compression/expansion processes 2–3 and 

4–1 cannot be approximated closely in practice. Among others, major challenges for this cycle are: 

Process 2–3 requires compression of liquid–vapour mixture to be compressed which requires a 
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compressor that handles two phases. Process 4–1 involves the expansion of high moisture content 

refrigerant and requires a turbine that can expand the saturated liquid, and either of the two 

processes is difficult to obtain in the real practice. So there is a need to execute the cycle out of the 

saturation curve limit, but then the cycle cannot maintain the two isothermal processes 1–2 and 3-

4 (Cengel and Boles, 2006). Therefore, the reversed Carnot cycle is not a practical cycle, while it 

can serve as the standard against which a real refrigeration cycle may be compared. 

 However, vaporizing the refrigerant before it is being compressed in the compressor and 

replacing the turbine by a throttling device such as expansion valve and capillary tube. The 

modified cycle becomes a practical cycle called a reversible vapor compression refrigeration 

(VCR) cycle as shown in Fig. 1.3 (a), (b). The VCR cycle widely used for cooling and heating 

applications is composed of the following processes: 

Process 1–2: Isobaric heat extraction from the space to be cooled 

Process 2–3: Isentropic compression in a compressor 

Process 3–4: Isobaric heat rejection to the surroundings 

Process 4–1: Isenthalpic expansion in the expansion valve 

 

 

Fig. 1.3. (a) Schematic and (b) T-s diagrams of a basic VCR cycle (Cengel and Boles, 2006). 

 

The previous processes are described such as, the saturated vapour enters the compressor 

at state point 2 as shown in Fig. 1.3 and is compressed to state point 3 isentropically at compressor 

discharge pressure, and the temperature of the refrigerant also increased. The high-temperature 
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high-pressure (superheated) refrigerant vapour enters the condenser at state point 3. In the 

condenser, heat is rejected isobarically to the surrounding and cools down to saturated liquid to 

state point 4 where it expands to state point 1 while the enthalpy of the liquid remains constant 

(isenthalpic process). Again, the refrigerant enters the evaporator where it absorbs heat isobarically 

from the place to be cooled and converts into saturated vapour, thereby completing the cycle. All 

the four components associated with a VCR cycle are steady-state flow devices; hence, all the four 

components that make up the cycle can be analyzed as steady-state processes. The changes in the 

kinetic and potential energy are very small as compared to the heat transfer and work terms and 

hence neglected while evaluating a VCR cycle. Thus, for steady-state flow, energy equation can 

be written as (Cengel and Boles, 2006): 

 
. .

2 1EQ m h h  ,  
. .

3 4CQ m h h  ,  
. .

3 2inW m h h                                                                        (1.7) 

       
. . . .

3 4 3 2 3 4 3 2inHP CCOP Q W m h h m h h h h h h                                                            (1.8) 

where 
.

m  is the mass flow rate of the refrigerant, 1h  and 2h  are the specific enthalpy at state points 

1 and 2 which are located at low pressure line and 3h  and 4h  are the specific enthalpy values at 

state points 3 and 4, located at high pressure lines. 

1.2.4.2. Rankine cycle coupled heat pump 

The Rankine cycle is very often found in power plants where water/steam is used as the 

working fluid due to its easy availability, low cost and safety. However, the ideal Rankine cycle is 

a practical attempt to approach the Carnot cycle. The Rankine cycle heat pump system is 

considered as a heat engine driving a heat pump system. In this section, Rankine cycle HP systems 

will be analyzed and coupled with external heat reservoirs of finite heat capacity and having both 

external and internal irreversibilities (Kaushik et al., 1999, 2000; Bhardwaj et al., 2001, 2003a). 

The basic components of a Rankine heat engine are the pump, constant pressure steam generator, 

turbine, and constant pressure condenser. Fig. 1.4 shows a schematic diagram of a Rankine cycle 

heat pump system. The output work of heat engine is used as input work to the heat pump cycle. 

The equivalent cycle model of a Rankine cycle airconditioning/heat pump system is shown in Fig. 

1.5. Thermal reservoirs of finite heat capacity are coupled with the system, so temperatures of 

these will vary as shown in Fig. 1.5.  
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Fig. 1.4. Schematic diagram of Rankine heat engine heat pump system (Kaushik et al., 2018). 

 

Fig. 1.5. Equivalent cycle diagram of Rankine heat pump system (Kaushik et al., 2018). 
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1.2.4.2.1. Heat engine cycle analysis 

The heat input rate from heat source to the system and the heat rejection rate from system 

to the heat sink, respectively (Bhardwaj et al., 2003a, Chen et al., 2004) are given by: 

   
. .

1 2LMTDH
HH H PH H HH H

H

Q
Q U A m C T T

t
      

and    
. .

2 1LMTDL
LL L PL L LL L

L

Q
Q U A m C T T

t
                                                                          (1.9) 

where,  
   1 2

1

2

LMTD

ln

H h H h

H

H h

H h

T T T T

T T

T T

  


 
 

 

  and   
   1 2

1

2

LMTD

ln

l L l L

L

l L

l L

T T T T

T T

T T

  


 
 

 

                   (1.10) 

Using LMTD expression in Eq. (1.9), they were able to get:  

 1H H h HQ HE T T t    and  1 1L L LQ LE T T t                                   (1.11) 

where, H HHE C  is the conductance on hot side reservoir, L LLE C   is the conductance on 

cold side reservoir, H H PHC m C , L L PLC m C , 
.

1 exp H H
H

H PH

U A

m C


 
   
 
 

 and 

.
1 exp L L

L

L PL

U A

m C


 
   
 
 

.  

They were able to get the work output of the heat engine cycle (first law of thermodynamics) 

   1H h H l L LW HE T T t LE T T t                                              (1.12) 

and using the second law of thermodynamics and internal irreversibility parameter is introduced 

as: 

0H L

h l

Q Q
S I

t t
                                                                (1.13) 

1I   for endoreversible and I < 1 for internal irreversible system. For given input heat in the 

boiler, output work of heat engine can be maximized by defining the modified Lagrangian operator 

as given by: 

HL W Q S       (1.14) 

where   and   are Lagrangian multipliers. 
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The optimal values of hT  and lT  are obtained from the resolution of the differential equations 

0
h

L

T





 and 

1

0
L

T





. Now, using the optimal value of lT  into Eq. (1.11), (Chen et al., 2004) were 

able to get the thermal efficiency at maximum work output of heat engine: 

 

1

1

1 1

1

. .

L

H H
H
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I T

Q Q
T

HE t I LE t






 
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  
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 (1.15) 

 

0
Ht





 and 0

Lt





 give the optimal values of H  and L . Now, after substituting these optimal 

values of the cycle times into Eq. (1.15), we have the optimal efficiency of the heat engine at 

maximum work output: 
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                                                                                                                          (1.16) 

where,  

1

H
H

Q
P


 ,  1 H Lt t    and 

 
1 2

. .

.

I HE LE
K

HE I LE





                                                         (1.17) 

1.2.4.2.2. Heat pump cycle analysis 

By analogy of the previous paragraph we can obtain the optimal COP of an irreversible 

heat pump operating between reservoirs at temperatures 1ET  and 1CT . 

 

 

                                                                                        (1.18) 
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      (1.19) 

where, E EEE C   is the conductance on evaporator side and C CCE C   is the conductance on 

condenser side. 

Under the circumstances of the given CQ , 1  and 2 , the optimal overall coefficient of performance 

of an irreversible Rankine cycle heat pump system is given by: 
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  (1.20) 

Now, let 1  and 2  vary, while CQ  and  1 2     remain unvaried. Under this constraint 

conditions, we take   as objective function and find its optimum. For this reason, we introduce 

the Lagrangian operator:  

 (1.21)                                                

From the Euler-Lagrangian equations (Kaushik et al., 2002b), 
1

0
L







 and 

2

0
L







 give the 

optimal value of 1  and 2 . After substituting these optimal values into Eq. (1.20),  Chen et al. 

(2004) obtained the optimal coefficient of performance of an irreversible Rankine cycle heat pump 

system, which satisfies the equation: 
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                                       (1.22) 

where heating load H CR Q t . 

Rearranging Eq. (1.22), we have: 

   
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                                 (1.23) 

where 
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 gives the value of the coefficient of performance of heat pump: 
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              (1.24) 

at which the rate of heating HR  attains the maximum: 
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                                 (1.25) 

The maximum objective functions relating to the irreversible Rankine cycle heat pump system are 

therefore the maximum heating load  H m
R  and the maximum COP ( m ). However, by evaluating 

the case of the reversible Rankine cycle HP system, the heating load is taken 0HR   and the 

internal irreversibility parameters are taken 
' 0I I  . It can be seen from Eq. (1.22) that optimal 

overall coefficient of performance of irreversible Rankine cycle heat pump system reduces to 

Carnot coefficient of performance which is given by:  

 

 
1 1 1

1 1 1

C H L

CAR

H C E

T T T

T T T






                                                                                                                    (1.26) 

The results obtained allowing the performance of such a system to be discussed from the finite 

time thermodynamic analysis take into account the following numerical examples (Chen et al., 

2004): 1 385KHT  , 1 318KLT  , 1 285KET  , 1 318KCT  , C C C C 1.0kW KH L E C    , 

0.75H L E C       , ' 1.0I I   and 1.2kWHR  .  

From Eq. (1.23), it is seen that, one 
HR  corresponds to two   (say 

I  and 
II ); where one is smaller 

than 
m  (say 

I ), the other is larger than 
I  (say 

II ), which is sketchily shown in Fig. 1.6. 

Obviously, the optimal value of COP is 
II  (larger than 

m ) and not 
I  (smaller than 

m ). The 

important significance of 
m  lies in that it not only shows the optimal value at maximum heating 

load but also determines a lower limit to the optimal coefficient of performance. In parametric 

study, the effect of various input parameters has been studied, and it is found that the internal 

irreversibility is more prominent for performance reduction than the external irreversibility. For 

the above typical operating conditions, the COP of a completely reversible system is found to be 

1.68CAR  . The optimal overall coefficient of performance of a completely irreversible Rankine 

cycle heat pump system is calculated using Eq. (1.22), and for ' 0.97I I  , it is found to be 

0.64II  , whereas for endoreversible system ( ' 1.0I I  ), it is found to be 1.07II  . 
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Fig. 1.6. Heating load with respect to the coefficient of performance (Chen et al., 2004). 

 

1.2.4.3. Brayton cycle coupled heat pump 

Unlike the refrigeration cycles studied previously, the Brayton refrigeration cycle like the 

Stirling/Ericsson refrigeration cycle is a gas refrigeration cycle, that is to say the working fluid 

remains in the gaseous state all along the cycle. Also, the heat transfer during the gas cycle is not 

isothermal and therefore the temperature varies considerably. Consequently, the gas refrigeration 

cycle has much lower coefficient of performance (COP) as compared to the VCR and reversed 

Carnot cycle (Chen et al., 1999c, Ni et al., (1999), Kaushik and Tyagi, 2002, Tyagi et al., 2004c). 

Nevertheless, gas refrigeration systems have a number of important applications over the vapour 

compression, vapour absorption, and hybrid refrigeration systems. Some of them are used to 

achieve very low temperature for many important applications, such as liquefaction of gases/air, 

aircraft cabin cooling, superconductivity-related R&D works, and other specialized applications. 

Among others, the Brayton refrigeration cycle is one of the important gas refrigeration cycles being 

used for space airconditioning applications with its unique application for aircraft cooling, 

liquefaction of gases, and cryogenic applications. We will present and analyze in the following 

first the ideal Brayton refrigeration cycle then the irreversible Brayton refrigeration cycle. 

In the first place, the Brayton refrigeration cycle is a reverse of closed Brayton power cycle 

as shown on the schematic and T–s diagrams of Figs. 1.7 and 1.8, respectively. The refrigerant 

gas, which may be air, enters the compressor at state point 1, where the temperature is somewhat 

below the temperature of the cold region (i.e. heat source) 
L

T  and is compressed in the compressor 

to state point 2. The gas then cooled up to state point 3, where the temperature of the gas refrigerant 
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approaches to the temperature of the sink/warm region, 
H

T . After releasing the heat to the 

sink/surroundings, the gas refrigerant is expanded in an expander up to the state point 4, where the 

exit temperature is well below than that of the cold region/heat source (
L

T ) as can be seen from 

Fig. 1.8. At state point 4, the gas starts absorbing heat from the heat source (cold region) as it 

passes from state 4 to state 1, thereby, completing the cycle. Thus, the ideal Brayton refrigeration 

cycle shown on the T–s diagram of Fig. 1.8 is denoted by 1–2–3–4–1 in which all the processes in 

the compressor and expander (turbine) are assumed to be adiabatic. However, the actual 

compression and expansion processes, in general, are not adiabatic because there is some less 

useful work during the actual processes (3–4), respectively (Kaushik and Tyagi, 2002). But, for 

simplicity of the analysis, the irreversibilities due to pressure drops have been ignored in this 

particular model of Brayton refrigeration cycle. Thus, for steady-state operation, the heat transfer 

rates to and from the cycle, power consumption by compression, and power production by 

expander are given below (Kaushik and Tyagi, 2002): 

   
. . .

1 4 1 4PinQ m h h mC T T    ,    
. . .

2 3 2 3PoutQ m h h mC T T    ,  

   
. .

2 1 2 1c PW m h h mC T T     and    
. .

3 4 3 4t PW m h h mC T T                                              (1.27) 

where 
.

m  is the mass flow rate and 
PC  is the specific heat of the working/air being used in the 

cycle. Also, the net work input and COP of the cycle are given as below: 

    
.

2 1 3 4net c t PW W W mC T T T T        

and 
       

.

1 4 1 4

2 1 3 4 2 1 3 4

out
HP

net

Q h h T T
COP

W h h h h T T T T

 
  

     
                                                         (1.28) 



22 

 

 

Fig. 1.7. Schematic of an ideal Brayton refrigeration cycle (Kaushik and Tyagi, 2002). 

 

 

Fig. 1.8. T-s diagram of an ideal Brayton refrigeration cycle (Kaushik and Tyagi, 2002). 

The two particular advantages of this cycle are the light weight of the components and the 

fact that it can integrate regeneration. In this ideal cooling/heating system, the isothermal heating 

and cooling processes must be carried out infinitely slowly so that the working substance is in 

thermal equilibrium with the heat source and sink. 
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Fig. 1.9. T-s diagram of finite time Brayton refrigeration cycle (Tyagi et al., 2004c). 

 

Among other things, Fig. 1.9 shows the modified Brayton refrigeration cycle, i.e. there is now a 

finite temperature difference between the working fluid and the thermal reservoirs. 

 

 

Fig. 1.10. T-s diagram of finite heat capacity Brayton refrigeration cycle (Tyagi et al., 2004c). 
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On the other hand in Fig. 1.10 in addition to the heat exchange in finite time between the working 

fluid and the heat reservoirs during the refrigeration process, there is also heat exchange between 

the heat reservoirs and the environment. 

As it is well known that at the exit of the heat sink (space to be heated), the temperature of 

the refrigerant is much higher than that of the inlet of the heat source. In order to further reduce 

the exit temperature of the expander and/or to reduce the temperature at the entrance of the heat 

source, a regenerator may be included in the Brayton cycle (Kaushik and Tyagi, 2002) as shown 

in Fig. 1.9. This did not only enhance the cooling load and indirectly increased the heating load, 

but also reduced the compressor input power, thereby, enhancing the overall COP of the system. 

In this case of Brayton refrigeration system, the refrigerant enters the compressor at state point 1 

and is compressed in the compressor to state point 2/2S in a real/ideal compressor. The gas then 

cooled up to state point 3 by rejecting the heat to the heat sink of finite heat capacity whose 

temperature remains constant at temperature 
HT . After releasing the heat to the sink/surroundings, 

the gas refrigerant is expanded in an expander up to the state point 4S/4 in a real/ideal expander. 

At state point 4, the gas enters the heat exchanger and starts absorbing heat from the heat source 

(cold region) of infinite heat capacity whose temperature remains constant at temperature 
LT , as 

it passes from state 4 to state 4R. Finally, the working fluid enters the regenerator where it gets 

heated to state point 1, thereby, completing the cycle.  

Thus, the real Brayton refrigeration cycle shown on the T–s diagram of Fig. 1.10 is denoted 

by 1–2–3–4–1 in which compression and expansion are assumed to be non-isentropic, due to the 

fact that in general, all real processes are non-adiabatic as there is always some loss of useful work 

during the actual processes. However, for simplicity the irreversibility due to pressure drop has 

been ignored. The heat transfer rates (
LQ  and 

HQ ) to and from the cycle can be written as (Kaushik 

and Tyagi, 2002): 

         
.

3 3 2 1 ,min 3 1wf R H H H H H HH H H
Q C T T UA LMTD C T T C T T        

and          
.

1 1 1 2 ,min 1 1wf R L L L L L LL L L
Q C T T UA LMTD C T T C T T                                    (1.29) 

where  
H

LMTD  and  
L

LMTD  are the Log  Mean Temperature Differences and 
H  and 

L  are 

the effectiveness of the source and sink-side heat exchangers, respectively. Also 
,minHC , 

,minLC , 

,maxHC  and 
,maxLC  are the minimum and the maximum heat capacitance rates of the external fluids 

on the source and sink-side, respectively, and for counter flow heat exchangers are given as below 

(Kaushik and Tyagi, 2002, Tyagi et al., 2004c): 
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Also, 
 
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Fig. 1.11. Schematic of an irreversible regenerative Brayton refrigeration cycle (Ni et al., 1999). 
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Fig. 1.12. T-s diagram of an irreversible regenerative Brayton refrigeration cycle (Ni et al., 1999). 

 

Using T-s diagram, the expression and compression efficiencies of the cycle can also be 

expressed, as below (Ni et al., 1999): 
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 (1.33) 

Using the second law of thermodynamics in this case of Brayton cycle yields (Ni et al., 1999): 

   3 2 4 1ln ln 0wf S wf SC T T C T T      
 1

3 2 4 1S S PT T T T X R





                                          (1.34) 

where X  and 
PR  are, respectively, the temperature and pressure ratios of the cycle and   is the 

heat capacity ratio of the working fluid. Following Eq. (1.29) for this case yieds: 

 4 3 11 R R R RT T T    ,  2 1 31 R R R RT T T    ,  1 2 1 2 11R LT a T a T    and 

 3 1 3 1 11R HT a T a T                                                                                                                         (1.35) 

where 
1 ,minH H wa C C  and 

2 ,minH L wa C C . 

Using the first law of thermodynamics to obtain the power input and the COP, in this case of 

Brayton cycle yield (Ni et al., 1999): 

L HP Q Q  , 
ref LCOP Q P  and 

HP HCOP Q P                                                                        (1.36) 

From the above, it follows that the optimal values of the performance parameter can be calculated 

for different set of operating conditions with respect to the cycle temperature ratio (X) using 

Lagrangian multiplier method (Kaushik et al., 2002b; Tyagi et al., 2004a, 2004b, 2004c). The 

objective function can be given as below:  

LL P Q                                                                                                                                        (1.37) 

1.2.4.4. Stirling/Ericsson cycle coupled heat pump 

1.2.4.4.1. System description 

The Stirling and Ericsson cycles are among the important cycle models of refrigerators, 

air-conditionning and heat pump systems for the production of very low temperature and desirable 

temperature, especially in the cryogenic range. These cycles have been utilized by a number of 

engineering firms in the construction of practical systems and have promoted the development of 

new design of these cycles for different applications (Chen, 1998, Kaushik and Kumar, 2000a, 

Kaushik et al., 2002a, Tyagi et al., 1999). The reversed Stirling and Ericsson cycles are also called 

gas refrigeration cycle as gas/air being the working fluid and are very similar to each other. The 

basic Stirling and Ericsson refrigeration cycles are very similar to each other. These refrigeration 
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cycles also slightly deviate from the reverse Carnot cycle because the adiabatic processes of the 

latter replaced with the isochoric processes in the Stirling cycle and with the isobaric processes in 

the Ericsson cycle involving a regenerator for heat transfer during the operation of these cycles. 

Also the performance of these cycles approaches to the Carnot cycle, as the regenerator efficiency 

tends to unify with it, which seldom happens in real practice. Hence, the performance of Stirling 

and Ericsson cycles is always lesser than that of a Carnot cycle for the same set of operating 

parameters. It is therefore necessary to study the Stirling/Ericsson refrigeration cycles through 

their relevant applications. We will first study the ideal cycle, then the irreversible cycles thereafter 

by considering the finite and infinite heat capacities. 

1.2.4.4.2. Ideal Stirling/Ericsson heat pump cycle  

The fundamental ideal Stirling/Ericsson cycle (internal reversibility and external reversibility) 

consists of a compressor, a regenerator, and an expander as shown in the schematic diagram of 

Fig. 1.13 (Kaushik et al., 2002a). The refrigerant, which may be air or a gas, enters the compressor 

at state point 1, where the temperature is somewhat below the temperature of the cold region, i.e. 

heat source temperature ( LT ), and is compressed in the compressor to state point 2. The gas then 

cooled up to state point 3, where the temperature of the gas refrigerant approaches to the 

temperature of the sink/warm region ( HT ). After releasing the heat to the sink/surroundings, the 

gas refrigerant is expanded in an expander up to the state point 4, where the exit temperature is 

well below than that of the cold region/heat source ( LT ) as can be seen from Fig. 1.14 (Kaushik 

and Kumar, 2000a). At state point 4, the gas enters the low-temperature heat exchanger and starts 

absorbing heat from the heat source (cold region) as it passes from state 4 to state 1, thereby 

completing the cycle. Thus, the ideal Stirling/Ericsson refrigeration cycle shown in Fig. 1.14 is 

denoted by 1–2–3–4–1. In these cycles, heat rejection processes (4–1 and 2–3) are isothermal, 

while the expansion (3–4) and compression (1–2) processes are isochoric in Stirling cycle, whereas 

they are isobaric in the Ericsson cycle, respectively (Fig. 1.15, Kaushik and et al., 2002a). For 

ideal cycle, the heat transferred to the regenerator during the compression process (1–2) is fully 

recovered during the expansion process (3–4), as can be seen from the T–s diagram of Fig. 1.14.  
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Fig. 1.13. Line diagram of Stirling/Ericsson heat pump cycle (Kaushik et al., 2002a). 

 

 

Fig. 1.14. T-s diagram of ideal Stirling heat pump cycle (Kaushik and Kumar, 2000a). 
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Fig. 1.15. T-s diagram of ideal Ericsson heat pump cycle (Kaushik and et al., 2002a). 

For steady-state operation (negligible kinetic and potential energies), the heat transfer to 

and from the cycle can be given as below (Kaushik and et al., 2002a):  

lnL r L LQ nR T ST    and lnH r H HQ nR T ST                                                                        (1.38) 

where S  is the change in the entropy during isothermal heat addition and heat rejection processes 

of the cycle and 
r  is the volume ratio for Stirling and pressure ratio for the Ericsson cycle, 

respectively. Using the first law of thermodynamics, the work done on the cycle and the coefficient 

of performance (COP) are given as below (Kaushik and et al., 2002a): 

 H L H LW Q Q S T T      and 
H L

HP

H L

Q T
COP

W T T
 


                                                                    (1.39) 

It is clear from Eq. (1.39) that the performance of reversible Ericsson/Stirling refrigeration cycle 

is similar to that of a reversed Carnot for the same set of operating conditions. However, in the 

actual cycles, there are number of irreversible processes such as compression, expansion, 

regeneration, heat addition, heat rejections, etc. So in general, the real processes are not ideal 

because there is some loss of the useful energy during the actual processes leading to loss of 

potential to do useful work. 

1.2.4.4.3. Irreversible Stirling/Ericsson refrigeration cycle  

The ideal cycle approximate the expansion stroke of real cycle as an isothermal process 1-

2 with irreversible isothermal heat addition at temperature 
cT  from a heat source of finite heat 

capacity whose temperature varies from 
1LT  to 

2LT . The heat addition to the working fluid from the 

regenerator is modeled as isobaric (in Ericsson cycle) or isochoric (in Stirling cycle) processes 2-
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3 and 2-3s in real and ideal cycles, respectively. The compression stroke is modeled as an 

isothermal process 3-4 with irreversible heat rejection at temperature 
hT  to the heat sink of finite 

heat capacity whose temperature varies from 
1HT  to 

2HT . Finally, the heat rejection to the regenerator 

is modeled as isothermal/isochoric processes 4-1 and 4-1s in real and ideal Ericsson/Stirling heat 

pump, respectively, completing the cycle. As mentioned earlier, the heat transfer processes 1-2 

and 3-4 in real cycles must occur in finite time. This requires that these heat processes must proceed 

through a finite temperature difference and therefore, defined as being externally irreversible. Also 

the entropy change during process 3-4 is more than the entropy change during process 1-2 

(Kaushik et al., 2002a). Thus, there is some net entropy generation per cycle and the ratio of 

entropy change in heat addition (expansion) to that of heat rejection (compression) is called 

internal irreversibility parameter ( I ) which also affects the performance of these cycles. There is 

also some heat loss through the regenerator, as an ideal regeneration requires infinite regeneration 

time or area, which is not the case in practice. Hence, it is desirable to consider a real regenerator. 

By considering all these factors, these heat pumps models become irreversible. The external 

irreversibility is due to finite temperature difference between the cycle and the external reservoirs 

and internal irreversibilities are due to regenerative loss and entropy generation. 

 

Fig. 1.16. Schematic of irreversible Stirling/Ericsson heat pump cycles. (Kaushik et al., 2002a). 
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Fig. 1.17. T-s diagram of irreversible Stirling heat pump cycle (Kaushik et al., 2002a). 

 

 

Fig. 1.18. T-s diagram of irreversible Ericsson heat pump cycle (Kaushik et al., 2002a). 

 Let 
cQ  be the amount of heat absorbed from the source at temperature 

cT  and 
hQ  be the 

amount of heat release to the sink at temperature 
hT  then (Kaushik et al., 2002a): 

     3 4 1 2 1lnh h h H H H HQ T S S T nR C T T t       

and      2 1 2 1 2lnc c c L L L LQ T S S T nR C T T t       (1.40) 

where 
1  and 

2  are the volume (for Stirling cycle) and pressure (for Ericsson cycle) ratios for 

the sink and source side in both the cycles, respectively, n  is the number of moles for the working 
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fluid and R  is the universal gas constant. 
HC , 

LC  and 
Ht , 

Lt  are the heat capacitance rates of 

source/sink reservoirs and heat addition/rejection times, respectively. Also from the heat transfer 

theory, the heat 
hQ  and 

cQ  will be proportional to the Log Mean Temperature Difference  LMTD  

(Kaushik and Kumar, 2000a, 2000b, 2001; Kaushik et al., 2002a, 2002b), i.e.,  

 h H H HH
Q U A LMTD t  and  c L L LL

Q U A LMTD t                                                                 (1.41) 

where 
H HU A  and 

L LU A  are the overall heat transfer coefficient-area products and  
H

LMTD  and 

 
L

LMTD  are the Log Mean Temperature Difference on sink and source side, respectively, and 

defined as:  

 
   

   
1 2

1 2ln

h H h H

H HH
h H h H

T T T T
LMTD U A

T T T T

   
     

 and  
   

   
1 2

1 2ln

L c L c

L LL
L c L c

T T T T
LMTD U A

T T T T

   
     

   

(1.42) 

Considering the finite heat transfer in the regeneration processes, it should be noted that these 

cycles do not have the perfect regeneration condition. Thus, it is assumed reasonably that the 

regenerator loss per cycle is proportional to the temperature difference of the two processes, i.e., 

  1R f R h cQ nC T T                                                                                                              (1.43) 

where 
fC  is the specific heat of the working fluid (

f vC C  for Stirling cycle and 
f pC C  for 

Ericsson cycle) and 
R  is the effectiveness of the regenerator. 

The influence of irreversibility of finite heat transfer, the regenerative time should be finite as 

compared to the two isothermal processes, as given by authors Chen et al. (1998a, 1998b, 1998c), 

Chen (1998) and Ni et al. (1999); 

 3 4 2R h ct t t T T     and  cycle H L Rt T T T                                                                                   (1.44) 

where   is the proportionality constant which is independent of the temperature difference but 

depends on the property of the regenerative material, and 
cyclet  is  the total cycle time. 

Considering the external irreversibilities, the net amount of heat released to the sink and absorbed 

from the source are given by:      

H h RQ Q Q   and 
L c RQ Q Q   (1.45) 

Also, using the Eqs. (1.44) and (1.45), the objective functions such as power input, heating load 

and COP are as follows: 
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h cH L

cycle H L R

Q QQ Q
P

t T T T


 

 
, 

H H
H

cycle H L R

Q Q
R

t T T T
 

 
 and 

H H
HP

h c

R Q
COP

P Q Q
 


                 

(1.46) 

and the second law of thermodynamics for irreversible cycle gives:         

   c c h hQ T Q T < 0   or    c c h hQ T I Q T                                                                                   (1.47) 

with I  the internal irreversibility parameter and less than unity for real cycle. 

   
 1

1 1 2 1

1
H L

x I
P

x I
b x

k xy T k T y




  
 

, 
 

   
 

1

1

1 1 2 1

1

1
H

H L

x a x
R

x I
b x

k xy T k T y

 


  
 

 and 

 1 1
HP

x a x
COP

x I

 



                                                                                                                       (1.48) 

where 
1 H Hk C , 

2 L Lk C , 
h cx T T , 

cy T ,  1 12 lnb nR   and  1 11 lnf Ra C R   . 

The purpose of any heat pump is to reject as much heat as possible to the sink (space to be heated) 

with the expenditure of as little work as possible. This implies that we should do our best to 

minimize the power input for a given heating load or maximize the heating load for a given power 

input. For this end, we introduce the Lagrangian 

    

   
 

1

1

1 1 2 1

1

1
H

H L

x a x x I
L R P

x I
b x

k xy T k T y




   
  

  
 

                                                                       (1.49) 

where   is Lagrangian multiplier. From Euler-Lagrange equation:  

0L y    and we find the optimal relation    1
1 1

2

L H

Ik
x T y xy T

k
     (1.50) 

It is found that from the optimal analytical relations of the objective functions, the effectiveness of 

each heat exchanger, the source side external inlet temperature of the fluids, the heat capacitance 

rate on sink side external fluid and the irreversibility parameter should be higher enough while the 

sink side inlet temperature of the fluids and the heat capacitance rates on source side should be 

lower for better performance of both of the heat pumps. Since, the larger heat capacitance allows 

the fluid to reject the heat at lower temperature thus it is desirable to have higher capacitance rate 

on sink side in comparison to that on source side (i.e., 
HC >

LC ) for better performance of both the 

cycles. 
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1.3. Analysis by heating load, cooling load and coefficient of performance as performance 

criteria 

1.3.1. Optimization by using coefficient of performance and heating load criteria 

Cooling systems, air conditioning, heat pumps and heat engines were once analyzed and 

optimized using the coefficient of performance, cooling load, heating load and mechanical power 

respectively. This is for endoreversible and irreversible thermodynamic cycles with the finite-time 

thermodynamics approach. Therefore, Goktun (1998) evaluated the performance of cogeneration 

heat pump by coupling a Carnot absorption heat pump (Carnot AHP) for heating and a Carnot heat 

engine to produce the work, using as criterion of performance the COP under the effects of thermal 

resistances and internal irreversibilities. Chen et al. (1997, 1999b, 1999c) analyzed the effect of 

heat transfer on the performance of two-heat-reservoir HP by maximizing the specific heating load 

for internal and external reversibilities and irreversibilities, the endoreversible HP with three-heat-

reservoir and the irreversible Brayton HP from the COP and the heating load respectively. 

However, for irreversible Brayton HP they found the optimal matching between the different heat 

exchangers and the working fluid in the heat reservoirs under the effects of irreversible losses by 

heat transfer, non-isentropic expansion, compression losses in the compressor and expander and 

pressure drop loss in the piping. Afterwards, Bi et al. (2008) and Chen et al. (2008) viewed on a 

two-heat-reservoir HP, air reversible and two-stage irreversible thermoelectric respectively, using 

in addition to the COP and the heating load, the heating load density as a performance criteria; 

Chen et al. (2005a), Huang et al. (2008), Xiling et al. (2011), Kato et al. (2005) and Xia et al. 

(2007) worked on the performance of a four-heat-reservoir AHP, with internal irreversibility, two 

internal irreversibilities and endoreversible chemical heat pumps respectively, this successively by 

the COP, the specific heating load and the rate of energy pumping; Chen (1999), Qin et al. (2006, 

2007, 2015) on AHP and Wei et al. (2011) on magnetic Ericsson HP, obtained the optimal value 

of the heating load corresponding to the maximum value of the COP then they obtained the optimal 

value of the COP corresponding to the maximum value of the heating load by using heat 

exchanges, the laws of thermodynamics with heat resistances, finite heat capacity, heat leakages 

and irreversibilities by dissipation or friction.  

On the other hand, Qin et al. (2004a, 2004b, 2008) and Chen et al. (2007a) on AHT, used 

the heating load and the COP as objective functions.  

This being the case, we expose some studies carried out by different authors, in particular 

for two-heat-reservoir cycle (Carnot cycle), for three-heat-reservoir cycle and for four-heat 

reservoir cycle. Chen et al. (1997) with two heat reservoirs revealed an HP cycle operating with 
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four different processes which are the foundation on which future research on thermodynamic 

analysis of thermodynamic cycle devices will be based. The first process is reversible HP (external 

and internal reversibilities), i.e. the ideal Carnot cycle with two isothermal and two adiabatic 

alternately (Fig. 1.19 and Fig. 1.20). Here the objective functions, COP    and specific heating 

load q  are obtained with the following relationships: 

   1 1H H L L HT T T T T      and  H H H Lq Q A A                                                                    (1.51) 

where 
HT  and 

HA  are the temperature and the heat transfer surface area for heat sink reservoir 
LT  

and 
LA  are the temperature and the heat transfer surface area for heat source reservoir. 

The second process is endoreversible HP (external irreversibility and internal reversibility), that is 

to say the modified Carnot cycle which takes heat resistances into account. The heat exchange 

rates  L L L L CQ U A T T   and  H H H W HQ U A T T                                                                         (1.52) 

the first and second law of thermodynamics give 
H Lp Q Q   and 0H W L CQ T Q T               

(1.53) 

By combining Eqs. (1.52) and (1.53) we have 

        
1

1 1
1H L H H H L H H L LQ P T T q A A U A U A


 

       

            1 111H H H L L H H L H H L Lq Q A A T T A A U A U A
                                  (1.54) 

By maximizing the COP and the specific heating load we obtain the optimal relationship 

 
1 2

H L L HA A U U                                                                                                                        (1.55) 

The third process is exoreversible HP (external reversibility and internal irreversibility), of which 

the ideal thermoelectric HP is a typical case. The heat exchange rates 

 20.5L C W CQ T I I R K T T     and  20.5H W W CQ T I I R K T T                                        (1.56) 

and the first law becomes  2

W CP I R I T T                                                                              (1.57) 

where 2I R  represents the Joulean loss generates an internal heat, R  is the total internal electrical 

resistance of the semiconductor couple, I  is the electrical current flowing through the couple, 

 W CK T T  the conduction heat loss, K  the thermal conductance of the semiconductor couple 

and   is the Seebeck coefficient. To find the maximum COP, taking the derivative of   with 

respect to I  and setting it equal to zero gives the optimal values  

    1op W CI T T M R     
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and          22 1 1H W C W Cop
Q T T M MT T R M M                                                           (1.58) 

also, the maximal value of the COP,      1m carnot C Wideal
M T T M                                       

(1.59) 

where   
1 2

1 2W CM Z T T   . The heating load versus COP characteristic curve of the 

exoreversible thermoelectric heat pump, shows a bell curve in Fig. 1.21, with 294.6KH WT T   ; 

262.1KL CT T   ; 
44 10 V K    ; 0.0019Z   and   9.06carnot ideal

  .  

The last process is irreversible HP (external and internal irreversibilities), which is the combination 

of the second and third process. These are the effects of friction, finite-rate heat transfer, heat leaks, 

free expansion, mixing and pressure drop. Consequently, in practice for reasons of efficiency, the 

real HP must operate with a maximum specific heating load. The results obtained show that 

engineers must design new heat pumps by taking them into account while working towards a COP 

Carnot ideal.  
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Fig. 1.19. Heat pump Diagram T s  (Chen et al., 1997). 

 

Fig. 1.20. Schematic diagram two-heat-reservoir (Carnot cycle) (Chen et al., 1997). 
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Fig. 1.21. Heating load vs COP characteristic of exoreversible thermoelectric heat pump (Chen et al., 1997). 

Chen et al. (1999b), considered three heat reservoirs at temperatures HT , PT  and OT  as shown in 

Fig. 1.22, representing the heat source, the heating space and the ambient atmosphere. The 

temperatures of the working fluid in the corresponding heat exchangers 1T , 2T  and 3T . The general 

heat transfer law is following 

 1 1

n n

H HQ T T t  ;  2 2

n n

P PQ T T t   and  3 3

n n

O OQ T T t                                                  (1.60) 

where n  is the heat-transfer exponent coefficient in the general heat transfer law. If 1n  , the 

general law becomes the linear Newton’s law. If 1n   , the general law becomes the linear 

phenomenological law in irreversible thermodynamics. Notice that, are heat conductance, have 

negative values when 1n   . The period time of the cycle, 1 2 3t t t    , where 1t , 2t  and 3t  are 

the times required for the heat pump working fluid in the three heat exchangers. 

The COP ( ) of the heat pump cycle is  

   1 1 1 1

3 1 3 2P HQ Q T T T T                                                                                                   (1.61) 

and    R H P H O P P O HT T T T T T                                                                                        (1.62) 
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where 1H O HT T    and 1P O PT T    are Carnot coefficient of heat source and cooling space; 

R  is the reversible COP bound of the three-heat-reservoir heat pump. The relationships among 

the reversible COP bound, the COP bound at maximum heating load and the COP bound at 

maximum profit have been optimized and analyzed.  

 

Fig.1.22. Three heat-heat-reservoir endoreversible heat pump (Chen et al. 1999b). 

Chen et al. (2005a) and Xiling et al. (2011) on four temperature levels used two different 

approaches to heat transfer with FTT. This is done for the flow of the working substance exchanges 

heat with the heat reservoirs at temperatures gT , aT , cT  and eT  in the generator, absorber, condenser 

and evaporator, respectively, during the time  . The corresponding temperatures of the working 

substance in the generator, absorber, condenser and evaporator are 1T , 2T , 3T  and 4T , respectively 

as shown in Fig. 1.23 (Chen et al., 2005a). However, Fig. 1.24 allows to write Newton’s law of 

heat-transfer between the working fluid and the external heat-reservoir in heat exchangers is 

carried out under a finite temperature-difference 

 1 1 1 1gQ U A T T   ,  2 2 2 2 aQ U A T T   ,  3 3 3 3 cQ U A T T    and  4 4 4 4eQ U A T T        (1.63) 
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and heat leaks between the heated space and the environment reservoir 

(1.64) 

 

In addition, the first and second laws of thermodynamics make it possible to write respectively: 

1 2 3 4 0Q Q Q Q     and    3 3 4 4 1 1 2 2 1I Q T Q T Q T Q T                                                   (1.65) 

where I  characterizes the irreversibility due to the internal dissipations of the working fluid. Also 

according to Eq. (1.65), when 1I  , the cycle is said to be endoreversible and when I > 1 the 

cycle is said to be irreversible.  

The objective functions of performance COP    and the heating load   are given 

  
     
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    (1.66) 

where 1 2 3 4A A A A A     represents the total heat-transfer surface area and L Lq Q  , is the 

heat-leak rate. 

By maximizing the COP and   from the Lagrangian functions,  

1 1L     and 2 2L                                                                                                                (1.67) 

under the extremal conditions, 1 0,L x    1 0,L y    1 0,L z    1 4 0,L T    2 0,L x    

2 0,L y    2 0L z    and 2 4 0L T   .                                                                                          (1.68) 

we obtain the general relation 

       * * * *

1 4 2 4 3 4 4 4g a c eU T x T U T T y U T T z U T T         (1.69) 

where *

a aT IT , *

c cT IT , *

2 2U U I , *

3 3U U I , 4 1x T T , 4 2y T I T  and 4 3z T I T    (1.70) 

Which gives Eqs. (1.68) and (1.69), the optimal value of     corresponding to the maximum 

value of the  maxCOP   and the optimal value of the  COP   corresponding to the maximum 

value of  max  . 

 L L a e c eQ K T T T T    
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Fig. 1.23. Symbolic diagram of an absorption heat pump (Chen et al., 2005a). 

 

 

 

Fig. 1.24. An irreversible four-heat-reservoir absorption heat pump cycle (Chen et al., 2005a). 
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Fig. 1.25 explore this configuration with the characteristic curve   , taking as numerical 

examples 
25m ;A   2

1 2 3 4 0.5kW km ;U U U U     1a   ; 403K;gT   313K;aT   333KcT   

and 293KeT  . Curve ‘ a ’ represents the    characteristics of a reversible absorption heat-

pump with 0LK   and 1.00I  ; curve ‘ b ’ represents the    characteristics of an 

exoreversible absorption heat-pump with internal irreversibility where 0LK   and 1.02I  ; 

curve ‘ c ’ represents the    characteristics of an endoreversible absorption heat-pump with heat 

resistance and heat leak with 0.02kW KLK  and 1.00I  ; and curve ‘ d ’ represents the    

characteristics of a generalized irreversible absorption heat-pump with 0.02kW KLK  and 

1.02I  . Observations and analyzes lead to the fact that the optimal heating load decreases when 

the COP increases until reaching a certain value (case of the Curves ‘ c ’ and ‘ d ’ in Fig. 1.25). 

Also, as the heat leakage and dissipation losses increase, the maximum value of the COP decreases 

as long as the corresponding value of the optimal heating load increases. 

 

Fig. 1.25. The optimal heating load ( ) versus the COP ( ) (Chen et al. 2005a) 

Xiling et al. (2011) unlike Chen et al. (2005a), considered heat leaks between the surroundings at 

temperature ST  and each heat exchanger (Fig. 1.26) and are given by:  
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 l l in

g g g SQ K T T  ,  l l in

a a a SQ K T T  ,  l l in

c c c SQ K T T   and  l l in

e e S eQ K T T                       (1.71) 

The inlet temperature of the heat reservoirs are in

gT , in

aT , in

cT  and in

eT . The heat transfer in the 

generator, absorber, condenser and evaporator are  

 ' in

g g g g gQ C T T  ,  ' in

a a a a aQ C T T   ,  ' in

c c c c cQ C T T    and  ' in

e e e e eQ C T T    (1.72) 

and the efficiency of each heat exchanger, which could be written as,  

1 exp
g g

g

g

H F

C


 
    

 

, 1 exp a a
a

a

H F

C


 
   

 
, 1 exp c c

c

c

H F

C


 
   

 
 and 1 exp e e

e

e

H F

C


 
   

 

         (1.73) 

where l

gK , l

aK , l

cK  and l

eK  are the heat leak coefficient of different components; 
gC , aC , cC  and 

eC  are the thermal capacity (products of mass flow rate and specific heat capacity); 
gH , aH , cH  

and eH  are the heat-transfer coefficient and gF , aF , cF  and eF , are the heat-transfer surface areas 

of generator, absorber, condenser and evaporator, respectively. 

They got the heat supplied by high grade heat source, gQ , the heat supplied by absorber, aQ , the 

heat supplied by condenser, cQ , the heat supplied by low grade heat source, eQ , yields following 

' l

g g gQ Q Q  , 
' l

a a aQ Q Q  , 
' l

c c cQ Q Q   and 
' l

e e eQ Q Q                                                            (1.74)  

According the first and second laws of thermodynamics respectively, we have 

' ' ' ' 0g e a cQ Q Q Q      

   ' '

he g g a aI Q T Q T  (0 < 1heI  ) 

   ' '

re e e c cI Q T Q T   (0 < 1reI  )             (1.75) 

The heating ability and the coefficient of performance of AHP are defined as 

a cR Q Q   and  a c gCOP Q Q Q                                                                                             (1.76) 

According to Eqs. (1.72), (1.74)-(1.76), the temperature of working substance to generator and 

evaporator could be given by  

l

g
in

g g

g g

R
Q

COP
T T

C 

 
 

    

1
1 l

acg

in

e e

e e

R Q
COP

T T
C 

  
   

     
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1

in l

g g g g

in

a a

g gin l

g g g g

a a he

R
C T Q

COP
T T

C R
C T Q

C I COP








  
   
  

   
     

   

 

1
1

1
1 1

in l

e e e acg

in

c c

in le e
e e e acg

c c re

C T R Q
COP

T T
C

C T R Q
C I COP








   
     

   
    

        
    

                                                                      (1.77) 

Using Eqs. (1.72) and (1.77), the base correlation of AHP could be given, 

   

1
1

1
1 1 1

1

in l in l
c acg a g

in l lre in l lhe
he e acg acg he g g ac

e e c c g g a a

R
T R Q T Q

COP COP

I IR
I T R Q R Q I T Q R Q

COP C C COP C C   

    
      

     
                                       

        (1.78) 

where, 
l l l

ac a cQ Q Q   and l l l l

acg a c gQ Q Q Q   . 

 

Fig. 1.26. Another irreversible FTL AHP model (Xiling et al., 2011). 
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The performance of AHP cycle could be analyzed by the physical model, the parameters are given 

as, 313K;in

aT   316K;in

cT   294K;in

eT   803K;in

gT   341K;sT   5.544kW K;gC   

18.6kW K;a cC C   11.6kW K;eC   =0.02kW K;l

gK  =0.05kW K;l

aK  

= =0.04kW K;l l

c eK K   
-1

20.06kW m K ;gH    
-1

21.1kW m K ;aH    
-1

25.5kW m K ;cH   

 
-1

23.8kW m K ;eH   0.9;heI   0.9;reI   
234m ;gF   

24.97m ;aF   
20.74mcF   and 

21.25meF  , 

the main results of which are noted in Figs. 1.27-1.29. 

From Fig. 1.27, they showed on the one hand that the curves of the rate of heat transfer in the 

generator and the heating load decrease when the COP increases, until reaching a certain value 

corresponding to the maximum value of the COP  maxCOP . On the other hand, they showed that 

the curve of the rate of heat transfer in the evaporator is a semi-parabola whose value corresponds 

to the maximum value of the COP  maxCOP  and the maximum of the semi-parabola corresponds 

to the minimum value of the COP  minCOP . They have therefore obtained a region whose 

performance criteria are extreme. However, they showed in the curves of Figs. 1.27 and 1.28, the 

effects of internal and external irreversibilities respectively. The interpretation concedes to us that 

the internal dissipations resulting in the internal irreversibility factors reI  and heI  have more 

harmful impact in the evaporator-condenser assembly than in the generator-absorber assembly 

(Fig. 1.27) In addition, heat leaks (external irreversibilities) are greater in the generator than in the 

other components. 

 

Fig. 1.27. COP with respect to the generator and evaporator heating rate of AHP cycle (Xiling et al., 2011). 
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Fig. 1.28. Comparable of internal irreversibilities effects on the performance AHP cycle (Xiling et al., 2011). 

 

Fig. 1.29. Effects of heat leaks on the performance of AHP cycle (Xiling et al., 2011). 

Besides, Qin et al. (2015) rather considered a variable-temperature heat reservoir AHP cycle, in 

which internal working substance is working in four temperature levels and all irreversibility 

factors are considered (Fig. 1.31).  

However, the second law of thermodynamics taking into account an overall irreversibility gives: 

   ' ' ' ' ' ' ' '

a a c c g g e eI Q T Q T Q T Q T                1I                                                                        (1.79) 

Substituting Eqs. (1.72) and (1.77) into Eq. (1.79) yields 
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        

           
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in in
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T T

I C E C Ea K T T K T T a K T T K T T

     
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 

  
     

              

    
       
                 

  (1.80) 

where,  ' ' '

c a ca Q Q Q  ; 1 exp ;
g g

g

g

U A
E

C

 
    

 
 1 exp ;a a

a

a

U A
E

C

 
   

 
 1 exp c c

c

c

U A
E

C

 
   

 
 

and 1 exp e e
e

e

U A
E

C

 
   

 
. 

They obtained a general equation (Eq. 1.80) including the COP, the heating load and some key 

irreversibility parameters of variable-temperature heat reservoir irreversible AHP coupled to a FTL 

cycle. This equation may be used directly to analyze the general characteristic and the effect of 

key irreversibility parameters on cycle characteristic of a practical AHP.   

 

Fig. 1.30. Symbolic diagram of A variable-temperature heat reservoir irreversible AHP (Qin et al., 2015). 
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Fig. 1.31. A variable-temperature heat reservoir irreversible AHP model (Qin et al., 2015). 

To analyze the performance of AHP, they assumed that 0.45a  , 325Kin

a
T  , 330Kin

c
T 

, 300Kin

e
T  , 380Kin

g
T  , 300K

s
T  , 

-150.0kWK
a c e g

C C C C    , 0.6321
a c e

E E E   , 

0.6321
g

E  , 
-2 -10.5kWm K

a g
U U  , 

-2 -11.0kWm K
c e

U U   and 
2100m

a c e g
A A A A    , 

and obtained the characteristic curves among the heating load, the COP and some key 

irreversibility parameters shown in Fig. 1.32. When heat leakages and internal irreversibility are 

ignored, the characteristic is curve 1 in Fig. 1.32. When heat leakages are ignored, the 

characteristic is curve 2 in Fig. 1.32. When internal irreversibility is ignored, the characteristic is 

curve 3 in Fig. 1.32. When internal irreversibility and heat leakages with different values are 

considered, the characteristics are curves 4–6 in Fig. 1.32. We can see that the optimal heating 

load decreases when the COP increases until reaching a certain value (case of the Curves 4-6 in 

Fig. 1.32). Also, as the heat leakage and dissipation losses increase, the maximum value of the 

COP decreases as long as the corresponding value of the optimal heating load increases (Fig. 1.33). 
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Fig. 1.32. The heating load, the COP and key irreversibility parameters characteristic curves (Qin et al., 2015). 

 

Fig. 1.33. Characteristic curves before and after optimizing A and UA (Qin et al., 2015). 

1.3.2. Optimization by using coefficient of performance and cooling load criteria 

Bhardwaj et al. (2003, 2005), Zheng et al. (2004), Chen et al. (2005b, 2006), Qin et al. 

(2010) and Kaushik et al. (2018) on AR, used the cooling load and the COP as decisive functions. 
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1.4. Analysis by thermo-economic criterion 

The economic aspect is an important criterion for evaluating the performance of heat 

transformation and energy conversion devices. Better yet, it involves investment cost, energy 

consumed cost, maintenance cost and even the energy loss cost. This is why this criterion is used 

previously by scientists to analyze and optimize systems with thermodynamic processes such as 

compression and absorption refrigerators and heat pumps as well as in heat engines. However, 

Kodal et al. (2000a, 2000b, 2002, 2003a) are among the first to develop this approach on two-stage 

endoreversible HPs with two heat sources and HPs, on irreversible refrigerators with two heat 

sources and irreversible ARs and AHPs, respectively. They are followed by Silveira and Tuna 

(2003, 2004) on combined heat and power systems. 

1.4.1. Thermo-economic approach on heat engine 

Kodal and Sahin (2003b) and Chen et al (2005c) studied the thermoeconomics of 

irreversible heat engines and endoreversible heat engines on the basis of the linear 

phenomenological heat transfer law, respectively. Also, Sadatsakkak et al. (2015), worked on the 

irreversible regenerative cycles of closed Brayton with the thermo-economic function (

 i f env com
F P C C C C    , with i

C , f
C , env

C  and com
C  are the investment cost, fuel cost, 

environmental cost and operation and maintenance cost, respectively. While Kaushik et al. (2016) 

worked on irreversible regenerative Brayton's cycles using the thermo-economic criterion (

 i e cm
F P C C C   , where i

C , e
C  and cm

C  are the annual investment cost, energy 

consumption cost and maintenance cost, respectively) described as the ratio of output power per 

unit of the sum of annual investment, energy consumption and maintenance cost. However, they 

considered the finite heat capacities, the external irreversibilities due to the finite temperature 

differences and the internal irreversibilities due to friction losses of the fluid in the 

compressor/turbine assembly, as well as regenerative heat losses and pressure drops. They were 

able to defend the hypothesis that the efficiency of the turbine has more effects on the performance 

of the model compared to the performance of the compressor under such conditions. Nevertheless, 

Ozel et al. (2016) carried out a comparative study between different thermo-economic criteria on 

the irreversible Carnot heat engine. There is the thermo-economic function (

. . . .

1 2 3 4DH
F W C m C Q C EX C W

 
    

 
, where 

4 5 6
C C C  ), the ecological-based thermoeconomic 

function (
. . .

1 2 3 4DHE
F E C m C Q C EX C W

 
    

 
), the ecologico-economical function (

. .

5 3 DEC
F C W C EX  ) and the exergoeconomic function (

. .

7 5RFTE
F C W C W  , where 1

C , 2
C , 3

C , 4
C
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, 5
C , 6

C  and 7
C  are capital cost, fuel cost, environmental cost, sum capital recovery multiplied to 

the investment cost per unit power output, operation and maintenance cost and cost of reversible 

power output in ( 1ncu.kW ), respectively). They were able to develop the fact that the ecological-

based thermoeconomic function has better advantages in terms of exergy destruction rate and 

energy efficiency. Also, it is more advantageous in terms of output work. 

1.4.2. Thermo-economic approach on refrigerators and heat pump 

Kodal et al. (2000a) carried out their investigations on endoreversible two-stage HP with 

two heat sources, based on thermo-economic optimization. They maximized the thermo-economic 

criterion under the influence of design parameters such as economic and technical parameters. In 

fact, they obtained the corresponding optimum performance quantities such as the temperatures of 

the working fluid, the coefficient of performance, the heating load and the surface areas of the heat 

exchange. However, Kodal et al. (2000b) considered the influence of internal and external 

irreversibilities on heat pumps and refrigerators with two heat sources. They have shown that the 

optimal design parameters are obtained for a minimum of the total cost per unit of heating load or 

cooling load; this led Kodal et al. (2003a) to analyze the thermo-economic aspect on ARs and 

AHPs, and Durmayaz et al. (2004) to provide a review on irreversible and endoreversible thermal 

systems based on the thermo-economic criterion. Then, Misra et al. (2003, 2005, 2006) on single-

effect, double-effect H2O/LiBr and H2O/NH3 vapour-absorption refrigeration systems, 

respectively, Qin et al. (2005) on endoreversible ARs and Wu et al. (2005) on irreversible AHP. 

Zare et al. (2012) and Ahmadi et al. (2014a) conducting a thermo-economic and exergy study on 

an ammonia-water power/cooling cogeneration cycle and on irreversible four-temperature-level 

absorption refrigeration using the evolutionary genetic algorithm. Qureshi and Syed (2015) 

analyzed irreversible refrigeration and heat pump cycles with allocation of stocks of heat 

exchangers with finite heat capacities. They noted that it is preferable to measure the effects of 

internal dissipation by deriving exact mathematical expressions as the effect on some performance 

parameters could be lost due to the averaging effect of the internal irreversibility parameter. 

Furthermore, Xu et al. (2016) provided a theoretical overview of the optimal design of Ericsson 

magnetic refrigerator cycles. However, the thermo-economic function was obtained as a function 

of the high and low temperatures of the working fluid in the heat reservoirs with two isothermal 

processes and its maximum corresponding to an extremal cooling load for an appropriate high 

value of the temperature in the two isothermal processes. Xu (2016) studied the irreversible Stirling 

HP by considering the investment cost and the energy consumed cost in order to obtain more 

realistic results on the operating cost of such a device (  H i e
F R C C  , where 

H
R  is the heating 
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load, 
i

C  the annual investment cost,  1i H L
C a A A   in ( 1 2ncu.year .m  ) and 

e
C  the energy 

consumption cost, 
e

C bP  in ( 1 1ncu.year .kW  )). 

In Fig. 1.34 (Kodal et al., 2003a), the liquid rich solution at state 1 is pressurized to state 

1’ with a pump. In the generator, the working fluid is concentrated to state 3 by evaporating the 

working medium by means of 
.

H
Q  heat rate input. The weak solution at state 2 passes through the 

expansion valve into the absorber with a pressure reduction (2–2’). In the condenser, the working 

fluid at state 3 is condensed to state 4 by removing 
.

C
Q  heat rate. The condensed working fluid at 

state 4 is then throttled by a valve and enters the evaporator at state 4’. The liquid working fluid is 

evaporated due to heat transfer rate 
.

L
Q  from the cooling space to the working fluid (4’–5). Finally, 

the vaporized working fluid is absorbed by the weak solution in the absorber, and by means of 
.

A
Q  

heat rate release in the absorber, state 1 is reached. 

 

 

Fig. 1.34. Schematic diagram of AHP system (Kodal et al., 2003a). 

 However, the heat exchanges between the working fluid and heat reservoirs obeys a linear law so 

that one has  

 
.

L L L L Y
Q U A T T  ,  

.

H H H H X
Q U A T T   and  

.

K K K Z K
Q U A T T   with 

. . .

K A C
Q Q Q   and 

K A C
T T T                                                                                                                                                   (1.81) 
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where 
L

U , 
H

U  and 
K

U  are, respectively, the heat transfer coefficients between the working fluid in 

 -2 1kWm K  and the heat reservoirs at temperatures 
L

T , 
H

T  and 
K

T  in  K , and 
L

A , 
H

A , and 
K

A  are 

the corresponding heat transfer areas  2m .  

 

Fig. 1.35. Considered irreversible AHP model and its T-s diagram (Kodal et al., 2003a). 

Also, the first law of thermodynamics deduced from Fig. 1.35 and the second law of 

thermodynamics due to the external irreversibilities arise from the temperature differences 

between the working fluid and the heat sources, on the other hand, the internal irreversibilities 

result from friction, mass transfer and other working fluid dissipation requires  

. . .

0
H L K

Q Q Q                                                                                                                                     (1.82) 

. . .

0K H L

Z X Y

Q Q Q

T T T
                                                                                                                          (1.83) 

Eq. (1.83) becomes, 

. . .

0K H L

Z X Y

Q Q Q
I

T T T

 
   
 
 

 because 

.

. .

KZ Z

X Y
H LX Y

S Q T
I

S S Q T Q T


 
  

                     (1.84) 

Z
S > 

X Y
S S   for an internally irreversible cycle, so that I > 1. If the internal irreversibility can 

be neglected, the cycle is endoreversible and so 1I  . 

From Eqs. (1.81)–(1.84), they obtained the coefficient of performance ( hp
 ) and the specific 

heating load (
.

K
q ) of the absorption refrigerator cycle, respectively, as 

 

 

.

.

Z Y XK

hp

X Y Z
H

IT T TQ

T T ITQ




 


                                                                                                              (1.85) 

 

     

 

   

. 1
. 1X Z Y Y Z XK

K

H H X Z X Y K Z K L L Y Z Y X

T IT T T IT TQ
q

A U T T IT T T U T T U T T IT T T



  
          

               (1.86) 
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The thermo-economic objective function to be optimized for the heat pump is defined as the 

heating load per unit total cost, i.e. 

   
. . .

K K Hhp i e H L K
F Q C C Q a A A A bQ

 
      

 
  (1.87) 

Using Eqs. (1.81)–(1.84), in Eq. (1.87) 

 
   

 
     

1

1

hp

X Y Z Y Z X

Z Y X H H X L L Y Z Y X k Z K

bF
T T IT kT IT Tk k

IT T T U T T U T T IT T T U T T


  
   

     

                    (1.88) 

where k a b  is the economical parameter.  

By maximizing the thermo-economic objective function, they obtained the variations of this 

function with respect to the COP ( hp
 ) and heating load rate, respectively under the influences of 

internal and external irreversibilities, respectively in order to obtain the optimal operating points 

(Fig. 1.36 and Fig. 1.37).  

    

Fig. 1.36. Variations of the objective function for the heat pump with respect to the coefficient of performance, for 

various I values ( 0.5k  ) (a) and for various k values ( 1I  ) (b) ( 393K
H

T  , 288K
L

T  , 313K
K

T  ,

-2 10.5kWm K
H L K

U U U     (Kodal et al., 2003a). 

As the internal irreversibility and the economical parameters increase the 
hp hp

F   characteristics 

and the optimal performance coefficient reduce significantly for the AHP. In addition, when 

max
  , the objective function of the heat pump (

hp
F ) becomes zero, as shown in Fig. 1.36. It is 

also seen from Fig. 1.36(a) that very large differences exist between the optimal performance 

coefficient and the maximum performance coefficient. However, this difference reduces with 
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increased internal irreversibility but increases with increased economical parameter (Fig. (1.36(a) 

and 1.36(b)). 

  

Fig. 1.37. Variations of the objective function for the heat pump with respect to the specific heating load, for various 

I values ( 0.5k  ) (a) and for various k values ( 1I  ) (b) ( 393K
H

T  , 288K
L

T  , 313K
K

T  ,

-2 10.5kWm K
H L K

U U U     (Kodal et al., 2003a). 

Then, in Fig. 1.37(a) the maximum operating point of the thermo-economic objective function 

decreases as the corresponding optimal specific heating load decreases for increased values of 

internal irreversibility. Whereas, In Fig. 1.37(b) the maximum operating point of the thermo-

economic objective function decreases as the corresponding optimal specific heating load 

increases for increased values of economic parameter.  

In contrast, Wu et al. (2005) in addition to having considered three heat reservoirs, each 

heat exchanger experiences heat leakages as shown in Fig. 1.38 (
. . .

1H L
Q Q Q   and 

. . .

3C L
Q Q Q 

).  

 

Fig. 1.38. The schematic diagram of an irreversible three-heat-source heat pump (Wu et al., 2005). 

In this figure, the first law of thermodynamics gives  
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. . .

1 2 3
0Q Q Q                                                                                                                                   (1.89) 

Also, the law of heat transfer being considered linear, so 

 
.

1 1 1 1H
Q U A T T  ;  

.

2 2 2 2 P
Q U A T T  ;  

.

3 3 3 3L
Q U A T T   and  

.

L H L
Q T T                           (1.90) 

where 1
U , 2

U , 3
U  and 1

A , 2
A , 3

A  are, respectively, the heat transfer coefficients and areas between 

the working fluid in  -2 1kWm K  and in  2m , respectively, and the three external heat reservoirs at 

temperatures H
T , P

T  and L
T  in  K , and   is the heat leak coefficient between the source at 

temperature H
T  and sink at temperature L

T . 

Besides the irreversibilities of finite-rate heat transfer and heat loss between the heat source and 

the heat sink, the internal dissipation resulting from the friction, eddy flow and other irreversible 

effects inside the cyclic working fluid is also one of the main irreversibilities of the heat pump. 

According to the second law of thermodynamics, we may introduce an irreversibility factor 

.

22 2

. .

1 3
1 31 3

1
S Q T

I
S S Q T Q T


  
  

                                                                                                 (1.91) 

From the above equations they defined the coefficient of performance and specific heating load 

(Eqs. 1.92 and 1.93, respectively)                      

 

     

 

   

1. .

1 2 3 3 1 22 2

. . .

2 1 3 1 1 2 2 3 2 3 1 3
1

1
H P L Z

H L

T IT T CT T ITQ Q C C

IT T T U T T U T T U IT T T IT T TQ Q Q





   
                

              (1.92) 

   

     

 

  

. . 1

1 2 3 3 1 22 2

2

1 2 3 2 1 3 1 1 2 2 3 2 3 1 3

1

H P L

T IT T T T ITQ Q
q

A A A A IT T T U T T U T T U IT T T T T



  
             

        (1.93) 

where A  is the total heat transfer area of the three heat exchangers in the cycle, and 

 H L
C T T A  . They thus introduced the thermo-economic objective function 

   
. . . . . .

2 2 2 11 2 3H Li e y y y
F Q C C C Q aA bQ C Q a A A A b Q Q C

    
               

    

         

(1.94)  

where i
C  and e

C  refer to the average investment and energy consumption costs per unit time, 

respectively, y
C  is the average maintenance cost per unit time and considered to be a constant for 

a given heat pump, a  is the proportionality coefficient for the average investment cost of the system 

and is equal to the average investment cost per unit heat transfer area per unit time, and b  is the 

proportionality coefficient and is equal to the price per unit energy. 

Using Eqs. (1.89)–(1.91), in Eq. (1.94), they obtained 
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 

     

 

  

1

1 2 3 3 1 2

2 1 3 1 1 2 2 3 2 3 1 3

1
H P L

T IT T BT T ITB B
bF

IT T T U T T U T T U IT T T T T



   
             

                                    (1.95) 

where  Y
B C k C bA    and k a b . 

To determine the maximum thermo-economic objective function for a given specific heat load, 

they introduced the Lagrangian   

2
L bF q                                                                                                                                   (1.96) 

where   is the Lagrange multiplier. From the Euler-Lagrange equations 

From the Euler-Lagrange equations, an important relationship with respect to the temperatures of 

the working fluid in the three isothermal processes is obtained  

0
i

L T     ( 1,2,3)i     
   

31 2

1 2 2 1 3H P L

TT T

T T R T T R T T
 

  
                                                  (1.97) 

where 
1 3 1

R U U  and  2 2 1
R U IU . 

By introducing Eq. (1.97) in the Eqs. (1.92, 1.93 and 1.95), they easily generated the general 

performance characteristics curves of an irreversible heat pump as shown in Figs. 1.39 and 1.40. 

           

 

Fig. 1.39. Some optimum characteristic curves of an irreversible heat pump, where (a) the 

   2max
 ,Y Y Y bF q   curves, (b) the    2max

 ,Y Y bF Y q   curves, and (c) the 

   2max
 ,Y Y q Y bF   curves. Curves are presented for  ( 393K

H
T  , 303K

P
T  , 280K

L
T  , 1.01I  ,

-2 21.2kWm KB  ,
-2 2C 0.02kWm K ,

-2 1

1 2 3
0.5kWm KU U U     (Wu et al., 2003). 
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It is seen from Figs. 1.39 and 1.40 that there exist a maximum thermo-economic objective function 

and a maximum coefficient of performance. Fig. 1.39 shows that when a heat pump is operated in 

the region of 2
q >  2 F

q , not only the coefficient of performance but also the thermo-economic 

objective function will decrease as the specific heating load 2
q  is increased. Thus, if there is not 

special requirement for the specific heating load, the heat pump should not be operated in the 

region larger than  2 F
q , that is to say, the heat pump should be, in general, operated in the part of 

the  
max

bF bF   curve with a negative slope. It is seen from Fig. 1.40 that in the optimally 

operating regions, the thermo-economic objective function, coefficient of performance and 

specific heating load always decrease with an increase of the internal irreversibility factor. 

          

 

Fig. 1.40. The effect of the internal irreversibility factor I on (a) the 
2
 q  curves, (b) the  bF   curves, and 

(c) the 
2

bF q  curves. Curves are presented for  ( 393K
H

T  , 303K
P

T  , 280K
L

T  , 1.01I  , -2 21.2kWm KB  ,
-2 2C 0.02kWm K , -2 1

1 2 3
0.5kWm KU U U     (Wu et al., 2003). 

1.5. Analysis by thermo-ecological and ecological criteria 

Although the economic criterion is a very important factor in the performance of 

thermodynamic systems and in particular AHPs, the ecological approach complements this 

consideration. 
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Angulo-Brown (1991) first developed the ecological approach on heat engine (HE) as the 

difference between the output power and the loss rate of availability (
0

E P T S    ; where P is 

the output power, 
0

T  is the ambient temperature and S  is the entropy generation rate), it is 

followed by Sun et al. (2005) on endoreversible AHT which described the ecological criterion as 

the difference between the heating load and the loss rate of availability. Later, Ust et al. (2006a, 

2006b) that some of them first developed and stated a fundamental criterion to more effectively 

evaluate the irreversible Brayton HE and irreversible Brayton regenerative HE, respectively. This 

thermo-ecological criterion or also called ecological coefficient of performance defined as the 

output power per unit of the loss rate of availability (
. .

0 gECOP W T S ,where 
.

W  is the output 

power, 0
T  is the ambient temperature and 

.

gS  is the entropy generation rate) is taken up by Chen 

et al. (2007c) on the irreversible cycles of universal heat engine. 

Chronologically, the heat losses caused by the pressure drops and the friction of the 

working fluid against the walls during the flow in the piping are characterized by an overall internal 

irreversibility factor which accounts for the second law of thermodynamics. Thus, Huang et al. 

(2008) studied the optimal performance of an irreversible AHP at four temperature levels (FTL), 

highlighting a general relationship between the heating load, the COP and the heat-transfer area. 

This relationship made it possible to optimize the system by first using the heat-transfer area of 

the heat exchangers as an objective function. Then to show that the minimum of the total heat-

transfer area is described in terms of the entropy rate exchanged in the four reservoirs. On the other 

hand, the ecological criterion E ( e
E q T   ; where q  is the heating load, e

T  is the environment 

temperature,   is the dissipation coefficient of the heating load and   is the entropy generation) 

is proposed to complete the analysis by the COP, the heating load and the entropy generation rate. 

However, Chen et al. (2007b, 2019) worked on an irreversible Carnot HP and irreversible FTL 

AHPs, respectively, using the ecological criterion E (
.

0outE E T S     ;   is the cycle period), 

as long as Frikha and Abid (2016) worked on the irreversible Carnot refrigerators and Qin et al. 

(2017) on irreversible AHT. They found a better compromise between the exergy output rate and 

the exergy destruction rate, under the influence of overall internal irreversibility and heat leakage. 

In addition, Ngouateu Wouagfack and Tchinda (2012a, 2012b) using the first and second laws of 

thermodynamics studied irreversible AHPs operating between three heat sources and four 

temperature levels, respectively. The objective function used was the ecological performance 

coefficient (ECOP) described as the heating load per unit of loss rate of availability (

env
ECOP qA T  ; where q  is the specific heating load, A is the total heat-transfer area, env

T  is the 
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environment temperature and   is the entropy generation). This optimization criterion was 

maximized analytically as a function of the temperatures of the working fluid, while analyzing the 

performance parameters under the influence of the design parameters. This led to providing a 

general theoretical tool for the ecological design of absorption AHPs. Then Ahmadi et al. (2015) 

that in addition to this objective thermo-ecological function, they considered the specific heating 

load and the coefficient of performance (COP) as additional objective functions on irreversible 

AHPs with three heat sources. These three objective functions ECOP, COP and the specific heating 

load were optimized simultaneously using the multi-objective optimization of the NSGA II genetic 

algorithm. It appears that the best performances are obtained with a maximized ECOP and COP 

and a minimized specific heating load according to three methods, LINAMP, TOPSIS and FUSSY 

supplemented by sensitivity and error analyzes. 

In a similar way as on irreversible AHP, Ngouateu Wouagfack and Tchinda (2011a, 2011b, 

2014) undertook work on the thermo-ecological aspect of the performance of ARs with three heat 

sources, using the phenomenological linear law of transfer heat  1Q T   and ARs at four 

temperature levels, respectively. The major results have shown that under maximum ECOP 

conditions, the refrigeration cycle has a significant advantage in terms of the entropy generation 

rate and of COP compared to the maximum of ecological criterion E conditions and the maximum 

of the specific cooling load conditions. They are followed by Ahmadi and Ahmadi (2016) on 

irreversible ARs with three heat sources, Ahmadi et al. (2016) on irreversible HP working in the 

reverse Brayton cycle and Medjo Nouadje et al. (2014, 2016) on single effect ARs with two 

internal irreversibilities and double effect with parallel flow, respectively.  

We can therefore show some results obtained by Ngouateu Wouagfack and Tchinda 

(2012b) on AHP at four temperature levels.  

 

Fig. 1.41. A four-temperature-level irreversible absorption heat pump cycle model (Ngouateu Wouagfack and 

Tchinda, 2012b). 
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Fig. 1.41 gives the linear law of heat transfer between the working substance in the heat exchangers 

and the external heat reservoirs  

 
.

1G G G G
Q U A T T  ,  

.

2E E E E
Q U A T T  ,  

.

3C C C C
Q U A T T   and  

.

4A A A A
Q U A T T     

(1.98) 

and heat leakages due to heat exchanges between the space to be heated and the environment are 

given by 

 
.

L L A E C E
Q K T T T T                     (1.99) 

The total area of the heat exchangers, 
G E C A

A A A A A                                            (1.100) 

The first and second law of thermodynamics in the consideration of an overall internal 

irreversibility are obtained 

. . . .

0
G E C A

Q Q Q Q     and 
. . . .

3 4 1 2
1

C A G E
I Q T Q T Q T Q T

   
      
   

                                    (1.101) 

From equations Eqs. (1.98-1.101) they obtained the performance parameters such as the 

coefficient of performance, the specific heating load and the entropy generation rate 

     
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      (1.102) 
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   (1.103) 
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      (1.104) 

and the ecological coefficient of performance objective function. 
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where,  1 A E C E
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A C
m Q Q . 

By making the variable changes below they were able to derive the thermo-ecological criterion 

with respect to the temperatures of the working substance in the heat reservoirs 

 
1

1 3
b IT


 ,   1

2 1
1b m T   ,   1

3 2
1b m T    and  

1

4 4
b m IT


                                             (1.106) 

0
i

ECOP b      ( 1,2,3,4i  )                                                                                                       (1.107) 
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Fig. 1.42. Variations of the normalized ECOP ( ECOP ), normalized COP ( COP ) and the specific entropy 

generation rate with respect to the specific heating load ( 413K
G

T  , 283K
E

T  , 333K
C

T  ,  313K
A

T  , 

290K
env

T  , 
-1 -21163WK m

G
U  , 

-1 -22326 WK m
E

U  , 
-1 -24650 WK m

C
U  , 

-1 -21153WK m
A

U  , 1.3m  , 

1.05I   and 5  ) (Ngouateu Wouagfack and Tchinda, 2012b). 

They have shown in summary in Fig. 1.42, variations of the normalized ECOP (

max
ECOP ECOP ECOP ), normalized COP (

max
COP COP COP ) and the entropy 

generation rate (s) with respect to the specific heating load (q). One interesting observation from 

this figure is that maximum of the ECOP and COP coincides although their functional forms are 

different: the coefficient of performance gives information about the necessary heat rate input in 

order to produce certain amount of heating load and the ecological coefficient of performance 

gives information about the entropy generation rate or loss rate of availability in order to produce 

certain amount of heating load. They also showed that the temperatures, the specific heating load, 

the entropy generate rate and the optimal heat exchange areas corresponding to the maximum of 

the ECOP and the COP are the same. Getting the same optimal conditions at the maxima of the 

ECOP and COP is a normal result. Since, for a certain heating load, the maximum COP results 

from minimum heat consumption so that minimum environmental pollution. The minimum 

environmental pollution is also achieved by maximizing the ECOP.  

 Furthermore, considering the temperature of the absorber 
A

T  and the condenser 
C

T  

identical, we obtain an absorption heat pump with three heat reservoirs (Ngouateu Wouagfack and 

Tchinda 2012a, Ahmadi et al. 2015) as in Fig. 1.43 for an overall internal irreversibility. 
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Fig. 1.43. The irreversible cycle model of a three-heat-source absorption heat pump (Ngouateu Wouagfack and 

Tchinda, 2012a). 

Ngouateu Wouagfack and Tchinda (2012a) therefore obtained in Fig. 1.44 variations of the 

normalized ECOP, normalized COP and the specific entropy generation rate (s) with respect to 

the specific heating load (q) for three heat reservoirs. The maximum of the ECOP and the 

maximum of the COP always coincide for the same reasons as above (Fig. 1.42). In addition, the 

performance of systems with three heat reservoirs admits a lower production of optimal entropy 

for a lower production of heating load than systems with four temperature levels each 

corresponding to the maximum of the ECOP. 

 

 

Fig. 1.44. Variations of the normalized ECOP, normalized COP and the specific entropy generation rate with 

respect to the specific heating load ( 393K
G

T  , 288K
E

T  , 313K
O

T  , 290K
env

T  , 

-1 -2500 WK m
G E O

U U U   , 1.025I  , 1.082  ) (Ngouateu Wouagfack and Tchinda, 2012a). 

Under the constraints of the conditions that must be met by the temperatures 1
T , 2

T  and 3
T  (

1
380 390T  , 2

270 282T   and 3
320 370T  ) of the working fluid in the generator, the 

evaporator and the absorber-condenser assembly respectively, Ahmadi et al. (2015) obtained Fig. 

1.45. The ECOP and COP are maximized simultaneously and the specific heating load (q) is 

minimalized counter-currently via the multi-objective optimizing scheme which performs on the 

basis of the NSGA-II method. Also, obtained optimal solutions of TOPSIS and LINMAP and 

FUZZY methods exhibited in Fig. 1.45. 
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Fig.1.45. Pareto frontier (Pareto optimal solutions) using NSGA-II ( 393K
G

T  , 288K
E

T  , 303K
O

T  , 

290K
env

T  , 
-1 -2500 WK m

G E O
U U U   , 1.025I  , 1.082  ) (Ahmadi et al., 2015).  

Regarding the ecological criterion, Chen et al. (2019) have carried out work on irreversible 

FTL AHP by integrating heat resistances and heat leaks with each component, as well as an overall 

internal irreversibility. Irreversible FTL AHP cycle model is shown in Fig. 1.46. The solution 

pump work input required is negligible, because it is relative little to the whole energy input. It is 

supposed that the heat transfer processes in four heat exchangers are according to Newtonian heat 

transfer law, and the heat transfer equations are 

 ' '

g g g g g
Q U A T T  ,  ' '

a a a a a
Q U A T T  ,   ' '

c c c c c
Q U A T T   and  ' '

e e e e e
Q U A T T      (1.108) 

There exist heat exchanges between surrounding and heat reservoir, named heat leakage. 

Supposing that heat leakage processes are according to Newtonian heat transfer law, too, heat 

leakage equations are 

 l l

g g g s
Q K T T  ,  l l

a a a s
Q K T T  ,  l l

c c c s
Q K T T   and  l l

e e s e
Q K T T                     (1.109) 

There also exists internal dissipation of working fluid, named internal irreversibility. As shown in 

Fig. 1.46, a factor 1 is imported to represent internal irreversibility 

   ' ' ' ' ' ' ' ' 1
a a c c g g e e

I Q T Q T Q T Q T                                                                                       (1.110) 
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The energy conservation law or first law of thermodynamics gives 

' ' ' '

c a e g
Q Q Q Q                                                                                                                           (1.111) 

 

Fig. 1.46. An irreversible FTL AHP cycle model (Chen et al., 2019). 

The performance parameters COP( ) and heating load ( ) of the cycle can be written as 

     ' ' l l l l

a c g a c a c g g
Q Q Q Q Q Q Q Q Q                                                                    (1.112) 

' ' l l

a c a c a c
Q Q Q Q Q Q                                                                                                        (1.113) 

The general equation among COP, heating load, irreversibility factor, heat leakages and heat 

transfer irreversibility of a FTL AHP cycle can be derived as follows 

 

    

11

1 1

1 1

1 1
0

1

g e

l l l l

g g g e ea c g

a c

l l l l

a a c ca c a c

T T

Q U A U AQ Q Q

T T

I U A U Aa Q Q a Q Q

  





 

  
                 

    
       
              

                            (1.114) 

where  ' ' '

c a c
a Q Q Q   represents the allocation ratio of released heat from cycle fluid. 

They established the expression of ecological function as follows 

s a c e s
E EX T EX EX EX T                                                                                           (1.115) 
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where  1
a a s a

EX Q T T   is exergy output rate of  absorber,  1
c c s c

EX Q T T   is exergy 

output rate of condenser and  1
e e s e

EX Q T T   is evaporator exergy output rate.  

g
Q  ,   1 l l l

a a c c
Q a Q Q Q      and  1 l l l l

e a c g e
Q Q Q Q Q            (1.116) 

The entropy production rate ( ) can be written as 

l l l l

a c g e ga c e

a c s g e

Q Q Q Q QQ Q Q

T T T T T


  
                                                                                    (1.117) 

substituting Eq. (1.116) into Eq. (1.117) yields 

   

1 1 1 1 1 1 1 1 1

1 1 1 1 1
1

l

a s

a c e e g e s a c

l l l

c s g e

e s c a s

a a
Q T a

T T T T T T T T T

Q T a Q Q
T T T T T




     
                       

  
        

  

                                   (1.118) 

Substituting Eqs. (1.116) and (1.118) into Eq. (1.115) yields 

   

1 1 1 1 2 1 1 1 1 1
2 2

1 1 1 1 2 1
2 1

l

s a s

e a c g s e s e a c

l l l

c s g e s

s e c a s e

a a
E T Q T a

T T T T T T T T T T

Q T a Q Q T
T T T T T T



       
                           

    
           

    

                 (1.119) 

Numerical calculations: 378K
g

T  , 327 K
a

T  , 332 K
c

T  , 298K
e

T  , 300 K
s

T  , 

2100m
g a c e

A A A A    , -2 -1500Wm K
g a

U U  , -21000Wm K
c e

U U  , 1.01I  , 

-1100WKl l l l

g a c e
K K K K     and 0.45a  . 
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Fig. 1.47. Ecological function, entropy generation rate, exergy output rate and heating load versus COP relationship 

(Chen et al., 2019). 

 

The relations between 
max

E E  and  , 
max

EX EX  and  , and 
max

   and   of irreversible 

AHP cycles are shown in Fig. 1.47. max
E E  denotes the dimensionless exergy output rate, which 

are defined as ratio of ecological function (E) to maximum ecological function (
max

E ). The 

definitions of max
EX EX  and max

   are similar to max
E E . Using numerical example 

mentioned above, they were able to get that 1.48
E

  , max
0.51

E
   , max

0.52
E

EX EX   and 

maxE
   at the max

E  point. Comparing the max
E  point with the max

1    point, one can find 

that the max
E  point makes   increase about 48% and max

EX EX  decreases about 48%, but 

max
   decreases about 79%. Comparing the Emax point with the max

  ( max
1.71  ) point, they 

found that the max
E  point makes   decreases about 13% and max

   increases about 16%, but 

max
EX EX  increases about 37% and max

   increases about 36%. We can be seen that the max
E  

point makes the heating load (compared to the max
  point) increase with a little increase of 

max
  , and the COP (compared to the max

  point) increase with a little decrease of max
EX EX

. Therefore, the ecological objective function of AHP cycles has a certain reference value, which 

attains a compromise in inter restricted relations of COP and heating load, and of exergy output 

and entropy generation. 
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Fig. 1.48. Ecological function versus COP relationship before and after optimizing (Chen et al., 2019). 

Fig. 1.48 shows the relations between A
E  and A

 , and UA
E  and UA

  of irreversible AHP cycles 

before and after optimizing distributions of A and UA. One can see that optimizing distribution of 

A and UA changes ecological function versus COP relationships quantitatively, ecological function 

performances are improved after optimizing distribution of A and UA, and EUA
  and EA

  (COP at 

maximum ecological function (
,maxA

E  and 
,maxUA

E ) after optimizing) are smaller than 
E

  (COP at 

maximum ecological function ( max
E ) before optimizing). 

 All previous ecological analyzes and observations have been carried out in the study of 

systems under to the influence of overall internal irreversibility. However, they do not make it 

possible to understand from the second law of thermodynamics in which compartments of heat 

exchangers the quality of the energy produced is deteriorated. 

1.6. Analysis by exergetic criterion 

For most researchers and engineers, the energy analysis and optimization on 

thermodynamic systems (heat engines, refrigerators, air conditioners, heat pumps, etc.) using finite 

time thermodynamics is of great importance and allows a synthesis between economic and 

ecological approaches. However, it is interesting to evaluate for these systems the exergy 

destruction, the exergy output and the exergy input by taking into account the surface areas of heat 

exchange in the various heat exchangers and design factors such as heat leakage, heat loss and heat 

resistance. 

Talbi and Agnew (2000) developed a computer program on an AR using the pair of 

working fluid H2O/LiBr, to identify the least efficient components of the system. Then Kilic and 
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Kaynakli (2007) and Kaynakli and Kilic (2007) on the same system showed using an exergetic 

analysis that the losses were greater in the generator and the absorber. Then Sarkar et al. (2005) 

presented the analysis and optimization of a transcritical carbon dioxide HP cycle for simultaneous 

heating and cooling applications. The effects of heat transfer and fluid flow in the analysis led to 

the evaluation of the optimal COP and the exergetic efficiency of the system. These two objective 

functions have been shown to be functions of the compressor speed, the ambient temperature and 

the temperature of the secondary working fluid at the evaporator and gas cooler inlets and the 

discharge pressure of the compressor. This allowed them to present various measures to improve 

performance with gains by reducing the irreversibilities of the components. Also, Farshi et al. 

(2013), worked double-effect AR with the exergoeconomic approach and Ahmadi et al. (2016) 

carried out a multi-objective optimization of an irreversible HP working on a reverse Brayton cycle 

using the exergetic efficiency among the criteria studied according to three methods, LINAMP, 

TOPSIS and FUSSY. 

This being so, several researchers will characterize the exergetic analysis with a criterion 

called the exergetic performance coefficient (EPC). This is the case of Ust et al. (2007) who 

established on an irreversible dual cycle cogeneration system the optimization EPC criterion. This 

objective function is described as the ratio of total exergy output to the loss rate of availability 

(exergy destruction rate). This approach is an improvement of the endoreversible system of a 

cogeneration cycle proposed by Sahin et al. (1997). Ust and Karakurt (2014) have taken up this 

objective function on cascade refrigeration systems using different pairs of refrigerants. They have 

shown that the R23-R717 pair has better performances in terms of EPC and COP compared to the 

R23-R290, R23-R404A, R23-R507A and R23-R717 refrigerant pairs. Lostec et al. (2010) 

investigated single-stage absorption systems operating with an ammonia-water mixture under 

steady state conditions. They showed the existence of three optimal COP values: the first 

minimizes the total thermal conductance, the second minimizes the overall irreversibility of the 

system and the third maximizes the exergetic efficiency. Moreover, these three optimal COP 

values are lower than the maximum COP which corresponds to the convergence of internal and 

external temperatures towards an average value. Later, Liu et al. (2017) presented an exergetic 

study on a combined absorption heat pump transformer system operating with the pair of 

water/lithium bromide working fluid driven by waste heat at medium temperature to provide two 

types of useful heat. On the basis of the law of energy conservation and mass and of phase 

equilibrium, a calculation model is developed in Engineering Equation Solver to study the 

performance of this system compared to the different temperatures of the components, efficiency 

of the solution heat exchanger, flow ratio and gross temperature rise. The results showed that the 
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efficiency of the system is close to 100% and the exergetic performance coefficient (EPC) is 

71.1%, which are respectively 33.2% and 33.1% higher than those of the reference system. This 

made it possible to quantify the rate of irreversibility of each component at a certain pressure. 

Açikkalp and Ahmadi (2018) have used previous research on heat engines by evaluating 

the energy source or exergy fuel converted into output power. 

From the exergetic analysis of an ammonia-water FTL AHP, Lostec et al (2010), using 

Fig. 1.49 and a computer program, they developed Table 1.1. This gives the balance of heat 

exchange and destruction exergy in each component. It appears that the losses are greater in the 

absorber and the generator. 

 

Fig. 1.49. Schematic representation of the system (Lostec et al., 2010). 
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Table 1.1. Energy fluxes and rate of exergy destruction for operation at maximum exergetic efficiency (Lostec et al., 

2010). 

 

However, Ahmadi et al. (2016) on irreversible heat pump working on reversed Brayton cycle, 

established from the following equations a Pareto optimal frontier. The finite heat transfer law 
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                           (1.120) 

The entropy production rate, the input exergy and the output exergy are given by eqs. (1.121) and 

(1.122). 

H L

H L

Q Q
S

T T
                                                                                                                              (1.121) 
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 and out in d
E E E                                            (1.122) 

This makes it possible to establish the expressions for the coefficient of performance, the 

ecological coefficient of performance and the exergetic efficiency, respectively. 
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                       (1.123) 

Pareto optimal frontier for three objective functions, objective function associated to the COP and 

ECOP and the exergetic efficiency of the irreversible Brayton heat pump are represented in Fig. 

1.50. Moreover, the outcomes of each decision maker are marked in this Figure. 
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Fig. 1.50. Pareto optimal frontier in the objectives’ space for first scenario 

1.7. New trends 

Growing concerns about energy conservation and conversion as well as environmental 

protection have led research to develop heating and cooling driven by renewable energy sources 

of which absorption machines are a natural model. The most widespread source being the solar 

thermal source. 

Mention is made of authors such as Mortazavi et al. (2017) who studied the AHP driven 

by solar collectors and the waste heat operating with a new design of compact plate-and-frame 

generator as shown in Fig. 1.51 and Fig. 1.52. Aguilar-Jiménez et al. (2020) presented the 

simulation study of a solar absorption air-conditioning LiBr-H2O system installed in an isolated 

primary school in Mexico. 
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Fig. 1.51 A schematic diagram of the experimental setup (Mortazavi et al. 2017). 

 

 

Fig. 1.52 A photograph of the experimental setup (Mortazavi et al. 2017). 

Then, Zheng et al. (2019) who developed mathematical models from the FTT to evaluate the 

performance of solar heating and cooling absorption systems driven by a parabolic trough 

collectors and operating with the H2O/LiBr pair, this in the use of office buildings . The energy 

generated by solar collectors was supplied to the absorption chiller during the cooling period, and 
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was directly used for space heating with the integration of plate heat exchanger during the heating 

period. This system compared to a conventional gas-fired heating and cooling system over a year 

shows a consumption of 21.3% of primary energy and an 18.8% reduction in CO2 emissions. The 

solar collector loop mainly consists of PTC which generates and supplies thermal energy to the 

absorption chiller for cooling or provides heating via PHE. The load loop comprises the double-

effect absorption chiller loop and the PHE loop, which cover the building loads with the circuits 

of chilled water and hot water through the evaporator and the PHE respectively. The gas burner 

equipped in high pressure generator is used as a backup heater in case of solar energy shortage. 

The schematic diagram of the SHC system is illustrated in Fig. 1.53. During the cooling period, 

valve V1, valve V2, valve V3 are opened and valve V6 is closed. The heat-transfer oil in PTC can 

be heated to 100–250 °C. With the high pressure generator branch opened by three-way valve V5, 

the thermal energy generated by PTC can be supplied to the absorption chiller, thus refrigerant 

vapor could be boiled off from weak solution. During the early period of system operation, the 

heat-transfer oil is circulated in the collectors and heated by solar radiation with valve V4 closed. 

The high pressure generator branch will be opened after the temperature of heat-transfer oil meet 

the absorption chiller driven requirement. Under the priority of using solar power, the double-

effect refrigeration system can be powered by solar thermal and gas fired independently or 

simultaneously, depending on the intensity of the solar radiation. During the heating period, valve 

V1, valve V2, valve V3 are closed. The heat-transfer oil in PTC is heated to low temperature (< 

100 °C). The thermal energy derived by PTC is directly used for heating purpose coupled with 

PHE. Hot water can be supplied with the branch of PHE opened by three-way valve V5. 

Analogously, if the harvested solar energy is not adequate for building demand, the gas burner 

installed in generator will be activated. The heat- transfer oil is preheated in the collectors in the 

same way as cooling condition. Also, Wang et al. (2019) proposed a solar-assisted hybrid 

combined cooling, heating and power (CCHP) system that consists of an internal combustion 

engine, solar heat collectors, an absorption heat pump, a heat exchanger, and a thermal storage 

tank. They showed on the basis of a thermodynamic model using the exergetic, economic and 

environmental criteria that compared to the conventional CCHP system, without solar energy, the 

hybrid system saves 11.3% of natural gas to reduce carbon dioxide emission and shortens the 

capital payback period by 1 year. 
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Fig. 1.53. Schematic diagram of the SHC system (Zheng et al., 2019). 

However, Asadi et al. (2018) presented a combined thermo-economic analysis and multi-objective 

optimization of an ammonia-water single-effect solar absorption cooling system of a 10kW. 

Exergetic analyzes were performed using the FTT and they were able to compare the performance 

of solar collectors such as the flat plate, evacuated tube, compound parabolic and parabolic trough 

collectors at different ambient temperatures. Their results showed that the evacuated tube collector 

have a better economic profitability according to the installation cost and the area occupied by the 

collectors, while the parabolic trough collectors have an exergetic efficiency which is reached at 

high ambient temperature and at a low evaporator temperature. The symbolic device for the flow 

of the NH3-H2O pair is presented in Fig. 1.54. Many other authors such as Figaj et al. (2019) 

presented the results of experiments conducted with a hybrid solar system integrating a 

concentrator, and computer simulations of a hybrid solar cooling system incorporating flat plate 

collectors and a concentrator. Xu et al. (2018) to give the best absorption cycle options under 

different conditions, chose five absorption refrigeration cycles suitable for air cooled solar cooling 

including three double lift absorption cycles and two semi-GAX (generator-absorber heat 

exchange) absorption cycles were compared. So say that Yu et al. (2019) have shown that the solar 

absorption-subcooled compression hybrid cooling system is to be the economically feasible 

solution for the high-rise building. 
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Fig. 1.54. Schematic diagram of a solar absorption cooling system (Asadi et al. 2018). 

Therefore, the solar heating and cooling system has a promising, application prospect in 

sustainable development in view of its considerable energy saving benefits, potential economic 

viability and environmental friendly characteristics. 

1.8. Conclusion 

This review summarizes in detail the foundations of finite time thermodynamics (FTT) and 

its various applications. We have shown the importance of this approach in the theoretical analysis 

of the performance of real thermodynamic processes, that is to say finite time processes in 

absorption cycles with the notion of irreversibility. Nevertheless, the FTT is also a powerful tool 

in the development of experimental protocols for absorption heating and cooling systems driven 

by a heat source which can be either waste heat from industry or a renewable energy source such 

as thermal solar. This being so, three basic criteria have been defined, including the economic, 

ecological and exergetic criteria in order to optimize the efficiency of said systems in order to be 

able to compete with the conventional systems most used today. 

In the rest of this work, we will analyze and optimize using FTT, absorption heat pump 

systems subjected to several irreversibility factors. 
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CHAPTER 2: OPTIMIZATION OF AN IRREVERSIBLE ABSORPTION 

HEAT PUMP 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1. Introduction 

Finite time thermodynamics is a powerful tool for advanced analysis and optimization of 

thermodynamic systems. However, the optimization of thermodynamic systems such as vapor 

compression cycles, thermal engines and recently absorption systems was until then based on the 

first law of thermodynamics. The performance criteria evaluated in this case were the coefficient 

of performance and the cooling load for refrigerators and air conditioning (Bhardwaj et al., 2001, 

2003b, 2005; Zheng et al., 2004; Qin et al., 2010), the energy efficiency and the power supplied 

for the thermal engines (Curzon et Ahlborn, 1975; Kaushik and Kumar, 2000a, 2001; Kaushik and 

Tyagi, 2002). Also, the coefficient of performance and the heating load for HP (Chen et al., 1999b, 

1999c, 2005a; Bi et al., 2008; Xiling et al. 2011; Wei et al., 2011; Qin et al., 2007, 2015). In 

addition, the use of vapor compression systems, although having a high coefficient of performance, 

consumes large amounts of electricity and uses still polluting refrigerants. However, absorption 

systems can use residual heat from industry or even free renewable energy. Better still they use 
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environmentally friendly working fluids although despite their coefficient of performance enough 

low. 

Moreover, the second law of thermodynamics bringing out internal irreversibilities during 

real processes, it is crucial to take this aspect into consideration. The new performance criteria take 

into account real operating considerations, i.e. external irreversibilities and internal 

irreversibilities. 

In this chapter, we will use the FTT, the Maple software (Maple 13) and a flowchart 

algorithm, analytically establish the expressions of the objective functions, determine their 

maximum values and obtain the corresponding optimal performance parameters, respectively.  

2.2. Presentation of the software used 

2.2.1. Maple software 

Maple is a symbolic and numeric computing environment as well as a multi-paradigm 

programming language. This software covers several areas of technical computing, such as 

symbolic mathematics, numerical analysis, data processing, visualization, and others. A toolbox, 

adds functionality for multidomain physical modeling and code generation. Maple's capacity for 

symbolic computing include those of a general-purpose computer algebra system. For instance, it 

can manipulate mathematical expressions and find symbolic solutions to certain problems, such as 

those arising from ordinary and partial differential equations. The latest version is from 2020. 

In our work, we used Maple 2013 to perform symbolic operations. 

2.2.2. MATLAB software 

 MATLAB “Matrix Laboratory” is a scripting language emulated by a development 

environment of the same name; it is used for numerical calculation purposes. Developed by The 

MathWorks, MATLAB allows you to manipulate matrices, display curves and data, implement 

algorithms, create user interfaces, and can interface with other languages such as C, C ++, Java, 

and Fortran. MATLAB users are from very different backgrounds such as engineering, science 

and economics in an industrial as well as research context. Matlab can be used alone or with 

toolbox. A command line interface, which is part of the MATLAB desktop, allows you to execute 

simple commands. Sequences of commands can be saved in a text file, typically with the 

MATLAB editor, in the form of a "script" or encapsulated in a function. 

We got our results and displayed the curves from MATLAB software R2014a. 
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2.3. Thermodynamic analysis of an irreversible absorption heat pump with three-heat-

reservoir 

2.3.1. Application of the first law of thermodynamics and Newton’s law of heat-transfer 

 

Fig.2.1. Symbolic diagram of an AHP (Medjo Nouadje et al., 2014).  

 

 

Fig. 2.2. The irreversible cycle model of a three-heat-reservoir AHP (Ahmadi et al., 2015). 

The symbolic diagram giving the operation of the AHP is shown in Fig. 2.1. The liquid 

rich solution mixture coming from the absorber following an exothermic reaction of a heat rate 

.

AQ  is compressed by a pump, then evaporated in the generator by supplying a heat input rate 
.

G
Q  

coming from a heat source (renewable or non-renewable), this to separate the refrigerant from the 
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absorbent. Then the high pressure working fluid is condensed due to a discharge of a heat rate 
.

C
Q  

and the following liquid is sub-cooled. Finally, the liquid obtained is expanded and then evaporated 

in the evaporator by extracting a heat rate 
.

E
Q  from the environment (heat sink). The vapour that 

emanates is super-heated and absorbed in a weak absorbent-refrigerant mixture. The weak solution 

goes from the generator to the absorber to be able to absorb the refrigerant and thus complete the 

cycle. Thoughts taken into account are intended to approximate the study to real operating 

conditions. First thought is the influences of internal dissipations during the flow of the absorbent-

refrigerant mixture, from the absorber to the generator under a high pressure and during the flow 

of the refrigerant, from the condenser to the evaporator under a low pressure expansion. Second 

thought is the influences of external irreversibilities and finite heat resistances caused by finite 

temperature differences between the condenser, absorber and the evaporator which is in a heat sink 

(environment) at temperature envT  as shown in Fig. 2.2. 

The first law of thermodynamics can be written from Fig. 2.2 using the Refs. Ngouateu 

Wouagfack and Tchinda (2011a, 2011b, 2012a, 2012b, 2014), Medjo Nouadje et al. (2014, 2016) 

and Ahmadi et al. (2015, 2016). 

                                                                                                                       (2.1) 

By considering  , Eq. (2.1) becomes: 

                                                                 (2.2) 

The Newton’s law of heat transfer states that the heat exchanged between a wall of heat-

transfer area  of a solid body at the temperature  and the surrounding fluid are deduced from 

Refs. Chen et al. (2005a), Ahmadi et al. (2014a), Huang et al. (2008), Ngouateu Wougfack and 

Tchinda (2011a, 2012a, 2012b, 2014), Medjo Nouadje et al. (2014, 2016), Ahmadi et al. (2015) 

and Ahmadi and Ahmadi (2016). 

                                                                                                                                          (2.3) 

We deduce the finite heat-transfer law in the different components: 

                                                                                                                       (2.4) 

                                                                                                                       (2.5) 

                                                                                                                       (2.6) 

. . . .

0G E C AQ Q Q Q   

. . .

O C AQ Q Q 

. . .

0G E OQ Q Q  

S T

.

Q hS T 

 
.

1G G G GQ U A T T 

 
.

2E E E EQ U A T T 

 
.

3O O O OQ U A T T 
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with  and                                                                                              (2.7) 

The heat loss due to the influence of the surrounding environment thanks to the convective 

exchange of the heat resistances (Ngouateu Wouagfack and Tchinda, 2012a) are evaluated 

between the absorber-condenser assembly and the evaporator:  

                                                                                                                           (2.8) 

 and  are the heat-transfer areas of the heat exchangers in the generator, the 

evaporator, the absorber, the condenser and the absorber-condenser assembly respectively and are 

expressed in .   and  are the coefficients of  heat transfer by convection in 

respectively of the generator, the evaporator and the absorber-condenser assembly. 

 in  and  the thermal conductivity of the heat leakage in . 

Moreover the total heat-transfer area of the heat exchangers is evaluated by the relation 

(2.9): 

                                                                                                                          (2.9) 

2.3.2. Application of the second law of thermodynamics  

Historically, the irreversibility of certain phenomena gave rise to the second law of 

thermodynamics. As a result, when there is degradation of energy at the time of a transformation, 

it is known as irreversible thus the importance and utility of the extensive size entropy. The 

application of the second law of thermodynamics to the system is due to actual operating 

considerations of AHP. These considerations lead to two internal irreversibility factors  and  

which represent the heat loss rate generated during the passage of the working fluid respectively 

between the absorber and the generator and between the condenser and the evaporator.  By 

applying the second law of thermodynamics still called Clausius inequality as in the Refs. 

Ngouateu Wougfack and Tchinda (2011a, 2011b, 2012a), Medjo Nouadje et al. (2014) and 

Ahmadi and Ahmadi (2016), we obtain:  

. .. .

1 2 3

G OE
Q QQ Q

T T T T


   < 0                                                                       (2.10) 

where ,  and  are the temperatures of the working liquid respectively in the generator, the 

evaporator and the absorber-condenser assembly in . 

O A CA A A  O A CT T T 

 
.

L L O EQ K T T 

, , ,G E A CA A A A OA

 2m ,G EU U OU

 2 1Wm K 

.

LQ  W LK  1WK

G E OA A A A  

1I 2I

1T 2T 3T

 K
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By introducing the two internal irreversibilities into Eq. (2.10), we obtain a quantitative 

and qualitative entropy relation assessment which will enable us to minimize the degradation of 

energy and the influences of the irreversibilities in our system. We obtain:   

   

                                                                                                                      (2.11)   

Considering the Eqs. (2.10) and (2.11), we obtain for an irreversible system (𝐼1 > 1 and 𝐼2 > 1) : 

                                                                                                           (2.12) 

For a system with an internal irreversibility used in the Refs. Ngouateu Wouagfack and Tchinda 

(2011a, 2012a) and Ahmadi and Ahmadi (2016), Eq. (2.12) becomes: 

                                                                                                                   (2.13) 

While for an endoreversible system ( ), Eq. (2.12) becomes: 

                                                                                                                      (2.14) 

2.3.3. Thermo-ecological analysis 

2.3.3.1. Performance parameters 

By using the Eqs. (2.2), (2.4)-(2.9) and (2.12), the coefficient of performance of an 

irreversible AHP is following: 
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          (2.15) 

where is a heat leakage coefficient by the system and is expressed in . 

The Specific heating load is obtained from the Eqs. (2.4)-(2.9) : 
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     (2.16) 
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The specific entropy generation rate is the entropy produced per unit of heat-transfer area 

generated by the system. The specific entropy generation rate is as follows of the Eqs. (2.4)-(2.8) 

and (2.12): 
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 
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        (2.17)                                                                      

Where  is the coefficient of performance of a heat pump ideal cycle with 

three-heat-reservoir. 

being the entropy generated by the system described in Fig. 2.2 and is expressed in  

and  in . 

Exergy-based ecological function (Angulo-Brown, 1991; Sun et al., 2005; Chen et al., 

2007b, 2019; Qin et al., 2017 and Frikha and Abid, 2016) is given by Eqs. (2.2, 2.4-2.9, 2.12) and 

(2.17): 
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                 (2.18) 

Where the term 
. .
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T
Q Q

T

  
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  
 represents the output exergy of the THR AHP cycle and 

.

envT   is the exergy destroyed or the loss rate of availability. 

The ecological coefficient of performance given by Refs. Chen et al. (2007a), Ngouateu 

Wouagfack and Tchinda (2011a, 2011b, 2014), Medjo Nouadje et al. (2014, 2016), Ahmadi et al. 

(2015) and Ahmadi and Ahmadi (2016).of an irreversible THR AHP is the ratio between the 

specific heating load and the exergy loss (product of the entropy generation rate and the 
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temperature of the environment). The ECOP characterizes the impact of energy lost on the 

environment.            
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     (2.19) 

When we find the results of Ngouateu Wouagfack and Tchinda (2012a). 

2.3.3.2. Optimization of an absorption heat pump with multi-irreversibilities: Maximum ecological 

coefficient of performance (ECOP) and maximum Exergy-based ecological criterion (E) 

Let,  ;  and                                                                                  (2.20) 

we can rewrite in a simpler way  objective function of performance. 

            (2.21) 

The optimization of the system must reach the maximum values of ECOP  objective 

function, which implies that one must determine the optimal temperatures up stream 1opT , 2opT  

and 3opT . maxECOP  corresponds to the maximum of ECOP  objective function obtained by solving 

the first order partial differentials equations to the variables ,  and . 

 ;  and                                                                              (2.22) 

However, the optimization of the system using exergy-based ecological objective function 

makes it possible to obtain the corresponding optimal performance parameters. At the maximum 

criterion E  that is max,EE  we have 
*
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*
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*

3T , *COP , *S  and *q . max,EE  is obtained by solving 

the partial differential equation.  
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By solving the Eqs. (2.22, 2.23) and substituting their values of the variables ,  and  into Eq. 

(2.20), we obtain the following double equality: 

                                                                     (2.24) 

Using the relationships (2.22) and (2.24), optimal temperatures at maximum ECOP  are obtained; 

                                                                                                                                                                                      

                                                                                                                                                                

                                                                                                                                       (2.25) 

where 

and ,                                                                                                       (2.26)                                                                                                                          

Substituting Eqs. (2.25) into Eqs. (2.15)-(2.19) yields the maximum ECOP:          
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and the optimal coefficient of performance , the optimal specific heating load  and 

the optimal specific entropy generation rate  at the maximum ECOP conditions, 

respectively, as : 

          (2.28) 

                                        (2.29) 
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     (2.31)            

From Eqs. (2.2), (2.4)-(2.6), (2.9) and (2.25) we find that, when THR AHP is operated in 

the state of maximum ECOP, the relations between the heat-transfer areas of the heat exchangers 

and the total heat-transfer area are determined by: 

 

       
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 
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  (2.32) 
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    

            
 
      

  (2.33) 
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    

            
 
      

  (2.34) 

2.3.4. Exergetic coefficient of performance, Exergy-based ecololgical and thermo-economic 

criteria 

2.3.4.1. Characteristics parameters 

The coefficient of performance (COP) and the specific heating load are obtained for THR 

AHP  G O L GQ Q Q Q 
    

   
 

 and O Lq A Q Q A
  

   
 

                                                         (2.35) 

The Eqs. (2.1) and (2.35) of the AHP cycle provide the heat-transfer rates derived from the 

coefficient of performance and the heating load 

G
Q  


  

1
1E LQ Q



  
   

 
 

O L
Q Q
 

                                                                                                                                          (2.36) 

and Eqs. (2.4-2.6) and (2.36) the temperatures of the working fluid yields 
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2

1
1 L

E

E E

Q

T T
U A




 
  

    

3
L

O

O O

Q
T T

U A





                                                                                                                                  (2.37) 

Substituting Eqs. (2.36) and (2.37) into Eq. (2.12) we obtain another expression of the 

second law of thermodynamics deriving from the heating load, coefficient of performance, two 

internal irreversibility factors, heat leakage, heat-transfer areas of heat exchangers and convective 

heat exchange coefficients in the different components. This expression is obtained from that of 

Qin et al. (2007) and Chen et al. (2005a, 2019) who established an expression between the heating 

load and the coefficient of performance by considering an overall internal irreversibility in FTL 

AHP and Qin et al. (2017) in turn established a similar expression in FTL AHT always with an 

overall internal irreversibility. 

 

11
1

1 2

1 1 1
0

1

O G E

O O G G E E
L L

T T T
I I

U A U A U AQ Q


     




 

                       

                (2.38) 

2.3.4.2. Performance analysis 

2.3.4.2.1. Exergetic coefficient of performance and exergy-based ecological criterion 

 The output exergy of the system THR AHP cycle is as follows 

. . .

1 1env env
out O L

O O

T T
EX Q Q

T T


    
        
    

                                                                                          (2.39) 

the input exergy of the system THR AHP cycle  

. .

in GEX Q



                                                                                                                                     (2.40) 

and the exergy destroyed or the loss rate of availability 

 
. . . . .

. 11 E GO L G E L
D env env env

O G E O E

T TQ Q Q Q Q
EX T T T

T T T T T


 



             
    

                               (2.41) 

where 


 is the entropy production rate is expressed in  -1WK   

As a result, exergy-based ecological function and previously used by Huang et al. (2008), Chen et 

al. (2007, 2019), Frikha et al. (2016) and Qin et al. (2017) on absorption system 
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 . . 11 2 E G
out D env

env O E

T T
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




  
     

 
                                                                      (2.42) 

We can define the exergetic efficiency which is the ratio between output exergy and input 

exergy. Previously, authors such as Ust et al. (2007), Kilic and Kaynakli (2007), Kaushik and 

Arora (2009) and Liu et al. (2017) used and analyzed the thermal systems with this criterion. by 

the way, using the Eqs. (2.39) and (2.40) we have 

.

.
1

out env

Oin

TEX
ex

TEX


 

   
 

                                                                                                                      (2.43) 

Also, the exergetic performance coefficient (EPC) used by Ust et al. (2007) is established as the 

ratio of output exergy to the loss rate of availability (entropy production rate) and allows a careful 

measurement of the energy required, added to the impact on the environment . Using Eqs. (2.39) 

and (2.41), we obtain: 

 

.

.

1

11
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E G
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T

TEX
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T T
EX

T T T







 
 



                                                                                                     (2.44) 

2.3.4.2.2. Thermo-economic criterion 

The thermo-economic criterion stated by Kodal et al. (2000a, 200b, 2002, 2003) and 

followed by Ahmadi et al. (2014a, 2014b), is the heating load per unit sum of the cost on the 

investment and the cost of the energy consumed. It takes into account the location of the system 

and the load to be provided by it. 

i e

f
C C





                                                                                                                                       (2.45) 

where, 1iC k A  and 
.

2e G
C k Q                                                                                                           (2.46) 

iC  is the cost of the investment in AHP and depends proportionally on the total heat exchange 

area. 
eC  is the cost of energy consumed and is proportionally dependent on the heat input rate. 

Again, 1k  and 2k  the capital cost for the unit heat-transfer area and the unit cost of energy. 

Considering 1 2k k k  as a thermo-economic parameter of dimension  -2Wm , and substituting 

Eq. (2.46) into Eq. (2.45) we obtain 

2

1

1
F k f

k

q 

 


                                                                                                                                   (2.47) 
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2.3.4.3. Optimization 

2.3.4.3.1. Special cases 

Eq. (2.38) can be written in many other forms neglecting internal and external 

irreversibility factors. 

 In the first case, where the heat resistances and the heat leakages which represent the flow 

of heat leaving the medium to be heated for the environment during the thermodynamic cycle are 

neglected. It follow that the heat leakage coefficient nullifies for an exoreversible system 

 0 0L LK K A     , Eq. (2.38) becomes 
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                
                                          (2.48) 

The second case, where the heat losses are neglected:  1 2 1I I   that is to say for an 

endoreversible system, Eq. (2.38) becomes  
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                          

                      (2.49) 

The third case, where the heat resistances, the heat leakages and the heat losses are 

neglected ( 0 0L LK K A      and 1 2 1I I  ) that is to say for a reversible system, Eq. (2.38) 

becomes 

 
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1 1 1
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
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                                        (2.50) 

2.3.4.3.2. Flowchart optimization 

The three decisive objective functions taken into consideration for our work are the thermo-

economic criterion (F), the exergy-based ecological function (E) and the exergetic performance 

criterion (EPC). The maximum values of each objective function EPC, E, and F can be evaluated 

using the flowchart optimization algorithm (Fig. 2.3) thus used by the Refs. Su et al. (2017) and 

Chen et al. (2019). We obtain the maximum value of the exergetic performance criterion maxEPC  

which corresponds to the optimal values EPC , EPCA , EPCq , 
.

out EPCEX   and 
.

D EPCEX  . Then we 

determine the maximum value of the exergy-based ecological criterion maxE  which corresponds to 

the optimal values E , EA , Eq , 
.

out EEX   and 
.

D EEX  . Finally, in the same way, we obtain the 

maximum values of the thermo-economic criterion maxF  to which corresponds the optimal values 

F , FA , Fq , 
.

out FEX   and 
.

D FEX  .   
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Fig. 2.3. The optimization flowchart. 

 

 



93 

 

2.4. Irreversible four-temperature-level absorption heat pump cycle model single effect 

2.4.1. Finite time thermodynamics 

 

Fig. 2.4. The irreversible cycle model of a FTL AHP (Ngouateu Wouagfack and Tchinda, 2012). 

The real operating conditions of the AHP in Fig. 2.1 take into consideration the heat 

resistances, the heat leakages and the heat losses represented by two internal irreversibility factors. 

The irreversible cycle of FTL AHP as shown in Fig. 2.4 allows us to write the first law of finite 

time thermodynamics (FTT). Nevertheless, the localized finite heat resistances and heat leakages 

in the absorber, condenser and evaporator heat exchangers makes it possible to model a cycle by 

relying on the refs. Ngouateu Wouagfack and Tchinda (2011a, 2011b, 2012a, 2012b, 2014), Medjo 

Nouadje et al. (2014, 2016) and Ahmadi et al. (2015, 2016). 

This being so, the heat-exchange rates between the working fluid and the external heat 

reservoirs in the heat exchangers are obtained under the finite temperature difference, from 

Newton's law of heat-transfer. 

 
.

1G G G GQ U A T T                                                                                                                                                                                           

 
.

2E E E EQ U A T T                                                                                                                                                                                            

 
.

3C C C CQ U A T T                                                                                                                   

 
.

4A A A AQ U A T T                                                                                                                                   (2.51)                                                                                                                                                   
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Besides, the external irreversibilities or heat leakage between the space to be heated and the 

environment are reflected (Ngouateu Wouagfack and Tchinda, 2012b, 2014): 

   
. . .

1 2 L C E L A EL L LQ Q Q K T T K T T                                                                                       (2.52) 

.

LQ  in  W , is the heat leakage from the heat sink to the cooled space, 1

.

LQ  and 2

.

LQ  are the heat 

leakages from the heat sink to the cooled space between the condenser and the evaporator and 

between the absorber and the evaporator respectively. LK  is the thermal conductivity due to heat 

leakage in  1WK . Also, the total of heat-transfer surfaces area in the external heat reservoirs of 

components such as generator, evaporator, absorber and condenser. 

G E A CA A A A A                                                                                                                                    (2.53) 

Furthermore, internal dissipations or heat losses reflecting the entropy generation rate lead 

to exploit the second law of thermodynamics. This law illustrates the irreversibility process of the 

thermodynamic cycle and is written  

A C G ES S S S    > 0, where, 4A A
S Q T



  ; 
3C C

S Q T


  ; 
2E E

S Q T


   and 1G G
S Q T



  .       (2.54) 

with 1T , 2T , 3T  and 4T  are expressed in ( K ) and represent the working fluid temperatures in the 

external heat transfer reservoirs such as the generator, evaporator, condenser and absorber, 

respectively. Then, we insert the two internal irreversibility factors caused by pressure drops and 

friction between the fluid particles and between the working fluid and the walls. This during the 

process of heat transfer between the external heat reservoirs of the heat exchangers and the working 

fluid in the absorber-generator connection ( 1I ) and in the condenser-evaporator connection ( 2I ). 

Xiling et al. (2011) ], did so in the FTL AHPs and Medjo Nouadje et al. (2014) is done in THR 

ARs; so we have 

 1 A GI S S    ( 1 1I  ) and 2 C EI S S    ( 2 1I  )                                                               (2.55) 

Substituting Eq. (2.55) into Eq. (2.54) we obtain     

1 2 0A C G ES S I S I S                                                                                                             (2.56) 

2.4.2.. Performance analysis  

The performance analysis system at four-temperature-levels allows us to determine the 

coefficient of performance (COP), the specific heating load (q), the entropy generation rate (S) 

and the ecological coefficient of performance (ECOP). For this, taking into account the Eqs. (2.1), 

(2.51-2.56) these performance criteria are written in this order according to Eqs. (2.57), (2.59), 

(2.61) and (2.63). 
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The COP is the ratio between the heating load and the rate of heat transfer in the generator   

             (2.57)                                           

 

 

 

Where 
. .

A Cm Q Q  ;  1 A E C EC T T T T     and LK A  .                                                 (2.58)  

m  being the ratio of the rejected heat between the absorber and the condenser and   the set of 

external irreversibilities, also called coefficient of heat loss, is expressed in  2 1Wm K  . 

The expression of the specific heating load is as follows; 
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    (2.59)                              

We get the specific entropy generation rate at the same time 

     
. . ..
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                          (2.60) 

Substituting the Eqs. (2.1), (2.51-2.54) and (2.56) into the Eq. (2.60) we finally obtain:  
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         (2.61)                                                         
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The ecological coefficient of performance (ECOP) given by the Refs. Ngouateu 

Wouagfack and Tchinda (2011a, 2011b, 2012a, 2012b, 2014), Medjo Nouadje et al. (2014, 2016), 

Ahmadi and Ahmadi (2016), Ahmadi et al. (2016) and Ust et al. (2017) of the real FTL AHP is 
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the ratio between the specific heating or cooling load and the exergy loss (product of the entropy 

generation rate by the temperature of environment). The ECOP characterizes the impact of energy 

lost in the environment. 
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   (2.63) 

2.4.3. Exergetic analysis and optimization 

2.4.3.1. Exergetic analysis  

The output exergy is given by the relation: 

. . . .

1 21 1env env
out C L A L

C A

T T
EX Q Q Q Q

T T

      
          
     

                                                                 (2.64) 

The input exergy is given by the relation:  

.

in GEX Q                                                                                                                                                                     (2.65) 

The exergy-based ecological criterion (Angulo-Brown, 1991; Sun et al., 2005; Chen et al., 

2007, 2019; Ahmadi et al., 2016; Frikha and Abid, 2016 and Qin et al., 2017) is given by: 

out envE EX T 


                                                                                                                             (2.66) 

Where 
.

envT   is the exergy destruction rate or the loss rate of availability.                                                                                                                            

This makes it possible to define the exergetic efficiency which is the ratio between the 

output exergy and the input exergy. It had been previously written by the authors Ust et al. (2007), 

Kilic and Kaynakli (2007), Kaushik and Arora (2009) and Liu et al. (2017), so we have for the 

system using the Eqs. (2.1), (2.51), (2.53), (2.54), (2.64) and (2.65):  
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                  (2.67) 

Where    6 1 2A E C EC T T T T         with 1 1 env AT T    and 2 1 env CT T                        

(2.68) 

Furthermore, the exergetic performance coefficient (EPC) Ref. Ust et al. (2007) is defined 

as the ratio between the output exergy and the loss rate of availability (entropy production rate) 

and allows the necessary energy to be measured with care in addition to the impact in the 

environment. Using the Eqs. (2.60) and (2.64), we obtain:   
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In which, 
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2.4.3.2. Optimization by the exergetic performance coefficient (EPC) 

By performing the variable change below, we obtain: 

       
1 11 1

1 2 2 3 1 41 ; 1 ; ;x m T y m T z I T t m I T
        .                                                                       (2.71) 

And solving the partial differential equations 

0; 0; 0; 0EPC x EPC y EPC z EPC t                                                            (2.72) 

Such as, 
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Which makes it possible to find the optimal temperatures of the working fluid in each component: 
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with ; ;C G C E C AU U U U U U      ;    
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       (2.75) 

2.4.4. Characteristics parameters and optimization by the flowchart optimization algorithm  

2.4.4.1. Characteristics parameters 

The COP which represents the amount of heat supplied to the surrounding to be heated 

compared to the amount of heat input, and the heating load are shown as follows  
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                                       (2.76) 

The Eqs. (2.1) and (2.76) of the AHP cycle provide the heat-transfer rates derived from the 

coefficient of performance and the heating load 
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where 
. .

A Cm Q Q  being the ratio of the rejected heat between the absorber and the condenser, 

and Eqs. (2.51) and (2.58) the temperatures of the working fluid yields 
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An optimal generalized expression between the design indicators and the performance 

parameters (COP and heating load), integrating the two laws of thermodynamics is obtained. 

Previously, Qin et al. (2007) and Chen et al. (2005a, 2019) established a similar expression on 

FTL AHPs and Qin et al. (2017) on FTL AHTs. However, by replacing the Eqs. (2.77) and (2.78) 

into Eq. (2.56) this time we obtain in these works, an optimal relation for an FTL AHP cycle 

linking all the design indicators (the two internal dissipations in the absorber-generator connection 

and the condenser-evaporator connection, the heat leaks, the coefficients of heat exchange in the 

heat exchangers and the ratio of the heat rejected between the absorber and the condenser), and the 

performance parameters. 

   

11

1
1

1 2

1 11 1 1 1
0

1
1

C A G E

C C A A G G E E
L L L

T m T m T T
I I

U A U A U A U AQ m Q Q



  







  

  
                    
                        

      (2.79) 

2.4.4.2. Performance analysis  

2.4.4.2.1. Ecological criterion 

 The output exergy rate of the system FTL AHP cycle is as follows 
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the input exergy rate of the system FTL AHP cycle  
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and the exergy destroyed rate or the loss rate of availability 
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where 


 is the entropy production rate is expressed in  -1WK   
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As a result, exergy-based ecological function and previously used by Huang et al. (2008), Chen et 

al. (2007, 2019), Frikha et al. (2016); Ahmadi et al. (2016) and Qin et al. (2017) on absorption 

system 
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                               (2.83) 

2.4.4.2.2. Thermo-economic criterion 

The thermo-economic criterion stated by Kodal et al. (2000, 2002, 2003), and followed by 

Ahmadi et al. (2014a, 2014b) is the ratio of the heating load by the sum of the cost on the 

investment and the cost of the energy consumed. It takes into account the location of the system 

and the load to be provided by it. 

i e
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                                                                                                                                       (2.84) 

where, 1iC k A  and 
.

2e GC k Q                                                                                                           (2.85) 

iC  is the cost of the investment in AHP and depends proportionally on the total heat exchange 

area. 
eC  is the cost of energy consumed and is proportionally dependent on the heat input rate. 

Again, 
1k  and 

2k  the capital cost for the unit heat-transfer area and the unit cost of energy. 

Considering 
1 2k k k  as a thermo-economic parameter of dimension  -2Wm , and substituting 

Eq. (2.85) into Eq. (2.84) we obtain 

2

1

1
F k f

k

q 

 



                                                                                                                                      (2.86) 

2.4.4.2.3. Exergetic performance criterion  

Using Eqs. (2.80) and (2.82), we obtain: 
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          

      
    

       
   

   
      

  

                        (2.87) 
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2.4.4.3. Optimization  

2.4.4.3.1. Exception examples 

Heat loss and leakage being real considerations for an FTL AHP cycle, from Eq. (2.79) we 

can therefore obtain the following configurations. 

 Eventuality 1: 1m   (
C A

Q Q
 

 ), 1 1I  , 2 1I   and 0LK   

11

1
1

1 2

2 21 1 1 1
0

1
1

C GA E

C C A A G G E E
L L L

T TT T
I I

U A U A U A U AQ Q Q



  







  

  
                   
                        

      (2.88) 

Eventuality 2, an exoreversible FTL system where 0LK  , 1 1I  , 2 1I   and 1m    

   

1

1 1 1

1 2

1 11 1 1 1
0

1
1

C A G E

C C A A G G E E

T m T m T T
I I

U A U A m U A U A



  






  

 
 

                    
         

  

   (2.89) 

Eventuality 3, a reversible FTL cycle ( 0LK  , 1 2 1I I   and 1m  )  

   

1

1 1 1

1 11 1 1 1
0

1
1

C A G E

C C A A G G E E

T m T m T T

U A U A m U A U A



  






  

 
 

                    
         

  

   (2.90) 

Eventuality 4, an endoreversible FTL device where ( 0LK  , 1 2 1I I   and 1m  )  

   

11

1
1

1 11 1 1 1
0

1
1
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L L L
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U A U A U A U AQ m Q Q



  







  

  
                    
                        

   (2.91) 

2.4.4.3.2. Flowchart optimization 

By considering the ecological (E), exergetic (EPC) and thermo-economic (F) objective 

functions, we can obtain the maximum values of each of these functions using the Flowchart 

algorithm (Fig. 2.3). Recently, this algorithm was used by Su et al. (2016) to optimize an 

irreversible Carnot refrigerator, followed by Chen et al. (2019) to optimize a FTL AHP using the 

exergy-based ecological function. 

2.5. Conclusion 

In this chapter, we carried out a theoretical analysis using finite time thermodynamics or 

non-equilibrium thermodynamics. In addition, we used as a tool the Maple software which allowed 

us to analytically solve the symbolic equations which resulted in obtaining the maximum values 
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of the ECOP and E criteria for the THR cycles and the EPC and E criteria for the TFL cycles. 

However, the flowchart algorithm allowed us to obtain the maxima of the three objective functions 

E, EPC and F under certain operating conditions, which led to an optimal comparative study of 

system performance in the following. 
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CHAPTER 3: RESULTS AND DISCUSSION 
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3.1. Introduction 

In the previous chapter, we established an analytical study based on finite time 

thermodynamics. Through a flowchart algorithm, we obtained the optimal parameters 

corresponding to the maximum of each objective function studied. However, in this chapter it is a 

question of understanding and determining the optimal operating ranges of a THR AHP and FTL 

AHP single effect system by considering real hypotheses. This being so, we will in the following 

plot the curves of the objective functions ECOP for the THR cycle and EPC for a FTL cycle with 

respect to the temperatures of the working fluid and the heat exchange surfaces areas in the various 

components, coefficient of performance, specific heating load and entropy generation rate. Then 

we will make a comparative study of the ecological, exergy and economic criteria for the THR and 

FTL cycles compared to performance indices such as the coefficient of performance, exergy output 

rate and exergy destruction rate. Finally we will discuss these results in order to find a suitable 

compromise. 

3.2. Numerical applications for the THR AHP 

The numerical values below allowed to perform numerical analyzes and to plot the curves 

of the variations of the different objective functions. This is under the influences of the dissipation 

effects, heat resistances and internal and external irreversibility factors. In a general framework, 

these values are taken from the Ref. literature (Ngouateu Wouagfack and Tchinda., 2012a and 

Ahmadi et al., 2015) and are the following: 393KGT  ; 288KET  ; 313KAT  ; 313KCT  ; 

2100mA  ; 
-1 -2500WK mG E OU U U   ; 

2 11.082Wm KLK A    . In addition, in Figs. 

3.15-3.18, 3.25-3.27, 5k  . 
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3.3. Effects of temperatures of the working fluid in the different components for the THR 

AHP 

     

Fig. 3.1.  Variation of ECOP  objective function with respect to the temperature 
1

T  of the working fluid in the 

generator when 
2

1I   for various 
1

I (a); when 
1

1I   for various 
2

I (b).  

 

 

     

Fig. 3.2. Variation of ECOP  objective function with respect to the temperature 
2

T  of the working fluid in the 

evaporator when 
2

1I   for various 
1

I (a); when 
1

1I   for various 
2

I (b). 
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Fig. 3.3. Variation of ECOP  objective function with respect to the temperature 
3

T  of the working fluid in the 

absorber and the condenser assembly when 
2

1I   for various 
1

I  (a); when 
1

1I   for various 
2

I  (b). 

Figs. 3.1-3.3 show the variations of the ECOP  objective function with respect to the 

temperatures ,  and  which respectively represent the temperatures of working fluid in the 

generator, the evaporator and the absorber-condenser assembly. In Figs. 3.1(a), 3.2(a) and 3.3(a) 

 is set  for different values of  and in Figs. 3.1(b), 3.2(b) and 3.3(b)  is set ( ) 

for different values of . The  gradually increases with increase in the temperatures  

and  before reaching its maximum in Figs. 3.1 and 3.2. However  decreases abruptly 

after reaching its maximum value when  increases in Fig. 3.3. As a result, when 1
T < 

1op
T , 2

T < 

2op
T  and 3

T > 
3op

T  the system is less ecological and losses are more  accentuated and more when 

1
T > 

1op
T , 2

T > 
2op

T  and 3
T < 

3op
T , the system is unstable. However, the max

ECOP  is more affected 

in the system for the same values of the optimum temperatures in the condenser-evaporator 

assembly by the irreversibility factor than in the absorber-generator by the irreversibility factor 

.  

 

 

 

 

 

 

 

 

1T 2T 3T

2I  2 1I  1I 1I 1 1I 
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3.4. Influences of design parameters for the THR AHP 

3.4.1. The two internal irreversibilities 1I  and 2I   

3.4.1.1. On the ECOP  criterion 

 

    

Fig. 3.4. Effects of internal irreversibility 
1

I (a) of the generator-absorber assembly and of the internal irreversibility 

2
I (b) of the evaporator-condenser assembly on the ECOP  objective function with respect to the q  objective 

function. 

 

 

  

Fig. 3.5. Effects of internal irreversibility 
1

I (a) of the generator-absorber assembly and of the internal irreversibility 

2
I (b) of the evaporator-condenser assembly on the ECOP  objective function with respect to the S  objective 

function. 
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Fig. 3.6. Effects of internal irreversibility 
1

I (a) of the generator-absorber assembly and of the internal irreversibility 

2
I (b) of the evaporator-condenser assembly on the ECOP  objective function with respect to the COP  objective 

function. 

 

                                 

 

Fig. 3.7. Effects of internal irreversibility 
1

I (a) of the generator-absorber assembly and of the internal irreversibility 

2
I (b) of the evaporator-condenser assembly on the ECOP  objective function with respect to the heat-transfer areas 

of the heat exchangers  O op
A A ,  G op

A A  and  E op
A A  objective functions. 
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Fig. 3.8. Variation of the non-dimensional ECOP  objective function, the non-dimensional COP  objective function 

and entropy generation rate according to the specific heating load : (a) 
2

1I   when 
1

I  varies and (b) 
1

1I   when 

2
I  varies. 
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Fig. 3.9. Variation of the non-dimensional ECOP objective function, the non-dimensional E objective function and 

entropy generation rate according to the specific heating load : (a) 
2

1I   when 
1

I  varies and (b) 
1

1I   when 
2

I  

varies. 
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Fig. 3.10. Effects of internal irreversibility 
2

I (a) of the generator-absorber assembly and of the internal 

irreversibility 
1

I (b) of the evaporator-condenser assembly on the 
max

ECOP  maximal objective function respectively 

for certain values of 
1

I (a) and 
2

I (b). 

 

 

  

 Fig. 3.11. Effects of internal irreversibility 
2

I (a) of the generator-absorber assembly and of the internal 

irreversibility 
1

I (b) of the evaporator-condenser assembly on the 
op

COP  optimal objective function respectively for 

certain values of 
1

I (a) and 
2

I (b). 
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Fig. 3.12. Effects of internal irreversibility 
2

I (a) of the generator-absorber assembly and of the internal 

irreversibility 
1

I (b) of the evaporator-condenser assembly on the op
q  optimal objective function respectively for 

certain values of 
1

I (a) and 
2

I (b). 

 

 

 

Fig. 3.13. Effects of internal irreversibility 
2

I (a) of the generator-absorber assembly and of the internal 

irreversibility 
1

I (b) of the evaporator-condenser assembly on the 
op

S  optimal objective function respectively for 

certain values of 
1

I (a) and 
2

I (b).      
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Fig. 3.14. Effects of internal irreversibility 
2

I (a) of the generator-absorber assembly and of the internal 

irreversibility 
1

I (b) of the evaporator-condenser assembly on the  O op
A A ,  G op

A A  and  E op
A A  optimal 

objective functions respectively for certain values of 
1

I (a) and 
2

I (b).   

The effects of internal irreversibilities  and  on the  objective function with 

respect to the specific heating load, the specific entropy generation rate, the coefficient of 

performance  and heat-transfer areas of the heat exchangers are shown respectively in Figs. 

3.4-3.7. For progressively large values of  and , we make the following observations. In Figs. 

1I 2I ECOP

 COP

1I 2I



115 

 

3.4 and 3.5, we observe that the maximum of the objective function  is reached for a certain 

value of the specific heating load  Fig. 3.4 and a minimum of the specific entropy generation 

rate  Fig 3.5. This  objective function decreases gradually when the internal 

irreversibility parameters  and  increase. Moreover, from the definition of  and  

in Eqs. (2.15) and (2.19) respectively, we obtain a relation between these two objective functions 

. This equation makes it possible to obtain Fig. 3.6 

and shows that the  increases as also increases. The analysis of the performance of 

the AHP shows that the objective function  is always such that 𝐶𝑂𝑃 < 3 for any maximum 

value of the objective function  which corresponds to an optimal system. Among others, 

Fig. 3.7 shows that the maximum of the objective function  varies symmetrically with 

respect to the optimum heat transfer areas  of the generator and  of the evaporator. 

This means that the  values decrease when the  values increase while the  

values decrease. However, the  values decrease always leaving the optimal values of 

 constant of the absorber-condenser assembly. Fig. 3.8 shows variations of the normalized 

  maxnormECOP ECOP ECOP , normalized   maxnormCOP COP COP , and  

with respect to the  for different values of  and . It is observed that at the point of optimal 

functioning of the system, the optimal values of , , , , , ,  , 

and , the maximum values of  and  coincide. Yet these last two objective 

functions have a different physical meaning. Ngouateu Wouagfack and Tchinda (2011a, 2012a, 

2012b, 2014) made this observation between  and  for AR and AHP having three and 

four heat reservoirs with internal irreversibility. Same for Medjo Nouadje et al. (2014) for THR 

AR and two internal irreversibilities. Also, the maximum of the  and  objective 

functions correspond to a certain value of  for minimum value of  according to the variations 

of  and  . However, Fig. 3.9 shows variations of the normalized  

 maxnormECOP ECOP ECOP , normalized  E   max,norm EE E E , and  with respect to the  

for different values of  and . It is observed that when the THR cycle operates under the 

maximum  values conditions  maxECOP on the one hand and maximum E  values on the 

ECOP

 q

 S ECOP

1I 2I COP ECOP

   
1 1 1 1
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other hand  maxE , 𝑞𝑜𝑝 < 𝑞∗ and 𝑆𝑜𝑝 < 𝑆∗. opq  and q
 being the optimal specific heating load at 

maxECOP  and max,EE  respectively and opS  and *S  being the optimal specific entropy generation 

rate at maxECOP  and max,EE  respectively. The results show that the system operating under 

maximum  conditions has a significant advantage over the maximum E  conditions in 

terms of specific entropy generation rate. Otherwise, under maximum E  conditions has a 

significant advantage over the maximum conditions in terms of specific heating load. The 

results obtained by Ngouateu Wouagfack and Tchinda (2011b) show that the THR cycle operating 

at maximum  values conditions has a significant advantage over the maximum E  values 

and maximum specific cooling load values conditions concerning the specific entropy generation 

rate and coefficient of performance. Figs. 3.10-3.14 show variations of the  maximal 

objective function and the , , , ,  and optimal objective 

functions corresponding to the maximum of  . These variations with respect to  for 

different values of  on the one hand Figs. 3.10(a)–3.14(a) and  for different values of  on 

the other hand Figs. 3.10(b)-3.14(b).  decreases rapidly,  and decreases 

gradually while  and  increases,  and  remains constant when the parameters 

 and  increase. As a result,  and  are better for values of  and  close to the 

unit corresponding to the endoreversible system with a specific entropy generation rate  

minimum for a certain value of the specific heating load  and heat-transfer areas of heat 

exchangers ,  and .  

Table  3.1. Real AHP maximum values from the ecological coefficient of performance (
maxECOP ) versus the 

endoreversible system (
1 2 1I I   and 1.082  ) for different values of 

1I  and 
2I . 

The preceding figures can be summarized in Table 3.1, which shows how the maximum 

ecological coefficient of performance varies according to the internal irreversibilities  and  

respectively of the generator-absorber assembly and the evaporator-condenser assembly. We can 

ECOP

ECOP

ECOP

maxECOP

opCOP opq opS  G op
A  E op

A  O op
A

ECOP 2I

1I 1I 2I

maxECOP
opCOP  E op

A

opS  G op
A opq  O op

A

1I 2I
maxECOP

opCOP 1I 2I

opS

opq

 G op
A  E op

A  O op
A

1I 2I

Percentage (%) of 𝐸𝐶𝑂𝑃𝑚𝑎𝑥             𝑰𝟏 = 𝟏. 𝟎𝟎          𝑰𝟏 = 𝟏. 𝟎𝟐  𝑰𝟏 = 𝟏. 𝟎𝟒 𝑰𝟏 = 𝟏. 𝟎𝟔 𝑰𝟏 = 𝟏. 𝟎𝟖 

𝑰𝟐 = 𝟏. 𝟎𝟎  100.00 73.79 57.01 45.35 36.78 

𝑰𝟐 = 𝟏. 𝟎𝟐  53.56 44.59 37.58 31.96 27.35 

𝑰𝟐 = 𝟏. 𝟎𝟒  38.28 33.34 29.18 25.63 22.56 

𝑰𝟐 = 𝟏. 𝟎𝟔  30.67 27.38 24.49 21.94 19.66 

𝑰𝟐 = 𝟏. 𝟎𝟖  26.12 23.68 21.49 19.52 17.72 
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also deduce that the optimal functioning of a real AHP is less efficient than an endoreversible 

AHP. Which for an obtained  (  and ) we have certain value 

of the specific heating load , a minimum entropy generation rate 

 and a maximum coefficient of performance  (According to 

Eqs. 2.28-2.30).    

As a whole, Figs. 1(a)-14(a) and Figs 1(b)-14(b) show that the factor of internal 

irreversibility  of the condenser-evaporator assembly characterized by the loss rate, the losses 

of heat resistance, the friction, the singularity points and the turbulence of the working fluid has a 

more unfavorable impact on the performance of the system.  

3.4.1.2. On the EPC , E  and F   objective functions 

   

Fig. 3.15. Effects of internal irreversibility 
1

I (a) of the generator-absorber assembly and of the internal 

irreversibility 
2

I (b) of the evaporator-condenser assembly on the dimensionless 
nor

E , 
nor

EPC  and 
nor

F  with respect 

to the COP (  ) objective function. 

 

 

 

 

 

 

maxECOP 1 2 1I I  -1 -21.082WK m 

-2307Wmopq 

-1 -20.0165WK mopS  max 2.8COP 

2I
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Fig. 3.16. Effects of internal irreversibility 
1

I (a) of the generator-absorber assembly and of the internal 

irreversibility 
2

I (b) of the evaporator-condenser assembly on the dimensionless 
nor

E , 
nor

EPC  and 
nor

F  with respect 

to the q  objective function. 

 

 

  

Fig. 3.17. Effects of internal irreversibility 
1

I (a) of the generator-absorber assembly and of the internal 

irreversibility 
2

I (b) of the evaporator-condenser assembly on the dimensionless 
nor

E , 
nor

EPC  and 
nor

F  with respect 

to the 
.

outEX  objective function. 
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Fig. 3.18. Effects of internal irreversibility 
1

I (a) of the generator-absorber assembly and of the internal 

irreversibility 
2

I (b) of the evaporator-condenser assembly on the dimensionless 
nor

E , 
nor

EPC  and 
nor

F  with respect 

to the 
.

DEX  objective function. 

 In Figs. 3.15-3.18, the dimensionless or normalized values 
nor

E  (
nor op

E E E  where opE  

is the optimal value of E  corresponding to the value of E  when F  and EPC  are at their 

maximum values, and E  varies to max
E ), nor

EPC  ( maxnor
EPC EPC EPC ) and nor

F  (

maxnor
F F F ) has a curve with respect to  , q , 

.

outEX  and 
.

DEX . These characterizes the 

influences of the two internal irreversibility factors 1I  and 2I  on the exergy-based ecological 

function E , exergetic performance coefficient EPC and thermo-economic function F  criteria. 

Unlike the increase of k  values, when the parameters 1I  and 2I   increase, then: 

i) The maximum of each criterion F , E  and EPC decreases with decreasing values of the 

corresponding optimal coefficient of performance   (Fig. 3.15). 

ii) The maximum of each criterion F  and E  decreases with decreasing values of the 

corresponding optimum objective functions of performance q  and 
.

outEX  (Figs. 3.16 and 3.17 

respectively). Whereas the maximum of the objective function EPC  decreases with the gradual 

increasing values of the corresponding optimum objective functions of performance  q  and 
.

outEX  

(Figs. 3.16 and 3.17 respectively). 

iii) The maximum of the objective function E  decreases with the decreasing values of the 

corresponding optimal exergy destruction rate 
.

DEX  (Fig. 3.18). Whereas the maximum of each 

criterion F  and EPC  decreases with the abrupt increasing values of the corresponding optimal 

exergy destruction rate  
.

DEX  (Fig. 3.18). 
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Under optimal operating conditions, optimization parameters  , q ,
.

outEX  and 
.

DEX  related 

to the maximum of the exergy-based ecological function E  and for an endoreversible system 

 1 2 1I I   are taken as references because they have the highest values: 2.80EPC F   , 

-21603WmEq  , 
.

11779Wout EEX    and 
.

6324WD EEX   . Also, two cases are taken into account. 

In the first case where 1 1.05I   and 2 1I  , we make the following observations. F  and 

EPC  are both lower than the highest coefficient of performance value by 0
013.65 , whereas E  

is lower by a rate of 0
024.33 , in Fig. 3.15(a). Eq , Fq  and EPCq  are lower than the highest specific 

heating load value by rates of 0
029.60 , 0

076.29  and 0
080.85  respectively, in Fig. 3.16(a). 

.

out EEX  , 
.

out FEX   and 
.

out EPCEX   are lower than the highest specific exergy output rate value 

which is itself proportional to the specific heating load by rates of 0
029.60 , 0

076.29  and 0
080.85  

respectively, in Fig. 3.17(a). On the other hand, 
.

D EPCEX  , 
.

D FEX   and 
.

D EEX   are lower than the 

highest exergy destruction rate value by rates of 0
085.01 , 0

081.20  and 0
016.90  respectively, in 

Fig. 3.18(a). 

In the second case where 1 1I   and 2 1.05I  , we make the following observations. F  

and EPC  are both lower than the highest coefficient of performance value by a rate of 0
024.22 , 

whereas E  is lower by a rate of 0
029.08 , in Fig. 3.15(b). Eq , Fq  and EPCq  are lower than the 

highest specific heating load value by rates of 0
030.31 , 0

070.51  and 0
075.55  respectively, in 

Fig. 3.16(b). 
.

out EEX  , 
.

out FEX   and 
.

out EPCEX   are lower than the highest specific exergy output 

rate value by rates of 0
030.31 , 0

070.51  and 0
075.55  respectively, in Fig. 3.17(b). On the other 

hand, 
.

D EPCEX  , 
.

D FEX   and 
.

D EEX   are lower than the highest exergy destruction rate value by 

rates of 0
071.39 , 0

065.30  and 0
02.67  respectively, in Fig. 3.18(b). 

From this we deduce that, the impact of heat losses on system performance between the 

condenser and the evaporator characterized by the internal irreversibility factor 2I  is greater than 

that between the generator and the absorber characterized by the internal irreversibility factor 1I . 

This is manifested by highest maximum values of the objective functions F , EPC  and E  which 

correspond to the best optimal performance of the parameters  , q ,
.

outEX  and 
.

DEX , under the 
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influence of 1I . Furthermore, under the effects of the two internal irreversibility factors, THR AHP 

cycle has a significant advantage at the maxima of the F  and the EPC  criteria in terms of 

coefficient of performance. Nevertheless, the system has a significant advantage at the maximum 

of the EPC  in terms of exergy destruction rate, and at the maximum of the E  criterion in terms 

of specific heating load and exergy output rate. 

3.4.2. Thermo-economic parameter ( k ) on the EPC , E  and F  objective functions 

 

Fig. 3.19. Effects of thermo-economic factor on the F criterion with respect to the COP ( ) objective function. 

 

 

Fig. 3.20. Effects of thermo-economic factor on the F criterion with respect to the 
.

outEX  objective function. 
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Fig. 3.21. Effects of thermo-economic factor on the F criterion with respect to the 
.

DEX  objective function. 

Among the three decisive objective functions F, E and EPC, the thermo-economic 

parameter only affects the objective function F. Again, when the capital cost increases and the cost 

of the consumed energy decreases, thereafter thermo-economic parameter (k) increases while F 

decreases. The variations of the thermo-economic criterion (F) with respect to the coefficient of 

performance ( ), the exergy output rate (
.

outEX ) and the exergy destruction rate (
.

DEX ) 

respectively were plotted under the influences of thermo-economic parameter (k) in Figs. 19-21. 

In Fig. 3.19, the thermo-economic F objective function increases as the COP increases and the 

curves obtained are loops passing through the origin which are less and less sharp when the thermo-

economic parameter values (k) increase. So much so that in Figs. 3.20 and 3.21, the criterion F 

increases rapidly near its maximum before decreasing asymptotically thereafter, especially in Fig. 

3.21, this when k increases. It is useful to observe that when k increases, the maximum of the 

objective function F is lower. Whereas the specific heating load, the exergy output rate and the 

exergy destruction rate have higher optimal corresponding values.  

However, it is crucial in the optimization of the THR AHP by the objective function F that 

we have an important of maximum values F, corresponding to a minimum exergy destruction rate 

for certain values of the specific heating load and the exergy output rate. 
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3.4.3. Heat leakage and heat resistance 

3.4.3.1. On the ECOP  objective function 

 

Fig. 3.22. Effects of heat leakage coefficient   on the ECOP objective function with respect to the  O op
A A , 

 G op
A A  and  E op

A A  objective functions. 

 

 

 

Fig. 3.23. Effects of heat leakage coefficient   on the ECOP objective function with respect to the q  objective 

function. 
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Fig. 3.24. Effects of heat leakage coefficient   on the ECOP objective function with respect to the S  objective 

function. 

Figs. 3.22-3.24 show the variations of the ECOP objective function respectively with 

respect to the specific entropy generation rate ( S ), the specific heating load ( q ) and the heat-

transfer areas of the heat exchangers ( , ,
G E O

A A A ). These variations are presented under the effect 

of external irreversibility or heat leakage coefficient ( ). External irreversibility affects the 

performance parameters of the AHP cycle the same way that the two internal irreversibilities 

factors affect these parameters, that is quantitatively and qualitatively. However, the effects of heat 

loss and internal irreversibility ( 2
I ) of the condenser-evaporator assembly are greater. 
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3.4.3.2. On the EPC , E  and F  criteria  

       

Fig. 3.25. Effects of heat leakage coefficient   on the dimensionless 
nor

E , 
nor

EPC  and 
nor

F   with respect to the 

COP ( ) objective function. 

 

 

  

Fig. 3.26. Effects of heat leakage coefficient   on the dimensionless 
nor

E , 
nor

EPC  and 
nor

F   with respect to the 

.

outEX  objective function. 
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Fig. 3.27. Effects of heat leakage coefficient   on the dimensionless 
nor

E , 
nor

EPC  and 
nor

F  with respect to the 

.

DEX  objective function. 

Figs. 3.25-3.27 show the variations of the dimensionless nor
E , nor

EPC  and nor
F  with respect 

to the objective functions of performance  ,  
.

outEX  and 
.

DEX  respectively. These characterizes 

the influences of the heat resistances and heat leakages on the exergy-based ecological function E, 

exergetic performance coefficient EPC and thermo-economic function F criteria. In these figures, 

when the parameter   increases with each time 1
1.05I   when 2

1I   and 1
1I   when 2

1.05I 

, then: 

i) The maximum of each objective function F , E  and EPC  decreases with decreasing values 

of the corresponding optimal coefficient of performance   (Fig. 3.25). 

ii) The maximum of each objective function F  and EPC  decreases with increasing values of the 

corresponding optimal exergy output rate 
.

outEX  (Fig. 3.26). Whereas the maximum of the 

objective function E  decreases with the gradual decreasing values of the corresponding optimal 

exergy output rate 
.

outEX  (Fig. 3.26). 

iii) The maximum of each objective functions F  and EPC  decreases with the abrupt increasing 

values of the corresponding optimal exergy destruction rate 
.

DEX  (Fig. 3.27), while the maximum 

of the objective function E  decreases with the gradual increasing values of the corresponding 

optimal exergy destruction rate 
.

DEX  (Fig. 3.27). 

To explore the effects of heat leakage and heat resistances, the optimal reference system is 

chosen according to whether 0
L

K    with in the first case 1
1.05I   when 2

1I   ( 2.88
EPC

 
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,
21156W

E
q m ,

.

8492Wout EEX    and 
.

5038WD EEX   ) and in the second case 2
1.05I   when 

1
1I   ( 2.44

EPC
  ,

21144W
E

q m ,
.

8408Wout EEX    and 
.

5938WD EEX   ).  

Firstly ( 1.5  , 1
1.05I   and 2

1I  ); F
  and EPC

  are both lower than the highest 

coefficient of performance value by 0
018.87 , whereas E

  is lower by a rate of 0
027.23 , in Fig. 

3.25(a). 
.

out EEX  , 
.

out FEX   and 
.

out EPCEX   are lower than the highest exergy output rate value which 

is itself proportional to the specific heating load by rates of 0
03.25 , 0

063.09  and 0
068.63  

respectively, in Fig. 3.26(a). However, 
.

D EPCEX   and 
.

D FEX   are lower than the highest exergy 

destruction rate value by rates 0
075.22  and 0

070.62  respectively, in Fig. 3.27(a). Whereas 
.

D EEX   

is greater than the highest exergy destruction rate value by a rate 0
06  in Fig. 3.27(a). 

On the other hand ( 1.5  , 1
1I   and 2

1.05I  ); F
  and EPC

  are both lower than the 

highest coefficient of performance value by 0
015.07 , whereas E

  is lower by a rate of 0
019.44 , 

in Fig. 3.25(b). 
.

out EEX  , 
.

out FEX   and 
.

out EPCEX   are lower than the highest exergy output rate 

value which is itself proportional to the specific heating load by rates of 0
03.28 , 0

053.38  and 

0
059.55  respectively, in Fig. 3.26(b). However, 

.

D EPCEX   and 
.

D FEX   are lower than the highest 

exergy destruction rate value by rates of 0
061.58  and 0

070.62  respectively, in Fig. 3.27(b). 

Whereas 
.

D EEX   is greater than the highest exergy destruction rate value by rate 0
05.08  in Fig. 

3.27(b). 

We deduce that under the effects of the heat leakages and heat resistances, the THR AHP 

cycle has a significant advantage at the maxima of the F and the EPC  criteria in terms of 

coefficient of performance. Nevertheless, the THR AHP cycle has a significant advantage at the 

maximum of the EPC , in terms of exergy destruction rate. Also, the system has a significant 

advantage at the maximum of the E, in terms of specific heating load and exergy output rate. 

Moreover, the effects of heat resistances and heat leakages are more pronounced than the effects 

of internal irreversibility factors, on the performance of THR AHP. 

3.5. Numerical applications for the FTL AHP single effect 

The optimization of the AHP by considering the EPC objective function is necessary 

because this criterion of optimization takes into account the quality and the quantity of the energy 

produced in the medium to be heated. Its mathematical expression implies that, it takes into 



128 

 

account the specific entropy generation rate (S), the specific heating load (q), the exergy output 

rate, the exergy destruction rate and the influence of the surrounding medium at temperature env
T . 

We have considered the numerical values given in table 3.2 for conformity with the literature. 

Table 3.2. Parameters used in the model of the FTL AHP multi irreversible. 

 

 

 

 

 

 

 

 

 

 

 

 

3.6. Effects of temperatures of the working fluid in the different components for the FTL 

AHP 

     

Fig. 3.28. Variation of EPC objective function with respect to the temperature 
1

T  of the working fluid in the 

generator when 
2

1I   for various 
1

I (a); when 
1

1I   for various 
2

I (b). 

 

parameter  value 

Temperature in generator, evaporator, condenser and 

absorber, respectively, T (K) 

 413, 283, 333, 313 (Bi et al., 2008; 

Ngouateu Wouagfack and 

Tchinda, 2012b) 

Heat-transfer coefficient of generator, evaporator, 

condenser and absorber, U (WK−1m−2) 

 1163, 2326, 4650,  (Bi et al., 2008; 

Ngouateu Wouagfack and 

Tchinda, 2012b) 

Distribution of the total rejected heat rate between the 

absorber and the condenser, m (-)   

 1.3  (Bi et al., 2008; Ngouateu 

Wouagfack and Tchinda, 2012b) 

Total heat-transfer area of  the external heat reservoirs 

in the heat exchangers, A (m2)                                                                      

 100 (Fossi Nemogne et al., 2020) 

Thermal conductivity linked to heat leaks, 
LK (WK−1)  300  

Heat leakage coefficient,  (WK−1m−2)                                                                        3  (Bi et al., 2008; Ngouateu 

Wouagfack and Tchinda, 2012b) 

Thermo-economic parameter, k (-)   5 
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Fig. 3.29. Variation of EPC objective function with respect to the temperature 
2

T  of the working fluid in the 

evaporator when 
2

1I   for various 
1

I (a); when 
1

1I   for various 
2

I (b). 

 

 

 

Fig. 3.30. Variation of EPC objective function with respect to the temperature 
3

T  of the working fluid in the 

condenser when 
2

1I   for various 
1

I (a); when 
1

1I   for various 
2

I (b). 
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Fig. 3.31. Variation of EPC objective function with respect to the temperature 
4

T  of the working fluid in the 

absorber when 
2

1I   for various 
1

I (a); when 
1

1I   for various 
2

I (b). 

Figs. 3.28-3.31 show the variations of the EPC  objective function with respect to the 

temperatures , ,  and 4T  which respectively represent the temperatures of working fluid in 

the generator, the evaporator, the condenser and the absorber. In Figs. 3.28(a), 3.29(a), 3.30(a) 

and 3.31(a)  is set  for different values of  and in Figs. 3.28(b), 3.29(b), 3.30(b) and 

3.31(b)  is set ( ) for different values of . The EPC  gradually increases with increase in 

the temperatures  and  before reaching its maximum in Figs. 3.28 and 3.29. However EPC  

decreases after reaching its maximum values when 3
T  and 4

T  increase in Figs. 3.30 and 3.31. As 

a result, when 1
T  < 

1op
T ,  2

T  < 
2op

T , 3
T  > 

3op
T  and 4

T  > 
4op

T  the system is less ecological because 

the heat losses are greater, and when 1
T  > 

1op
T , 2

T > 
2op

T , 3
T  < 

3op
T  and 4

T  < 
4op

T  the system is 

unstable. However, the max
ECOP  is more affected in the system for the same values of the optimum 

temperatures in the absorber-generator assembly by the irreversibility factor  than in the 

condenser-evaporator by the irreversibility factor 2I . 

 

 

1T 2T 3T

2I  2 1I  1I

1I 1 1I  2I

1T 2T

1I
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3.7. Effects of design parameters for the FTL AHP 

3.7.1. Influences of two internal irreversibilities 1I  and 2I  

3.7.1.1. On the EPC  criterion 

  

Fig. 3.32. Effects of internal irreversibility 
1

I (a) (
2

1I  ) of the generator-absorber assembly and of the internal 

irreversibility 
2

I (b) (
1

1I  ) of the evaporator-condenser assembly on the EPC objective function with respect to the 

ECOP objective function. 

 

 

 

Fig. 3.33. Effects of internal irreversibility 
1

I (a) (
2

1I  ) of the generator-absorber assembly and of the internal 

irreversibility 
2

I (b) (
1

1I  ) of the evaporator-condenser assembly on the EPC objective function with respect to the 

COP objective function. 
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Fig. 3.34. Effects of internal irreversibility 
1

I (a) (
2

1I  ) of the generator-absorber assembly and of the internal 

irreversibility 
2

I (b) (
1

1I  ) of the evaporator-condenser assembly on the EPC objective function with respect to the 

ex objective function. 

 

 

  

Fig. 3.35. Effects of internal irreversibility 
1

I (a) (
2

1I  ) of the generator-absorber assembly and of the internal 

irreversibility 
2

I (b) (
1

1I  ) of the evaporator-condenser assembly on the EPC objective function with respect to the 

S objective function. 
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Fig. 3.36. Effects of internal irreversibility 
1

I (a) (
2

1I  ) of the generator-absorber assembly and of the internal 

irreversibility 
2

I (b) (
1

1I  ) of the evaporator-condenser assembly on the EPC objective function with respect to the 

q objective function. 
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Fig. 3.37. Effects of internal irreversibility 
2

I (a) of the evaporator-condenser assembly and of the internal 

irreversibility 
1

I (b) of the generator-absorber assembly on the 
op

ex , op
S  and op

COP  optimal objective functions 

for certain values of 
1

I  and 
2

I  respectively. 
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Fig. 3.38. Effects of internal irreversibility 
2

I (a) of the evaporator-condenser assembly and of the internal 

irreversibility 
1

I (b) of the generator-absorber assembly on the op
q  optimal objective function for certain values of 

1
I  and 

2
I  respectively. 
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Fig. 3.39. Variations of the non-dimensional EPC, the non-dimensional ECOP, the non-dimensional COP, the non-

dimensional ex and the specific entropy generation rate with respect to the specific heating load for certain values of 

1
I (a) when 

2
1I  and for certain values of 

2
I (b) when 

1
1I  . 
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Fig. 3.40. Variations of the non-dimensional EPC objective function, the non-dimensional E function and specific 

entropy generation rate with respect to the specific heating load for certain values of 
1

I (a) when 
2

1I   and for 

certain values of 
2

I (b) when 
1

1I  . 

Figs. 3.32-3.38 show how the friction, the singularity points and the turbulence of the 

working fluid modeled by the two internal irreversibility factors, influence the performance 

parameters of the FTL AHP. It follows that in Figs. 3.32-3.34, the EPC objective function increases 

with increasing ECOP values, the COP and the exergetic efficiency (ex). Specifically, the linear 
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growth of the EPC objective function with the ECOP objective function (Fig. 3.32) shows the 

proportionality between the EPC and ECOP objective functions. Figs. 3.35 and 3.36 show the 

variation of EPC with respect to S and q values respectively under the influence of 
1

I  on the one 

hand when 
2

1I   (Figs. 3.35(a) and 3.36(a)) and under the influence of 
2

I  on the other hand when 

1
1I   (Figs. 3.35(b) and 3.36(b)). We observe that the EPC increases abruptly before reaching its 

maximum then decreases asymptotically (Figs. 3.35 and 3.36). In addition, the maximum of the 

EPC values decrease when the optimal values corresponding of the specific entropy generation 

rate (S) and the specific heating load (q) increase, for increasing values of 
1

I  on the one hand (Figs. 

3.35(a) and 3.36(a)) and 
2

I  on the other hand (Figs. 3.35(b) and 3.36(b)). Figs. 3.37 and 3.38 

show variations of the 
op

ex , 
op

S , 
op

COP  and 
op

q  optimal objective functions corresponding to the 

maximum of EPC with respect to 
2

I  for different values of 1
I  (Figs. 3.37(a) and 3.38(a)) on the 

one hand and 
1

I  for different values of 
2

I  (Figs. 3.37(b) and 3.38(b)) on the other hand. 
op

COP  

and 
op

ex  values decrease when 1
I  and 2

I  increase (Figs. 3.37(a), (b)), as 
op

S  and 
op

q  values 

increase when 1
I  and 2

I  increase (Figs. 37(a), (b) and 38(a), (b)).  

As a result, the 
op

COP  and the 
op

ex  values are better for values of 1
I  and 2

I  close to the 

unit corresponding to the endoreversible FTL AHP because the optimal specific entropy 

generation rate is minimal for certain values of the optimal specific heating load.  

Table 3.3. FTL AHP loss rate from the exergetic performance criterion (EPC) versus the endoreversible system (

1 2 1I I  , 1.3m  and 3  ) for different values of 
1I  and 

2I . 

Table 3.3 summarizes the influence of the two parameters of internal irreversibility by 

showing the exergy loss rate of 1
I  and 2

I . The endoreversible FTL AHP is taken for reference 

because it is not affected by heat losses and its designed parameters are 1 2
1I I  , 1.3m  and 

3  . This table shows that the highest exergy loss rate are observed in the generator-absorber 

assembly, while the lowest exergy loss rate are observed in the evaporator-condenser assembly. 

This observation was confirmed rather in the AR by Talbi and Agnew (2000) who showed that the 

Percentage (%) loss rate of 𝐸𝑃𝐶             𝑰𝟏 = 𝟏. 𝟎𝟎          𝑰𝟏 = 𝟏. 𝟎𝟑  𝑰𝟏 = 𝟏. 𝟎𝟔 𝑰𝟏 = 𝟏. 𝟎𝟗 𝑰𝟏 = 𝟏. 𝟏𝟐 

𝑰𝟐 = 𝟏. 𝟎𝟎  0 34.81 50.84 60.07 66.07 

𝑰𝟐 = 𝟏. 𝟎𝟑  27.99 47.92 58.65 65.36 69.95 

𝑰𝟐 = 𝟏. 𝟎𝟔  42.98 56.20 64.02 69.20 72.87 

𝑰𝟐 = 𝟏. 𝟎𝟗  52.32 61.90 67.94 72.11 75.15 

𝑰𝟐 = 𝟏. 𝟏𝟐  58.70 66.07 70.94 74.39 76.97 
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exergy losses are greater in the generator and the absorber, due to the differences in temperature 

between the absorber and the environment and between the generator and the heat source. 

Fig. 3.39 shows variations of the normalized EPC ( maxnor
EPC EPC EPC ), normalized 

ECOP ( maxnor
ECOP ECOP ECOP ), normalized COP ( maxnor

COP COP COP ), normalized (

maxnor
ex ex ex ), and S versus q for different values of 1

I  and 2
I . 

op
ECOP , 

op
COP , 

op
ex , 

op
S  and 

op
q  being each optimal objective functions corresponding to the maximum of the EPC criterion. 

It is important to observe that the maximum of these four objective functions ( nor
EPC , nor

ECOP ,

nor
COP  and nor

ex ) coincide, yet they each have a different physical meaning by definition. 

Ngouateu Wouagfack and Tchinda (2011a, 2011b, 2012a, 2012b, 2014) made this observation 

between ECOP and COP for AR and AHP having three and four heat sources with internal 

irreversibility. Same for Medjo Nouadje et al. (2014) for AR with three-heat-source and two 

internal irreversibilities. 

Also, At the maximum of each EPC, ECOP, COP and ex objective function corresponds 

each time the same value of the optimal specific heating load 
op

q  and the increasing optimal values 

of the specific entropy generation rate, according to the increasing values of the parameters 1I  

and 2I . 

However, Fig. 3.40 shows the variations of the normalized EPC ( maxnor
EPC EPC EPC

), normalized  E (
,nor op E

E E E ), and  with respect to the  for different values of  and . 

It is observed that when the FTL cycle operates in optimal conditions to the maximum values of 

the ecological criterion E, 
op

q <
*q  and 

op
S < *S . Here 

*q  and *S  are the values of the optimal 

objective functions corresponding to the maximum of the ecological criterion E.  

In other words, the results obtained in Figs. 3.39 and 3.40 show that: 

i) At the maximum of the EPC and ECOP objectives functions, a low specific entropy generation 

rate and a better COP compared to the maximum of E objective function are obtained. 

ii) At the maximum of the E objective, a higher specific heating load has been found than the 

maximum of the EPC and ECOP objectives functions. In addition, the optimal functions of 

performance at the maximum E criterion are higher under the influence of the internal 

irreversibility factor 2
I . 

S q 1I 2I
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3.7.1.2. On the E, EPC and F criteria 

   

Fig. 3.41. Effects of internal irreversibility 
1

I (a) of the generator-absorber assembly and of the internal 

irreversibility 
2

I (b) of the evaporator-condenser assembly on the dimensionless 
nor

E , 
nor

EPC  and 
nor

F  with 

respect to the COP (  ) objective function.  

 

 

   

Fig. 3.42. Effects of internal irreversibility 
1

I (a) of the generator-absorber assembly and of the internal 

irreversibility 
2

I (b) of the evaporator-condenser assembly on the dimensionless 
nor

E , 
nor

EPC  and 
nor

F  with 

respect to the 
.

outEX  objective function. 
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Fig. 3.43. Effects of internal irreversibility 
1

I (a) of the generator-absorber assembly and of the internal 

irreversibility 
2

I (b) of the evaporator-condenser assembly on the dimensionless 
nor

E , 
nor

EPC  and 
nor

F  with 

respect to the 
.

D
EX  objective function. 

The curves of the normalized values nor
E  (

nor op
E E E  where 

op
E  is the optimal value of 

E corresponding to the value of E when F and EPC are at their maximum values, and E varies to 

max
E ), nor

EPC ( maxnor
EPC EPC EPC ) and nor

F ( maxnor
F F F ) with respect the functions such 

as: coefficient of performance  , exergy output rate 
.

outEX  and exergy destruction rate 
.

DEX  are 

shown in Figs 3.41-3.43. Table 3.4 illustrates the numerical results obtained from Figs 3.41(a)-

3.43(a) under the influence of 1I  and Figs 3.41(b)-3.43(b) under the influence of 2I .  

The previous analyzes allow us to draw the following conclusions, under the effects of heat 

losses between the generator and the absorber characterized by the irreversibility 1I  and between 

the condenser and the evaporator characterized by the irreversibility 2I . The FTL AHP has the 

same significant benefit at the maxima of the F  and EPC  criteria in terms of coefficient of 

performance. Similarly, it has a significant benefit in order, at the maxima of the F , then EPC  

criteria in terms of exergy destruction rate. However, it is much more efficient at the maximum of 

E  criterion in terms of exergy output rate. Even more, the harmful impact of internal irreversibility 

1I  on the system performance is greater than that of 2I  on E , EPC  and F  criteria in terms of 

coefficient of performance; on E  criterion in terms of exergy output rate and on EPC  and F  

criteria in terms of exergy destruction rate, unlike a THR AHP cycle. 
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Table 3.4. Comparative evaluation with criteria E, EPC and F criteria of the heat losses rates in the generator-

absorber assembly and in the evaporator-condenser assembly (the reference is set for an endoreversible system 

1 2 1I I 
-1300 WKLK    and 2.095EPC F   , 

.

68500 Wout EEX   , 
.

7062 WD FEX   ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.7.2. Influences of external irreversibilities ( ) on the EPC  criterion 

 

Fig. 3.44.  Effects of heat leakage coefficient   on the EPC objective function with respect to the S objective 

function. 

 

 

Parameters of 

performance 

Losses rates 

corresponding to 

the
maxE (%) 

Losses rates 

corresponding to 

the 
maxEPC (%) 

Losses rates 

corresponding 

to the 
maxF (%) 

 

1 1.06I  ;    

2 1I   

  21.13 17.42 17.42 

.

outEX  
30.08 64.76 65.93 

.

DEX  
411.7 130.13 122.6 

 

1 1I  ;          

2 1.06I   

  18.95 13.27 13.27 

.

outEX  
21.69 65.85 66.93 

.

DEX  
431.35 92.58 86.52 
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Fig. 3.45. Effects of heat leakage coefficient   on the EPC objective function with respect to the q objective 

function. 

 

   

  

Fig. 3.46. Effects of heat leakage coefficient   on the 
op

COP (a), 
op

ex (b), 
op

S (c) and 
op

q (d) optimal objective 

functions respectively for certain values of 
1

I  and 
2

I . 
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In Figs. 3.44 and 3.45 the EPC objective function varies with respect to the specific entropy 

generation rate (S) and the specific heating load (q) respectively, under the influence of  . It is 

observed that the EPC objective function is highest when 0   because heat leakage no longer 

exists. For  > 0, the EPC objective function increases abruptly before decreasing asymptotically 

towards a limit value. Moreover, the maxima obtained by the EPC objective function are lower 

when   increases, for increasing optimal values corresponding of S (Fig.3.44) and q (Fig.3.45). 

Fig. 3.46 shows the variations of op
ex , op

S , op
COP  and op

q with respect to the heat leakage 

coefficient ( ) according to the values of 1
I  and 2

I . It can be seen that op
COP  and op

ex decrease 

while op
S  and op

q  increase. Also, the optimal values op
COP , op

ex  and op
S  of the objective functions 

are better when 1
I  < 2

I  then the optimal value op
q  of the objective function is better for 1

I  > 2
I . 

Table 3.5. FTL AHP loss rate from the exergetic performance criterion (EPC) versus the endoreversible system (

1 2 1I I   and 1.3m ) for different values of  . 

                                       𝝃 (𝐖 𝐊 𝐦𝟐⁄⁄ )  3  6  9  12  15 

Percentage (%) loss rate of 𝐸𝑃𝐶 for 𝑰𝟏 = 𝟏. 𝟎𝟖  

and 𝑰𝟐 = 𝟏 

57.46 65.27 69.82 72.97 75.34 

Percentage (%) loss rate of 𝐸𝑃𝐶 for 𝑰𝟏 = 𝟏 and 

 𝑰𝟐 = 𝟏. 𝟎𝟖 

49.62 60.08 65.91 69.85 72.75 

However, Table 3.5 illustrates the exergy loss rate caused by the effect of heat leakage and 

heat resistance characterized by the heat leakage coefficient ( ). It follows that the exergetic losses 

increase when   increases and are smaller when 1
I  < 2

I . Kilic and Kaynakli (2007) and Kaushik 

and Arora (2009) showed these results on the water-lithium bromide absorption refrigeration. 
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3.7.3. Influences of the distribution of the total rate of rejected heat between the absorber 

and the condenser (m) 

3.7.3.1. On the EPC  criterion                   

 

Fig. 3.47. Effects of the ratio of the rejected heat of the absorber to the condenser m on the EPC objective function 

with respect to the S objective function. 

 

 

 

Fig. 3.48. Effects of the ratio of the rejected heat of the absorber to the condenser m on the EPC objective function 

with respect to the q objective function. 
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Fig. 3.49. Effects of the ratio of the rejected heat of the absorber to the condenser m on the 
op

COP (a), 
op

ex (b), 
op

S

(c) and 
op

q (d) optimal objective functions respectively for certain values of 
1

I  and 
2

I . 

 Figs. 3.47 and 3.48 show the variations of the EPC objective function under the influence 

of the distribution of the total rate of rejected heat between the absorber and the condenser (m) 

with respect to S and q respectively. The maximum values of the EPC criterion decrease as m 

increases ( 1
I > 2

I ) and increase as m increases ( 1
I < 2

I ). 

 On the other hand, Fig. 3.49 shows the effects of the ratio of the rejected heat of the 

absorber to that of the condenser (m) on the op
COP  (Fig. 3.49(a)) op

ex  (Fig. 3.49(b)), op
S  (Fig. 

3.49(c)) and op
q  (Fig. 3.49(d)) optimal objective functions when 1

I  and 2
I  take certain values. The 

optimal values op
COP  and op

ex  decrease when m increases for 1
I > 2

I   and increase when m increases 
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for 1
I < 2

I . Whereas the optimal values op
S  increases, op

q  decreases when m increases for 1
I > 2

I  

and all decrease when m increases for 1
I < 2

I .  

 Nevertheless, when: 

(i) m<0.5 (
.

A
Q <

.

2
C

Q ), the optimal values op
COP , op

ex  and op
S  are better for 1

I > 2
I  while the 

optimal value op
q  is better for 1

I < 2
I . 

(ii) 0.5 1m  , the impact of the two internal irreversibility factors 1
I  and 2

I  is balanced. 

(iii) m >1 (
.

A
Q >

.

C
Q ), the optimal values op

COP , op
ex  and op

S  are better for 1
I < 2

I  while the optimal 

value op
q  is better for 1

I > 2
I . 

Table 3.6. FTL AHP loss rate from the exergetic performance criterion (EPC) versus the endoreversible system (

1 2 1I I  and 3  ) for different values of m.  

distribution of the total rate of rejected heat  

between the absorber and the condenser (𝒎)            

 0.5   1.5  2.5  3.5  4.5 

Percentage (%) loss rate of 𝐸𝑃𝐶 for 𝑰𝟏 = 𝟏. 𝟎𝟖  

and 𝑰𝟐 = 𝟏 

32.71 60.06 67.33 70.70 72.64 

Percentage (%) loss rate of 𝐸𝑃𝐶 for 𝑰𝟏 = 𝟏  

and 𝑰𝟐 = 𝟏. 𝟎𝟖 

52.39 49.11 47.20 45.95 45.06 

 Table 3.6 shows the exergy loss rate on the maxEPC  of an endoreversible FTL cycle 

according to the values of the distribution of the total rate of heat-rejected between the absorber 

and the condenser. It summarizes the fact that the best satisfactory compromise of minimal 

exergetic losses and an optimal heating load is achieved for 0.5 1.5m  . 
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3.7.3.2. On the E, EPC and F criteria 

   

Fig. 3.50. Effects of the ratio of the rejected heat of the absorber to the condenser on the dimensionless 
nor

E , 
nor

EPC  

and 
nor

F  with respect to the COP ( ) objective function. 

 

 

   

Fig. 3.51. Effects of the ratio of the rejected heat of the absorber to the condenser on the dimensionless 
nor

E , 
nor

EPC  

and 
nor

F  with respect to the 
.

outEX objective function. 
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Fig. 3.52. Effects of the ratio of the rejected heat of the absorber to the condenser on the dimensionless 
nor

E , 
nor

EPC  

and 
nor

F  with respect to the 
.

D
EX  objective function. 

The influences of the ratio of the rejected heat of the absorber to the condenser ( m ) on the 

objective functions of performance E , EPC  and F  are shown in Figs. 3.50-3.52. In these figures, 

when the parameter m  increases with each time 1 1.06I   when 2 1I   (Figs. 3.50(a)-3.52(a)) and 

1 1I   when 2 1.06I   (Figs. 3.50(b)-3.52(b)). 

An in-depth study of the influences of m  on the FTL AHP cycle made it possible to 

consider an optimal reference system such that 0.5m   (Table 3.7). On the one hand for 1 1.06I   

and 2 1I  we have 1.746EPC F   , 
.

86844Wout EEX    and 
.

12332WD EPCEX    ; and on the 

other hand 1 1I   and 2 1.06I   we have 1.601EPC F   , 
.

72756Wout EEX    and 

.

17388WD EPCEX   . 

 The influences of the heat exchange rates in the absorber with the absorbent-

refrigerant pair, and the condenser with the refrigerant, depend on the order of magnitude of these 

two exchangers relative to each other. In fact, when 
.

AQ  is lower than 
.

CQ , at the maxima of E, EPC 

and F criteria, the system is more efficient in terms of COP under the impact of heat losses between 

the generator and the absorber. At the maxima of the EPC and F criteria, the system is more 

efficient in terms of exergy destruction rate under the effect of the internal irreversibility factor 1I

, yet at the maximum of E criterion the best performances are recorded under the influence of heat 

losses between the evaporator and the condenser. However, at the maximum of E criterion, the 
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best performances are obtained in terms of exergy output rate under the effect of 
1I , whereas, the 

best performances are obtained at the maxima of criteria EPC and F in terms of exergy output rate 

under the influence of 
2I . On the other hand, when 

.

AQ  is greater than 
.

CQ , at the maxima of E, 

EPC and F criteria, the system performs better in terms of COP under the impact of heat losses 

between the evaporator and the condenser. Thus, at the maximum of criterion E, the best 

performances are recorded under the influence of heat losses between the generator and the 

absorber. However, at the maxima of EPC and F criteria, the system is more efficient in terms of 

exergy destruction rate under the effect of the internal irreversibility factor 
2I . However, at the 

maximum of criterion E, the best performances are obtained in terms of exergy output rate under 

the effect of 
2I , whereas, the best performances are obtained at the maxima of EPC and F criteria 

in terms of exergy output rate under the influence of 1I . 

Table 3.7. Comparative evaluation with E, EPC and F criteria of the heat losses rates under the effects of the ratio 

of the rejected heat of the absorber to the condenser. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameters 

of 

performance 

Losses rates 

corresponding 

to the maxE (%) 

Losses rates 

corresponding to 

the maxEPC (%) 

Losses rates 

corresponding 

to the maxF (%) 

 

1 1.06I  ;  

2 1I  ; 

2.5m   

  2.84  1.54 1.54 

.

outEX  
65.53  74.61 76.65 

.

DEX  
113.24 53.79 41.66 

 

1 1I  ; 

2 1.06I  ;  

2.5m   

  -15.77 -24.46 -24.46 

.

outEX  
39.73 72.41 74.52 

.

DEX  
73.22 -34.19 -39.1 
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3.7.4. Combined effects of design parameters on the optimum parameters 

   

 

 

Fig. 3.53. Variations of the optimal performance criteria such as 
op

COP (a), 
op

ex (b), 
op

S (b) and 
op

q (d) with respect 

to the   ( 1.3m  ) under the influences of the overall heat-transfer coefficient and the two internal irreversibilities. 

 



152 

 

   

 

        

Fig. 3.54. Variations of the optimal performance criteria such as 
op

COP (a), 
op

ex (b), 
op

S (b) and 
op

q (d) with respect 

to the m ( -1 -23WK m  ) under the influences of the overall heat-transfer coefficient and the two internal 

irreversibilities. 

Figs. 3.53 and 3.54 show the variations of the optimal objective functions op
COP , op

ex , op
S  

and op
q  with respect to the overall external irreversibility ( ) and the ratio of the rejected heat of 

the absorber to the condenser respectively (m) according to the overall heat-transfer coefficient 

and two internal irreversibilities. Moreover, in Fig. 3.53(a) and 3.53(b), we observe that op
COP  and 

op
ex  decrease while op

S  and op
q  (Fig. 3.53(c) and 3.53(d)), increase with respect to the values of 

, when 1
I  is greater than 2

I  and mutually for increasing values of overall heat-transfer coefficients. 

However, in Fig. 3.54 the optimal values op
COP  and op

ex  decrease asymptotically (Fig. 3.54(a) 
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and 3.54(b)) when m increases ( 1
I > 2

I ) and increase asymptotically when m increases ( 1
I < 2

I ), 

this is for increasingly higher values of overall heat-transfer coefficients. Whereas the optimal 

values op
S  increases, op

q  decreases asymptotically when m increases ( 1
I > 2

I ) and all decrease 

asymptotically when m increases ( 1
I < 2

I ) this is for increasingly higher values of overall heat-

transfer coefficients.  

 In most cases, these optimal objective functions of performance are better for higher values 

of overall heat-transfer coefficients of the different components. However, the exergetic losses are 

higher in these cases. 

3.7.5. Influences of the overall heat-transfer coefficient on the E, EPC and F criteria 

   

Fig. 3.55. Effects of the ratio of the overall heat-transfer coefficient on the dimensionless 
nor

E , 
nor

EPC  and 
nor

F  

with respect to the COP ( ) objective function.  
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Fig. 3.56. Effects of the overall heat-transfer coefficient on the dimensionless 
nor

E , 
nor

EPC  and 
nor

F  with respect 

to the 
.

outEX  objective function. 

 

 

   

Fig. 3.57. Effects of the overall heat-transfer coefficient on the dimensionless 
nor

E , 
nor

EPC  and 
nor

F  with respect 

to the 
.

D
EX  objective function. 

Table 3.8 summarizes the curves 3.55(a)-3.57(a) when 1 1I   and 2 1.06I   and the curves 

3.55(b)-3.57(b) when 1 1I   and 2 1.06I  , which show the effects of the nature of the different 

components on the performance of the absorption cycle. In addition, these influences are taken 

into account on their different impacts on each of the E , EPC  and F  objective functions. We 

have taken into account two ranges of heat-transfer coefficients whose range taken as reference 
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Huang et al., (2008) and Ngouateu Wouagfack and Tchinda (2012a) (Table 3.8) is 

-1 -21163WK mGU  ; 
-1 -22326WK mEU  ; 

-1 -24650WK mCU   and 
-1 -21153WK mAU   because 

it communicates better optimal performance values to the system. When 1 1.06I   and 2 1I   (

1.73EPC F   , 
.

47895Wout EEX    and 
.

15720WD FEX   ) and when 1 1I   and 2 1.06I   (

1.817EPC F   , 
.

53641Wout EEX    and 
.

13173WD FEX   ).  

Table 3.8. Comparative evaluation with E, EPC and F criteria of the heat losses rates under the effects of the heat-

transfer coefficients. 

 

As a result, the FTL AHP cycle system assumes small fluctuations in the optimal values of 

the COP when using materials constituting the heat exchangers with increasingly low heat-transfer 

coefficients. Furthermore, the performance of the system is greatly affected in terms of optimal 

exergy output rate and optimal specific heating load. On the other hand, the optimal exergy 

destruction rate is better in this configuration.  

 

 

       

 

Parameters 

of 

performance 

Losses rates 

corresponding 

to the
maxE (%) 

Losses rates 

corresponding to 

the maxEPC (%) 

Losses rates 

corresponding 

to the 
maxF (%) 

 

1 1.06I  ;  

2 1I  ; 

-1 -2550 WK mG E C AU U U U   

 

  13.28  13.18 13.18 

.

outEX  
68.16  69.30 70.62 

.

DEX  
-4.91 

-8.35 
-12.24 

 

1 1I  ; 

2 1.06I  ; 
-1 -2550 WK mG E C AU U U U   

 

  14.28 13.71 13.71 

.

outEX  
67.86 73.55 74.66 

.

DEX  
17.36 -4.49 -8.46 
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3.7.6. Influences of the Thermo-economic parameter ( k ) on the EPC , E  and F  objective 

functions 

 

 

Fig. 3.58. Effects of thermo-economic factor on the F criterion with respect to the COP ( ) objective function. 

 

 

 

Fig. 3.59. Effects of thermo-economic factor on the F criterion with respect to the 
.

outEX  objective function. 
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Fig. 3.60. Effects of thermo-economic factor on the F criterion with respect to the 
.

D
EX  objective function. 

The curves showing the evolution of the thermo-economic objective function with respect 

to the COP, the exergy output rate and the exergy destruction rate, respectively, are shown Figs. 

3.58-3.60. The curves presenting the F criterion with resoect to the COP (Fig. 3.58) are loops from 

the origin. This confers two different values of the thermo-economic criterion corresponding to 

the same value of the COP. In Figs. 3.59 and 3.60, F criterion grows abruptly before gradually 

decreasing as the exergy output rate and exergy destruction rate increase. Also, when the economic 

parameter k takes larger values, the F objective function increases under the impact of heat losses 

in the evaporator-condenser connection and decreases under the impact of heat losses in the 

generator-absorber connection.  

However, the optimum economic performance is obtained for a minimum total heat-

exchange area and a maximum exergy input rate for a minimum effect of heat losses in the 

generator-absorber connection. 

3.8. Conclusion  

The investigations carried out throughout this work led to the multi-objective analysis and 

optimization of THR AHP and FTL AHP. On the one hand, we analyzed the performance of cycles 

at THR by the objective thermo-ecological function (ECOP) and then at FTL by the objective 

exergetic function (EPC). On the other hand, in order to be able to make a more objective synthesis, 

we compared three decisive performance criteria namely the ecological, exergy and economic 

criteria with three and four heat tanks each time. This considering the real operating conditions 

which are subject to the two kinds of irreversibility, that is to say external irreversibilities and 
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internal irreversibilities. Nevertheless, an isolated and then comparative study of the advantages 

and drawbacks at maximum of each performance criterion according to the corresponding optimal 

performance parameters such as the coefficient of performance, the entropy generation rate, the 

specific heating load, the heat exchange surface area, the exergy output rate and exergy destruction 

rate. This being, the analysis of finite time thermodynamics and the flowchart optimization method 

as analysis and precision tools made it possible to obtain the significant results. 

Several important aspects to be addressed are: 

• For FTL cycles it appears that, the optimal objective functions EPC, ECOP and E are better for 

higher values of overall heat-transfer coefficients of the different components. However, the 

exergetic losses are higher in these cases. 

• For FTL cycles it appears that, at the maximum of the E objective function, a higher specific 

heating load has been found than the maximum of the EPC and ECOP objective functions. In 

addition, the optimal functions of performance at the maximum E criterion are higher under the 

influence of the internal irreversibility factor 2
I . 

• For THR and FTL cycles it appears that, the highest maximum values of the thermo-economic 

criterion correspond to a low cost on investment (low heat exchange area) and a high cost on the 

energy consumed (heat input from the generator heat source is high). This promotes minimal 

exergy destruction rate for certain values of the specific heating load and exergy output rate. 

• The influences of heat leakages and heat resistances are more pronounced than the heat losses 

characterized by internal irreversibility factors 1
I  and 2

I . Furthermore, under the influences of 

design parameters, the THR AHP cycle presents a significant advantage at the maxima of the F 

and the EPC criteria in terms of coefficient of performance. Nevertheless, the THR AHP cycle 

presents a significant advantage at the maximum of the EPC in terms of exergy destruction rate 

and at the maximum of the E in terms of specific heating load and exergy output rate. 

• The heat losses in the condenser-evaporator assembly have more detrimental effects on the 

performance of the THR AHP cycle. Nevertheless, in the FTL AHP the heat losses in the 

generator-absorber assembly have more detrimental effects for certain values of m. 
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GENERAL CONCLUSION AND PROSPECTS  
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The investigations carried out throughout this work led to the multi-objective analysis and 

optimization of THR AHP and FTL AHP. On the one hand, we analyzed the performance of cycles 

at THR by the objective thermo-ecological function (ECOP) and then at FTL by the objective 

exergetic function (EPC). On the other hand, in order to be able to make a more objective synthesis, 

we compared three decisive performance criteria namely the ecological, exergetic and economic 

criteria with three and four heat reservoirs each time. This considering the real operating conditions 

which are subject to the two kinds of irreversibility, that is to say external irreversibilities and 

internal irreversibilities. Also, external irreversibilities are manifested by the finite difference 

temperature between the system and the environment and the direct heat leakages which sink 

towards the source, yet internal irreversibilities are manifested by the non-isentropic 

transformations, the friction between the working fluid and the walls of the heat exchangers and 

pressure drop. Nevertheless, an isolated and then comparative study of the advantages and 

drawbacks at maximum of each performance criterion according to the corresponding optimal 

performance parameters such as the coefficient of performance, the entropy generation rate, the 

specific heating load, the heat exchange surface area, the exergy output rate and exergy destruction 

rate. This being so, the analysis of finite time thermodynamics and the flowchart optimization 

method as analysis and precision tools made it possible to obtain two significant blocks of results. 

The aspects noted in the first block of results are as follows: 

i) For THR cycles it appears that, the ECOP criterion over the E criterion has a significant 

advantage in terms of specific entropy generation rate. 

 ii) For FTL cycles it appears that, the minimum exergy losses and an optimal specific heating load 

are recorded for 0.5 1.5m  .  

iii) For FTL cycles it appears that, the optimal objective functions EPC, ECOP and E are better 

for higher values of overall heat-transfer coefficients of the different components. However, the 

exergetic losses are higher in these cases. 

iv) For FTL cycles it appears that, at the maximum of the EPC and ECOP objective functions, a 

low specific entropy generation rate and a better COP compared to the maximum of E objective 

function are obtained. 

v) For FTL cycles it appears that, at the maximum of the E objective function, a higher specific 

heating load has been found than the maximum of the EPC and ECOP objective functions. In 

addition, the optimal functions of performance at the maximum E criterion are higher under the 

influence of the internal irreversibility factor 2
I . 

Then the aspects underlined in the second block are the following: 
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i) For THR and FTL cycles it appears that, the highest maximum values of the thermo-economic 

criterion correspond to a low cost on investment (low heat exchange area) and a high cost on the 

energy consumed (heat input from the generator heat source is high). This promotes minimal 

exergy destruction rate for certain values of the specific heating load and exergy output rate. 

ii) The influences of heat leakages and heat resistances are more pronounced than the heat losses 

characterized by internal irreversibility factors 1
I  and 2

I . Furthermore, under the influences of 

design parameters, the THR AHP cycle presents a significant advantage at the maxima of the F 

and the EPC criteria in terms of coefficient of performance. Nevertheless, the THR AHP cycle 

presents a significant advantage at the maximum of the EPC in terms of exergy destruction rate 

and at the maximum of the E in terms of specific heating load and exergy output rate. 

iii) The heat losses in the condenser-evaporator assembly have more detrimental effects on the 

performance of the THR AHP cycle. Nevertheless, in the FTL AHP the heat losses in the 

condenser-evaporator assembly have more detrimental effects for 0 < 1m , though the heat 

losses in the generator-absorber assembly have more detrimental effects for m > 1. 

(iv) FTL AHP systems are more efficient when the heat rates exchanged of the absorber and 

condenser heat exchangers are close. 

The evaluation protocol obtained leads to concrete results for the design of real absorption 

heat pumps by making a compromise between economic, exergetic and ecological gains. 

We project to produce an ammonia-water hybrid prototype, functioning with thermal solar 

and the fuel cells. However, we will be able to study the ecological, exergetic and economic aspects 

according to a practical protocol. 
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1. Problématique 

La climatisation, La conservation (réfrigération des médicaments, matériels médicaux et 

denrées alimentaires) et la lutte contre le réchauffement climatique de la planète constituent un 

défi majeur dans le Monde principalement dans la sous-région d’Afrique subsaharienne et au 

Cameroun. Ce qui a conduit les chercheurs et les ingénieurs à développer des systèmes de 

production de froid (air conditionné, réfrigération, congélation) et de chauffage mieux adaptés. 

Nous avons de nos jours les cycles de Carnot, de réfrigération à compression de vapeur, de 

réfrigération en cascade et multiétage, de réfrigération à gaz (Brayton, Ericsson et Stirling), 

d’adsorption, de dessiccation et d’absorption. Cependant, les cycles les plus répandus étant les 

cycles à compression de vapeur car ces derniers sont plus performants en terme de coefficient de 

performance. Par contre, ils ont trois inconvénients majeurs tels que le bruit sonore lors du 

fonctionnement, la forte consommation d’électricité et leurs réfrigérants sont des polluants qui 

participent aux changements climatiques. Ceci étant, l’industrie du froid s’est vue développée 

d’autres systèmes pour remédier à ces problèmes. Un de ces systèmes est la machine à absorption 

soucieuse de l’environnement tout en  utilisant des sources d’énergies renouvelables (solaire, 

géothermique, biomasse etc.) et d’autres sources de chaleur telles que les piles à combustible. En 

plus d’utiliser de faibles quantités d’énergie, les cycles à absorption peuvent fonctionner à partir 

des sources d’énergie issues des pertes de chaleur industrielle. Ces systèmes fonctionnent grâce à 

la faculté qu’ont certains liquides comme de l’eau (absorbant) d’absorber et de désorber de la 

vapeur comme de l’ammoniac ou du bromure de lithium (fluide frigorigène). Néanmoins, il existe 

plusieurs modèles de machines à absorption dont les machines à absorption simple effet, les 

machines à absorption double effet, les machines à absorption multiétage, les machines à cycle 

Générateur- absorbeur-échangeurs, etc. Ceci entraine une autre ère, celle de « l’optimisation » car 

ces machines ont un rendement moins élevé que celles des machines à compression de vapeur. 

Dans le cadre de cette thèse, nous nous intéressons aux pompes à chaleur à absorption 

simple effet (AHP) avec trois réservoirs thermiques (THR) et quatre réservoirs thermiques (FTL). 

Tout cela nous amène à réaliser une optimisation multi-objective dans les conditions réelles de 

fonctionnement (résistances thermiques, fuites de chaleur et pertes de chaleur). 

Historiquement, dans la littérature la recherche a systématiquement évolué vers 

l'optimisation à l'aide de la thermodynamique des temps finis (FTT). Par conséquent, Chen (1999), 

Kato et al. (2005), Chen et al. (2005a), Qin et al. (2006, 2007, 2015), Xia et al. (2007), Bi et al. 

(2008), Huang et al. (2008) et Xiling et al. (2011) sur les AHP, Wei et al. (2011) sur la HP 

magnétique d'Ericsson, Bhardwaj et al. (2003, 2005), Zheng et al. (2004), Chen et al. (2005b, 

2006), Qin et al. (2010) et Kaushik et al. (2018) sur les ARs, Qin et al. (2004a, 2004b, 2008) et 
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Chen et al. (2007a) sur les AHT, ont analysé ces systèmes endoréversibles et irréversibles en 

utilisant le coefficient de performance, la puissance spécifique de chauffage et la puissance 

spécifique de réfrigération comme fonctions objectives. Ensuite, les performances des systèmes 

thermodynamiques sont étudiées en considérant l'impact environnemental avec les pertes de 

chaleur, les fuites de chaleur et les résistances thermiques dans les différents composants. Ces 

paramètres sont dérivés de la deuxième loi de la thermodynamique et initiés par Ust et al. (2006a, 

2006b) sur les moteurs thermiques irréversibles de Brayton en utilisant le critère thermo-

écologique. Ils sont suivis par Ngouateu Wouagfack et Tchinda (2011a, 2011b, 2014), Medjo 

Nouadje et al. (2014, 2016) et Ahmadi et Ahmadi (2016) avec les AR irréversibles, puis Ngouateu 

Wouagfack et Tchinda (2012a, 2012b) et Ahmadi et al. (2015) avec les AHP irréversibles et 

Ahmadi et al. (2016) avec un cycle inversé de Brayton. Parallèlement, le critère écologique (E) 

basé sur les mêmes considérations est d'abord utilisé par Angulo-Brown (1991) et suivi par Sun et 

al. (2005), Chen et al. (2007b, 2019), Qin et al. (2017) et Frikha et Abid (2016). De plus, l'approche 

exergétique en plus des considérations précédentes prend en compte l'énergie utile consommée par 

le cycle thermodynamique (Sahin et al., 1997; Talbi et Agnew, 2000; Kilic et Kaynakli, 2007; 

Kaushik et Arora, 2009; Lostec et al., 2010; Farshi et al., 2013). Cependant, le critère de 

performance exergétique (EPC) utilisé par Ust et al. (2007) et Liu et al. (2017) sur les ARs, permet 

lui aussi d’évaluer les performances exergétiques des systèmes thermodynamiques. Par ailleurs, 

l'optimisation des systèmes thermiques par l'approche thermo-économique tient compte du coût 

sur l'investissement avec des paramètres tels que les aires d'échange de chaleur, les capacités 

thermiques et du coût sur la consommation. Kodal et al. (2000, 2002, 2003) ont utilisé cette 

approche sur les AHP simple effet et les AHP à deux étages, suivis de Silveira et Tuna (2003, 

2004) sur les systèmes combinés de chaleur et d'électricité. Ensuite, Misra et al. (2003, 2005) sur 

les ARs simple effet et double effet entrainés par la paire H2O/LiBr, Qin et al. (2005) sur les ARs 

endoréversibles, Durmayaz et al. (2004) sur les systèmes thermiques, Wu et al. (2005) sur la AHP 

irréversible, Qureshi et Syed (2015) sur les AHP et AR. Zare et al. (2012) et Ahmadi et al. (2014b) 

ont mené une étude thermo-économique et exergétique respectivement sur un cycle de 

cogénération ammoniac-eau et sur des systèmes multi-génération utilisant l'algorithme génétique 

évolutif. De ce fait, chaque approche a été examinée en utilisant à chaque fois un critère 

d'optimisation. Cependant, il est important de considérer simultanément les influences de deux 

irréversibilités internes dues aux pertes de chaleur (Xiling et al., 2011 utilisant le COP et la 

puissance spécifique de chauffage comme fonctions objectives et Medjo Nouadje et al., 2014 

utilisant le critère thermo-écologique comme fonction objective sur les THR AR), de 

l'irréversibilité externe générale due aux fuites de chaleur et aux résistances thermiques.  
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Ceci étant, la considération multi-objective et la double irréversibilité interne apporte les 

limites et les avantages présentés par l'optimisation de chaque fonction objective en considérant 

une irréversibilité interne globale. 

Cette thèse constitue donc une contribution à l'optimisation des pompes à chaleur à 

absorption avec trois réservoirs thermiques (THR AHP) et des pompes à chaleur à absorption avec 

quatre réservoirs thermiques (FTL AHP) simple effet. En utilisant la FTT et un algorithme 

flowchart (Su et al., 2017; Chen et al., 2019), nous avons réalisé une optimisation multi-objective 

en utilisant des critères thermo-écologiques, écologiques, exergétiques et thermo-économiques en 

tenant compte des irréversibilités externes et irréversibilités internes.  

Les principaux objectifs sont: 

i) Optimisation thermo-écologique des THR AHP en tenant compte des irréversibilités externes et 

de la double irréversibilité interne. 

ii) Optimisation exergétique des FTL AHP en tenant compte des irréversibilités externes, de deux 

paramètres d’irréversibilité interne, du ratio de chaleur rejetée entre l’absorbeur et le condenseur 

et de la nature du matériau des échangeurs de chaleur. 

iii) Optimisation écologique, exergétique et thermo-économique des THR AHP en tenant compte 

des irréversibilités externes et de deux irréversibilités internes. 

iv) Optimisation écologique, exergétique et thermo-économique des FTL AHP en tenant compte 

des irréversibilités externes, de deux paramètres d’irréversibilité interne, du ratio de chaleur rejetée 

entre l’absorbeur et le condenseur et de la nature du matériau des échangeurs de chaleur. 

2. Matériels et méthodes 

Dans le cas de l’optimisation en considérant une seule fonction objective, la fonction 

thermo-écologique (ECOP) est optimisée pour les THR AHP et  la fonction exergétique (EPC) est 

optimisée pour FTL AHP. La première est définie comme le ratio entre la puissance de chauffage 

sur le taux de génération d’entropie multiplié par la température de l’environnement, et la seconde 

est définie comme le ratio entre le taux d’exergie à la sortie sur le taux d’exergie détruite. 

Cependant, la différence entre un système THR AHP et un système FTL AHP est que la 

température du fluide est la même dans l’absorbeur et le condenseur pour un système THR AHP. 

Chacune de ces fonctions objectives est obtenue en fonction de la température du fluide dans les 

différents composants tels que le générateur, l’évaporateur, l’absorbeur et le condenseur en 

considérant la surface totale des échanges de chaleur constante. En effectuant les dérivées de 

celles-ci dans l’environnement de la plate-forme Maple et en tenant compte des conditions 

extrémales. Nous obtenons les expressions analytiques maximales de chaque fonction ECOP et 
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EPC avec les paramètres optimaux de performance correspondants tels que le coefficient de 

performance, la puissance spécifique de chauffage, le taux d’entropie générée, l’aire des surfaces 

d’échange de chaleur et la fonction écologique. Ceci est obtenu en tenant compte des paramètres 

d’irréversibilité externe et des deux facteurs d’irréversibilité interne. 

Dans le cas de l’optimisation multi-objective en considérant trois fonctions objectives, les 

fonctions écologique (E), exergétique (EPC) et thermo-économique (F) qui sont optimisées et 

comparées. La fonction écologique est définie comme la différence entre le taux d’exergie à la 

sortie et le taux d’entropie générée tant dis que la fonction thermo-économique est définie comme 

le ratio de la charge chauffage sur le coût de l’investissement et le coût de l’énergie consommée. 

En utilisant la thermodynamique des temps finis, nous avons obtenu une relation liant le coefficient 

de performance, la charge spécifique de chauffage, l’aire des surfaces d’échange de chaleur, les 

facteurs d’irréversibilité externes et les deux facteurs d’irréversibilité interne. Cette relation est 

exploitée dans l’algorithme flowchart à fin de déterminer les points de fonctionnement optimaux 

du système THR AHP d’une part et  FTL AHP d’autre part. 

3. Résultats et discussion 

Les travaux menés tout au long de cette thèse ont conduit à l'analyse et à l'optimisation 

multi-objective des THR AHP et FTL AHP. D'une part, nous avons analysé les performances des 

cycles THR par la fonction thermo-écologique objective (ECOP) puis FTL par la fonction 

exergétique objective (EPC). D'autre part, afin de pouvoir faire une synthèse plus objective, nous 

avons comparé trois critères de performance décisifs à savoir les critères écologiques, exergétiques 

et économiques avec trois et quatre réservoirs de chaleur à chaque fois. Cette synthèse tient compte 

des conditions réelles de fonctionnement qui sont soumises aux deux types d'irréversibilité, c'est-

à-dire les irréversibilités externes et les irréversibilités internes. De plus, les irréversibilités 

externes se manifestent par la différence finie de température entre le système et l'environnement. 

Par contre, les irréversibilités internes se manifestent par les transformations non isentropiques, le 

frottement entre le fluide et les parois des échangeurs de chaleur et les chutes de pression. 

Néanmoins, une étude isolée puis comparative des avantages et inconvénients au maximum de 

chaque critère de performance en fonction des paramètres de performance optimaux 

correspondants tels que le coefficient de performance, le taux de génération d'entropie, la charge 

spécifique de chauffage, l’aire des surfaces d'échange thermique, le taux d’exergie à la sortie et 

taux d’exergie détruite. Cela étant, l'analyse de la thermodynamique des temps finis et la méthode 

d'optimisation flowchart comme outils d'analyse et de précision ont permis d'obtenir deux blocs 

de résultats significatifs. 
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Les aspects notés dans le premier bloc de résultats sont les suivants: 

i) Pour les cycles THR, il apparaît que le critère ECOP par rapport au critère E présente un avantage 

significatif en termes de taux de génération d'entropie spécifique. 

 ii) Pour les cycles FTL, il apparaît que les pertes exergétiques minimales et une puissance de 

chauffage spécifique optimale sont enregistrées pour 0.5 1.5m  . 

iii) Pour les cycles FTL, il apparaît que les fonctions objectives optimales EPC, ECOP et E sont 

meilleures pour des valeurs plus élevées des coefficients globaux de transfert de chaleur des 

différents composants. Cependant, les pertes exergétiques sont plus importantes dans ces cas. 

iv) Pour les cycles FTL, il apparaît qu’au maximum des fonctions d'objectives EPC et ECOP, un 

taux de génération d'entropie faible et un meilleur COP par rapport au maximum de la fonction 

d'objective E sont obtenus. 

v) Pour les cycles FTL, il apparaît qu'au maximum de la fonction objective E, une charge 

spécifique de chauffage plus élevée a été trouvée par rapport au maximum des fonctions objectives 

EPC et ECOP. De plus, les fonctions optimales de performance au critère E maximum sont plus 

élevées sous l'influence du facteur d'irréversibilité interne 2
I . 

Ensuite, les aspects soulignés dans le deuxième bloc sont les suivants: 

i) Pour les cycles THR et FTL, il apparaît que les valeurs maximales les plus élevées du critère 

thermo-économique correspondent à un faible coût d'investissement (faible surface d'échange 

thermique) et un coût élevé sur l'énergie consommée (l’apport de chaleur venant du générateur est 

haut). Cela favorise un taux d’exergie détruite minimal pour certaines valeurs de la charge de 

chauffage spécifique et du taux d’exergie à la sortie. 

ii) Les influences des fuites de chaleur et des résistances thermiques sont plus prononcées que les 

pertes de chaleur caractérisées par des facteurs d'irréversibilité internes 1
I  et 2

I . De plus, sous 

l'influence des paramètres de conception, le cycle THR AHP présente un avantage significatif aux 

maxima des critères F et EPC en termes de coefficient de performance. Néanmoins, le cycle THR 

AHP présente un avantage significatif au maximum de EPC en termes de taux de destruction 

exergétique et au maximum de E en termes de charge calorifique spécifique et de débit de sortie 

exergétique. 

iii) Les pertes de chaleur dans l'ensemble condenseur-évaporateur ont des effets plus néfastes sur 

les performances du cycle THR AHP. De plus, dans les FTL AHP, les pertes de chaleur dans 

l'ensemble condenseur-évaporateur ont des effets plus néfastes pour 0 < 1m , bien que les pertes 

de chaleur dans l'ensemble générateur-absorbeur aient des effets plus néfastes pour m > 1. 
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iv) Les systèmes FTL AHP sont plus efficaces lorsque les taux d’échange de chaleur dans les 

échangeurs de chaleur absorbeur et condenseur sont proches. 

4. Conclusion  

Les travaux présentés tout au long de ce mémoire de thèse ont porté sur l’optimisation 

écologique, exergétique et économique des pompes à chaleur à trois et à quatre réservoirs 

thermiques. Une revue de la littérature a permis de montrer l’utilisation de la thermodynamique 

des temps finis dans les différents systèmes thermodynamiques, ainsi que les analyses des 

performances des pompes à chaleur à absorption par les critères écologique, exergétique et thermo-

économique. Cependant, pour cette étude, nous avons considéré non plus un paramètre 

d’irréversibilité interne comme dans la littérature mais deux paramètres d’irréversibilité interne 

tels que l’irréversibilité interne de l’assemblage évaporateur-condenseur et l’irréversibilité interne 

de l’assemblage générateur-absorbeur, ainsi qu’un paramètre général d’irréversibilité externe. Il 

en ressort que les pertes de chaleur dans l’assemblage évaporateur-condenseur ont des effets plus 

néfastes dans les performances des pompes à chaleur à absorption fonctionnant avec trois 

réservoirs thermiques. Pourtant, les effets des pertes de chaleur observées dans les pompes à 

chaleur à absorption munies de quatre réservoirs thermiques dépendent de l’écart des taux de 

transfert de chaleur dans l’absorbeur  et le condenseur. De plus, le système est économe en terme 

d’exergie détruite et écologique en terme d’exergie à la sotie. 
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a b s t r a c t 

The investigations carried out in this work concern the optimization and the thermodynamic analysis 

of an absorption heat pump with multi-irreversibilities and provided with three-heat-reservoir mainly 

using the thermo-ecological criterion as objective function. The thermodynamic analysis of the first and 

second laws of thermodynamics and the linear law of heat-transfer allowed us to evaluate and optimize 

the objective functions of performance such as: the specific heating load, the coefficient of performance, 

the specific entropy generation rate, the ecological coefficient of performance and the heat-transfer areas 

of the various components. These allowed us to study the variations of these criteria according to the 

design parameters and the temperatures of the working fluid in the components. From this study, it 

follows that the optimal system implies a maximum thermo-ecological coefficient, a minimum entropy 

production rate corresponding to a certain value of the specific heating load, while maintaining a system 

which limits the losses between the condenser and the evaporator. Moreover, the consideration of the 

two internal irreversibilities, the external irreversibility and the losses of the heat resistances is very 

close to a real absorption heat pump and allows a more precise and objective study rather than in the 

optimization and the design of an absorption system like an endoreversible system. 

© 2019 Elsevier Ltd and IIR. All rights reserved. 

Analyse thermo-écologique et optimisation d’une pompe à chaleur à absorption à

trois réservoirs thermiques avec deux irréversibilités internes et irréversibilité

externe 

Mots-clés: Irréversibilités; Pompe à chaleur à absorption; Triple réservoir thermique; Optimisation; Coefficient de performance écologique 

1. Introduction 

The heat pump is a device which has been used for a long 

time. The production of heat has gradually become very important 

in our daily lives. It is found in various applications such as drying 
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of food, air conditioning of buildings and vehicles, heating of 

hot water, industry etc. Heating is an important process in the 

world’s electricity consumption and this continues to increase, 

especially with the climate changes which have an important 

effect on the planet. Studies are being conducted to solve the 

environmental pollution issues associated with heat production 

systems such as an absorption heat pump (AHP) which is studied 

in this manuscript. On the one hand, research may consist of find- 
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Nomenclature 

A total heat-transfer area ( m 

2 ) 

COP coefficient of performance (dimensionless) 

ECOP ecological coefficient of performance (dimension- 

less) 

E ecological criterion (W) 

h overall heat-transfer coefficient ( W K 

−1 m 

−2 ) 

I internal irreversibility parameter (dimensionless) 

K thermal conductivity ( W K 

−1 ) 
˙ Q rate of heat-transfer (W) 

q specific heating load ( W m 

−2 ) 

S specific entropy generation rate ( W K 

−1 m 

−2 ) 

T temperature (K) 

U overall heat-transfer coefficient ( W K 

−1 m 

−2 ) 

Abbreviations 

AHP absorption heat pump 

AR absorption refrigerator 

COP coefficient of performance 

ECOP ecological coefficient of performance 

FTT finite time thermodynamics 

HP heat pump 

HT heat transformer 

THR three-heat-reservoir 

Greek symbols 

ε coefficient of performance for reversible three-heat- 

source heat pump (dimensionless) 

ξ heat leakage coefficient ( W K 

−1 m 

−2 ) 

π specific heating load ( W m 

−2 ) 

˙ σ entropy generation rate ( W K 

−1 ) 

Subscripts 

1 working fluid in generator 

2 working fluid in evaporator 

3 working fluid in absorber and condenser 

A absorber 

C condenser 

E evaporator 

env environment 

G generator 

L heat leakage 

max maximum ECOP 

max, E maximum E 

O absorber and condenser 

op at maximum ECOP 

r for an reversible three-heat-reservoir heat pump 

Superscripts 
∗ at maximum E 

ing less polluting fluids such as carbondioxide, light hydrocarbons 

(propane, butane), water, ammonia, etc. ( Sarkar et al., 2005; Bi et 

al., 2012; Sarbu, 2014 ). On the other hand, researchers are looking 

at systems with high energy efficiency and stability in the field of 

physics and engineering while having a low environmental impact 

( Sieniutycz and Salamon, 1990; Bejan, 1996; Chen et al., 1999; 

Chen and Sun, 2004; Feidt, 2010, 2013; Andresen, 2011; Qin et al., 

2013; Rivera et al., 2015; Ngouateu Wouagfack and Tchinda, 2013; 

Su et al., 2017; Ge et al., 2016 ). This is why the optimization by 

the thermo-ecological approach considering the objective function 

ecological coefficient of performance (ECOP) is necessary. This 

approach was initiated by Ust et al. (2006a, 2006b ) on irreversible 

Brayton heat engines. This time we use it taking into account the 

influences of the two internal irreversibilities, the overall external 

irreversibility and the heat resistances. 

The optimization of endoreversible and irreversible absorption 

systems were previously studied under the basis of the coeffi- 

cient of performance (COP) and the specific heating or cooling load 

as objective functions, without really worrying about the amount 

of heat emitted in the environment. This is the case of Chen 

(1999) on heat pumps (HP) with four-temperature-level, Bi et al. 

(2008) on air heat pumps, Xia et al. (2007) on a four-source chem- 

ical pump. Kato et al. (2005) on the working fluid of a cogenera- 

tion heat pump, Qin et al. (20 04a, 20 04b, 20 06, 20 08 ), respectively 

on heat transformers, endoreversible four-heat-reservoir absorp- 

tion heat transformers, endoreversible HPs with four-temperature- 

level and real heat transformers. Chen et al. (2005) and Huang et 

al. (2008) on irreversible AHPs and Bhardwaj et al. (20 03, 20 05 ) 

on gas absorption refrigerators, Kaushik et al. (2018) on the refrig- 

eration cycle, Wei et al. (2011) on magnetic HP of Ericsson, Xiling 

et al. (2011) on the AHP with two internal irreversibilities. Chen 

(1999), Bi et al. (2008), Xia et al. (2007), Kato et al. (2005), Qin 

et al. (20 04a, 20 04b, 20 06, 20 08 ), Chen et al. (2005), Huang et 

al. (2008), Bhardwaj et al. (2003, 2005 ), Kaushik et al. (2018), Wei 

et al. (2011) and Xiling et al. (2011) have evaluated the maximum 

COP and the corresponding optimal specific load or the maximum 

specific load and the corresponding optimal COP, using finite time 

thermodynamics (FTT). However, the heat capacities of the com- 

ponents, the internal irreversibility by dissipation and the exter- 

nal irreversibility by heat leakage influence the performances of 

the AHP ( Qin et al., 2007, 2015 ), AR ( Zheng et al., 2004; Chen et 

al., 20 05a ; 20 06; Qin et al., 2010 ) and AHT ( Chen et al., 2007a ). 

The effects of the previous design parameters on the two-stage 

semi-conductive thermoelectric devices using the COP and the spe- 

cific heating load are analyzed with respect to the working electric 

current ( Chen et al., 2008 ; 2016 ). In addition, the optimization of 

absorption systems taking into account the cost of product invest- 

ment and the cost of consumption further complements the pre- 

vious approach. This new study is based on the objective thermo- 

economic function introduced by Kodal et al. (20 0 0, 20 02, 20 03 ) 

on AHP and two-stage AHPs. It is the ratio of the specific heating 

or cooling load to the sum of the cost of the investment and the 

cost of the energy consumed. This objective function allows to op- 

timize the performances of a system taking into account the cost 

energy consumed. Qin et al. (2005) used this thermo-economic cri- 

terion on the endoreversible four-heat-reservoir AR taking into ac- 

count the design parameters, then Qureshi and Syed (2015) used 

this criterion to show the effects of internal irreversibility on the 

system in order to optimize AHP and AR with working fluid pairs 

such as NH 3 /H 2 O and LiBr/H 2 O. In addition, the usefulness of an- 

other approach to the optimization of irreversible AHP is impor- 

tant, especially an approach that takes into account the impact on 

the environment. Angulo-Brown (1991), Sun et al. (2005), Chen et 

al. (2007, 2019 ), Qin et al. (2017) and Frikha and Abid (2016) , used 

the ecological objective function as a performance criterion. It is 

defined as the difference between the specific heating or cooling 

load and the degraded load by the system or the loss rate of avail- 

ability, which gives it values that can be negative. The negative 

values that this function can obtain when the loss rate of avail- 

ability is significant show that the system is not ecologically reli- 

able. Ust et al. (20 06a, 20 06b ), proposed a new thermo-ecological 

criterion called ecological coefficient of performance which is the 

ratio between the specific heating or cooling load and the loss 

rate of available (product of the entropy generation rate and the 

temperature of the environment). They are followed using FTT on 

irreversible systems by Ngouateu Wouagfack and Tchinda (2011a, 

2011b, 2014 ) and Medjo Nouadje et al. (2014, 2016 ) with the ARs 

then Ngouateu Wouagfack and Tchinda (2012a, 2012b ) with AHP. 

The latter analytically maximized the thermo-ecological objective 
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Fig. 1. Symbolic diagram of an AHP ( Medjo Nouadje et al., 2014 ). 

function corresponding to the various optimal performance criteria 

under the influences of the losses of the heat resistance, heat leak- 

age and irreversibilities and discussed a practical and optimal oper- 

ating region. On the other hand, Ahmadi et al. (2015, 2016 ) worked 

respectively on irreversible AHP and those working on an inverse 

Brayton cycle by applying the evolutionary genetic algorithm on 

the ECOP objective function, they found an optimal Pareto front of 

functioning. 

As a matter of fact, the effects of two internal irreversibilities so 

far by the thermo-ecological decisive function (ECOP) approach has 

been studied by Medjo Nouadje et al. (2014) on the ARs. However, 

by applying the first and the second law of finite time thermo- 

dynamics (FTT) and the linear heat transfer law on heat transfer 

rates, we will study and discuss on optimizing the performance of 

an AHP three-heat-reservoir (THR) with multi-irreversibilities. This 

time we will model the ECOP criterion analytically and evaluate its 

maximum value corresponding to the optimal working fluid tem- 

peratures in the different com ponents. Then, to obtain the differ- 

ent optimal parameters of the corresponding performance and to 

draw their curves which will make it possible to discuss on the 

influences of the two internal irreversibilities, the overall external 

irreversibility and the losses of the heat resistances. 

2. Thermodynamic analysis of an irreversible absorption heat 

pump with three-heat-reservoir 

2.1. Application of the first law of thermodynamics and Newton’s law 

of heat-transfer 

The AHP is a thermodynamic system in which undergoes a 

thermodynamic transformation with closed cycle. Thus, we will be 

able to apply the first law of thermodynamics to the AHP under 

these conditions. In Fig. 1 , ˙ Q G (heat input from the generator heat 

source), ˙ Q E (heat input to evaporator), ˙ Q A (heat output to the ab- 

sorber heat sink) and 

˙ Q C (rejected heat from the condenser) are 

the quantities exchanged between the working fluid and the four 

components expressed in (W ) . 

Fig. 2. The irreversible cycle model of a three-heat-reservoir AHP ( Ahmadi et al., 

2015 ). 

The first law of thermodynamics can be written from Fig. 2 

using the Refs. Ngouateu Wouagfack and Tchinda (2011a, 2011b, 

2012a, 2012b, 2014 ), Medjo Nouadje et al. (2014, 2016 ) and Ahmadi 

et al. (2015, 2016 ). 

˙ Q G + 

˙ Q E − ˙ Q C − ˙ Q A = 0 (1) 

By considering ˙ Q O = 

˙ Q C + 

˙ Q A , Eq. (1) becomes: 

˙ Q G + 

˙ Q E − ˙ Q O = 0 (2) 

The Newton’s law of heat transfer states that the heat ex- 

changed between a wall of heat-transfer area S of a solid body 

at the temperature T and the surrounding fluid are deduced from 

Refs. Chen et al. (2005b) , Huang et al. (2008), Ngouateu Woug- 

fack and Tchinda (2011a, 2012a, 2012b, 2014 ), Medjo Nouadje et al. 

(2014, 2016 ), Ahmadi et al. (2015) . 

˙ Q = hS�T (3) 

We deduce the heat-transfer law in the different components: 

˙ Q G = U G A G ( T G − T 1 ) (4) 

˙ Q E = U E A E ( T E − T 2 ) (5) 

˙ Q O = U O A O ( T 3 − T O ) (6) 

with 

A O = A A + A C and T O = T A = T C (7) 

The heat loss due to the influence of the surrounding environ- 

ment thanks to the convective exchange of the heat resistances 

( Ngouateu Wouagfack and Tchinda, 2012a ) are evaluated between 

the absorber-condenser assembly and the evaporator: 

˙ Q L = K L ( T O − T E ) (8) 

A G , A E , A A , A C and A O are the heat-transfer areas of the heat ex- 

changers in the generator, the evaporator, the absorber, the con- 

denser and the absorber-condenser assembly respectively and are 

expressed in ( m 

2 ) . U G , U E and U O are the coefficients of heat trans- 

fer by convection in ( W m 

−2 K 

−1 ) , respectively, of the generator, the 

evaporator and the absorber-condenser assembly. ˙ Q L in (W ) and K L 

the thermal conductivity of the heat leakage in ( W K 

−1 ) . 

Moreover the total heat-transfer area of the heat exchangers is 

evaluated by the relation (9) : 

A = A G + A E + A O (9) 
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2.2. Application of the second law of thermodynamics 

Historically, the irreversibility of certain phenomena gave rise to the second law of thermodynamics. As a result, when there is degra- 

dation of energy at the time of a transformation, it is known as irreversible thus the importance and utility of the extensive size entropy. 

The application of the second law of thermodynamics to the system is due to actual operating considerations of AHP. These considerations 

lead to two internal irreversibilities factors I 1 and I 2 which represent the heat loss rate generated during the passage of the working fluid 

respectively between the absorber and the generator and between the condenser and the evaporator. By applying the second law of ther- 

modynamics still called Clausius inequality as in the Refs. Ngouateu Wougfack and Tchinda (2011a, 2011b, 2012a ) and Medjo Nouadje et 

al. (2014) we obtain: ∮ 
δ ˙ Q 

T 

= 

˙ Q G 

T 1 

+ 

˙ Q E 

T 2 

−
˙ Q O 

T 3 

< 0 (10) 

where T 1 , T 2 and T 3 are the temperatures of the working liquid, respectively, in the generator, the evaporator and the absorber-condenser 

assembly in (K) . 

By introducing the two internal irreversibilities into Eq. (10) , we obtain a quantitative and qualitative entropy relation assessment which 

will enable us to minimize the degradation of energy and the influences of the irreversibilities in our system. We obtain: 

˙ Q G 

T 1 
= 

˙ Q A 

I 1 T 3 
( I 1 ≥ 1 ) 

˙ Q E 

T 2 
= 

˙ Q C 

I 2 T 3 
( I 2 ≥ 1 ) (11) 

Considering Eqs. (10) and ( 11 ), we obtain for an irreversible system ( I 1 > 1 and I 2 > 1 ): 

˙ Q G 

T 1 
+ 

˙ Q E 

T 2 
−

˙ Q A 

I 1 T 3 
−

˙ Q C 

I 2 T 3 
= 0 (12) 

For a system with an internal irreversibility used in the Refs. Ngouateu Wouagfack and Tchinda (2011a, 2012a ), Eq. (12) becomes: 

˙ Q G 

T 1 
+ 

˙ Q E 

T 2 
−

˙ Q O 

I T 3 
= 0 (13) 

While for an endoreversble system ( I 1 = I 2 = 1 ), Eq. (12) becomes: 

˙ Q G 

T 1 
+ 

˙ Q E 

T 2 
−

˙ Q O 

T 3 
= 0 (14) 

3. Thermodynamic study of the performance criteria of an irreversible absorption heat pump with three-heat-reservoir 

3.1. The coefficient of performance (COP) 

By using Eqs. (2, 4–9 ) and ( 12 ), the COP of an irreversible AHP is following: 

COP = 

˙ Q O − ˙ Q L 
. 

Q G 

= 

˙ Q O 
. 

Q G 

(
1 −

˙ Q L 
. 

Q O 

)
= 

T 3 ( I 1 T 2 − I 2 T 1 ) 

T 1 ( T 2 − I 2 T 3 ) 
( 1 − ξ ( T O − T E ) 

×
(

T 1 ( T 2 − I 2 T 3 ) 

U G ( T G − T 1 ) T 3 ( I 1 T 2 − I 2 T 1 ) 
+ 

T 2 ( I 1 T 3 − T 1 ) 

U E ( T E − T 2 ) T 3 ( I 1 T 2 − I 2 T 1 ) 
+ 

1 

U O ( T 3 − T O ) 

))
(15) 

where ξ = K L /A is a heat leakage coefficient by the system and is expressed in ( W K 

−1 m 

−2 ) . 

3.2. The specific heating load ( q ) 

The Specific heating load is obtained from Eqs. (4) –( 9 ): 

q = 

˙ Q O − ˙ Q L 

A 

= 

(
T 1 ( T 2 − I 2 T 3 ) 

U G ( T G − T 1 ) T 3 ( I 1 T 2 − I 2 T 1 ) 
+ 

T 2 ( I 1 T 3 − T 1 ) 

U E ( T E − T 2 ) T 3 ( I 1 T 2 − I 2 T 1 ) 
+ 

1 

U O ( T 3 − T O ) 

)−1 

− ξ ( T O − T E ) (16) 

3.3. Specific entropy generation rate ( S) 

The specific entropy generation rate is the entropy produced per unit of heat-transfer area generated by the system. The specific entropy 

generation rate is as follows of Eqs. (4) –( 8 ) and ( 12 ): 

S = 

˙ σ

A 

= 

˙ Q O − ˙ Q L 
T O 

−
˙ Q G 

T G 
−

˙ Q E − ˙ Q L 

T E 
A 

= 

(
1 

T E 
− 1 

T O 

)( 

ξ ( T O − T E ) + 

(
ζr 

T 1 ( T 2 − I 2 T 3 ) 

T 3 ( I 1 T 2 − I 2 T 1 ) 
− 1 

)(
T 1 ( T 2 − I 2 T 3 ) 

U G ( T G − T 1 ) T 3 ( I 1 T 2 − I 2 T 1 ) 
+ 

T 2 ( I 1 T 3 − T 1 ) 

U E ( T E − T 2 ) T 3 ( I 1 T 2 − I 2 T 1 ) 
+ 

1 

U O ( T 3 − T O ) 

)−1 
) 

(17) 
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Fig. 3. Variation of ECOP objective function with respect to the temperature T 1 of the working fluid in the generator when I 2 = 1 for various I 1 (a); when I 1 = 1 for various 

I 2 (b). 

Where ζr = ( 1 − T E 
T G 

) / ( 1 − T E 
T O 

) is the coefficient of performance of a heat pump ideal cycle with three-heat-reservoir. 

˙ σ being the entropy generated by the system described in Fig. 2 and is expressed in ( W K 

−1 ) and S in ( W K 

−1 m 

−2 ) . 

3.4. Exergy-based ecological criterion ( E) 

Exergy-based ecological function ( Angulo-Brown, 1991; Sun et al., 2005; Chen et al., 2007b, 2019; Qin et al., 2017 ; Frikha and Abid, 

2016 ) is given by: 

E = 

(
˙ Q O − ˙ Q L 

)(
1 − T en v 

T 0 

)
− T en v ˙ σ = A 

⎛ 

⎜ ⎜ ⎝ 

ξ ( T 0 − T E ) 

(
2 T en v 

T 0 
− T en v 

T 0 
− 1 

)
+ 

(
1 − T en v 

T 0 
− T en v 

(
1 

T E 
− 1 

T O 

)(
ζr 

T 1 ( T 2 − I 2 T 3 ) 

T 3 ( I 1 T 2 − I 2 T 1 ) 
− 1 

))
(

T 1 ( T 2 − I 2 T 3 ) 

U G ( T G − T 1 ) T 3 ( I 1 T 2 − I 2 T 1 ) 
+ 

T 2 ( I 1 T 3 − T 1 ) 

U E ( T E − T 2 ) T 3 ( I 1 T 2 − I 2 T 1 ) 
+ 

1 

U O ( T 3 − T O ) 

)−1 

⎞ 

⎟ ⎟ ⎠ 

(18) 

Where the term ( ˙ Q O − ˙ Q L )( 1 − T en v 
T 0 

) represents the output exergy of the THR AHP cycle and T en v ˙ σ is the exergy destroyed or the loss 

rate of availability. 

3.5. Ecological coefficient of performance ( ECOP ) 

The ecological coefficient of performance given by Refs. Kodal et al. (2003), Qureshi and Syed (2015), Chen et al. (2007) , Qin et al. 

(2017), Frikha and Abid (2016) and Ngouateu Wouagfack and Tchinda (2011a, 2011b, 2014 ) of an irreversible AHP THS is the ratio between 

the specific heating load and the exergy loss (product of the entropy generation rate and the temperature of the environment). The ECOP 
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Fig. 4. Variation of ECOP objective function with respect to the temperature T 2 of the working fluid in the evaporator when I 2 = 1 for various I 1 (a) when I 1 = 1 for various 

I 2 (b). 

characterizes the impact of energy lost on the environment. 

ECOP = 

˙ Q O − ˙ Q L 

T en v ˙ σ
= 

1 

T en v 

(
1 

T E 
− 1 

T O 

)
⎛ 

⎜ ⎜ ⎝ 

ζr 
T 1 ( T 2 − I 2 T 3 ) 

T 3 ( I 1 T 2 − I 2 T 1 ) 

1 − ξ ( T O − T E ) 

(
T 1 ( T 2 − I 2 T 3 ) 

U G ( T G − T 1 ) T 3 ( I 1 T 2 − I 2 T 1 ) 
+ 

T 2 ( I 1 T 3 − T 1 ) 

U E ( T E − T 2 ) T 3 ( I 1 T 2 − I 2 T 1 ) 
+ 

1 

U O ( T 3 − T O ) 

) − 1 

⎞ 

⎟ ⎟ ⎠ 

−1 

(19) 

When I 1 = I 2 = I we find the results of Ngouateu Wouagfack and Tchinda (2012a ). 

3.6. Optimization of an absorption heat pump with multi-irreversibilities 

Maximum ecological coefficient of performance ( ECOP ) and maximum Exergy-based ecological criterion ( E) 

Let , a = 

I 1 T 3 
T 1 

; b = 

I 2 T 3 
T 2 

and c = T 3 (20) 

we can rewrite in a simpler way ECOP objective function of performance. 
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Fig. 5. Variation of ECOP objective function with respect to the temperature T 3 of the working fluid in the absorber and the condenser assembly when I 2 = 1 for various I 1 
(a); when I 1 = 1 for various I 2 (b). 

ECOP = 

1 

T en v 

(
1 

T E 
− 1 

T O 

)
⎛ 

⎜ ⎜ ⎝ 

ζr 

(
1 − b 

a − b 

)

1 − ξ ( T O − T E ) 

b − a 

(
a ( b − 1 ) 

U G ( a T G − I 1 c ) 
+ 

b ( 1 − a ) 

U E ( b T E − I 2 c ) 
+ 

b − a 

U O ( c − T O ) 

) − 1 

⎞ 

⎟ ⎟ ⎠ 

−1 

(21) 

The optimization of the system must reach the maximum values of ECOP objective function, which implies that one must determine 

the optimal temperatures up stream T 1 op , T 2 op and T 3 op . ECO P max corresponds to the maximum of ECOP objective function obtained by 

solving the first order partial differentials equations to the variables a , b and c. 

∂ECOP 

∂a 
= 0 ; ∂ECOP 

∂b 
= 0 and 

∂ECOP 

∂c 
= 0 (22) 

However, the optimization of the system using exergy-based ecological objective function makes it possible to obtain the corresponding 

optimal performance parameters. At the maximum criterion E that is E max ,E we have T 1 
∗, T 2 

∗, T 3 
∗, CO P ∗, S ∗ and q ∗. E max ,E is obtained by 

solving the partial differential equation. 

∂E 

∂a 
= 0 ; ∂E 

∂b 
= 0 and 

∂E 

∂c 
= 0 (23) 

By solving Eqs. (22 ) and ( 23 ) and substituting their values of the variables a , b and c into Eq. (20) , we obtain the following double 

equality: √ 

I 1 U G 

(
T G 
T 1 

− 1 

)
= 

√ 

I 2 U E 

(
T E 
T 2 

− 1 

)
= 

√ 

U O 

(
1 − T O 

T 3 

)
(24) 
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Fig. 6. Effects of internal irreversibility I 1 (a) of the generator-absorber assembly and of the internal irreversibility I 2 (b) of the evaporator-condenser assembly on the ECOP

objective function with respect to the q objective function. 

Using the relationships ( 22 ) and ( 24 ), optimal temperatures at maximum ECOP are obtained; 

T 1 op = 

I 1 T G 

b 1 
(
1 − T O 

D 

)
+ I 1 

T 2 op = 

I 2 T E 

b 2 
(
1 − T O 

D 

)
+ I 2 

T 3 op = D (25) 

where D = 

( I 2 U O T E − ξ ( T O − T E )( b 2 + I 2 ) b 2 ) T O + 

√ 

( I 2 U O ( I 2 T O − T E ) + ξ ( T O − T E ) ( b 2 + I 2 ) 
2 ) I 2 ( T O − T E ) T E T O ξ

I 2 U O T E − ξ ( T O − T E ) ( b 2 + I 2 ) 
2 

and 

b 1 = 

√ 

I 1 U O 

U G 

, b 2 = 

√ 

I 2 U O 

U E 

(26) 

Substituting Eqs. (25) into Eqs. (15) –( 19 ) yields the maximum ECOP: 

ECO P max = 

1 

T en v 
(

1 
T E 

− 1 
T O 

)(
ζr T G ( T E − b 2 ( D − T O ) − I 2 D ) U O ( D − T O ) 

U O ( D − T O ) ( ( D − T O ) ( T E b 1 − T G b 2 ) + D ( I 1 T E − I 2 T G ) ) − ξ ( T O − T E ) ( βU 0 + ( D − T O ) ( T E b 1 − T G b 2 ) + D ( I 1 T E − I 2 T G ) ) 
− 1 

)−1 

(27) 

and the optimal coefficient of performance ( CO P op ) , the optimal specific heating load ( q op ) and the optimal specific entropy generation 

rate ( S op ) at the maximum ECOP conditions, respectively, as: 

CO P op = 

U O ( D − T O ) ( ( D − T O ) ( T E b 1 − T G b 2 ) + D ( I 1 T E − I 2 T G ) ) − ξ ( T O − T E ) ( βU 0 + ( D − T O ) ( T E b 1 − T G b 2 ) + D ( I 1 T E − I 2 T G ) ) 

T G ( T E − b 2 ( D − T O ) − I 2 D ) U O ( D − T O ) 
(28) 
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Fig. 7. Effects of internal irreversibility I 1 (a) of the generator-absorber assembly and of the internal irreversibility I 2 (b) of the evaporator-condenser assembly on the ECOP

objective function with respect to the S objective function. 

q op = 

U O ( D − T O ) ( ( D − T O ) ( T E b 1 − T G b 2 ) + D ( I 1 T E − I 2 T G ) ) 

βU 0 + ( D − T O ) ( T E b 1 − T G b 2 ) + D ( I 1 T E − I 2 T G ) 
− ξ ( T O − T E ) (29) 

S op = 

(
1 

T E 
− 1 

T O 

)(
ξ ( T O − T E ) + 

( ζr T G ( T E − b 2 ( D − T O ) − I 2 D ) − ( D − T O ) ( T E b 1 − T G b 2 ) − D ( I 1 T E − I 2 T G ) ) U O ( D − T O ) 

βU 0 + ( D − T O ) ( T E b 1 − T G b 2 ) + D ( I 1 T E − I 2 T G ) 

)
(30) 

with 

β = 

U E b 2 ( b 1 ( D − T O ) + I 1 D ) ( T E − b 2 ( D − T O ) − I 2 D ) + U G b 1 ( b 2 ( D − T O ) + I 2 D ) ( b 1 ( D − T O ) + I 1 D − T G ) 

U G U E b 1 b 2 
(31) 

From Eqs. (2) , ( 4 )–( 6 ), ( 9 ) and ( 25 ) we find that, when THR AHP is operated in the state of maximum ECOP, the relations between the 

heat-transfer areas of the heat exchangers and the total heat-transfer area are determined by: 

( A G ) op 

A 
= U E U O b 2 ( b 1 ( D − T O ) + I 1 D ) ( b 2 ( D − T O ) + I 2 D − T E ) 

U E U O b 2 ( b 1 ( D − T O ) + I 1 D ) ( b 2 ( D − T O ) + I 2 D − T E ) + U G U E b 1 b 2 U G b 1 ( T G ( b 2 ( D − T O ) + I 2 D ) − T E ( b 1 ( D − T O ) + I 1 D ) ) + U G U O b 1 ( b 2 ( D − T O ) + I 2 D ) ( T G − b 1 ( D − T O ) − I 1 D ) 
(32) 

( A E ) op 

A 
= U G U O b 1 ( b 2 ( D − T O ) + I 2 D ) ( b 1 ( D − T O ) + I 1 D − T G ) 

U G U O b 1 ( b 2 ( D − T O ) + I 2 D ) ( b 1 ( D − T O ) + I 1 D − T G ) + U G U E b 1 b 2 ( T E ( b 1 ( D − T O ) + I 1 D ) − T G ( b 2 ( D − T O ) + I 2 D ) ) − U E U O b 2 ( b 1 ( D − T O ) + I 1 D ) ( b 2 ( D − T O ) + I 2 D − T E ) 
(33) 

( A O ) op 

A 
= U G U E b 1 b 2 ( T G ( b 2 ( D − T O ) + I 2 D ) − T E ( b 1 ( D − T O ) + I 1 D ) ) 

U G U E b 1 b 2 ( T G ( b 2 ( D − T O ) + I 2 D ) − T E ( b 1 ( D − T O ) + I 1 D ) ) + U E U O b 2 ( b 1 ( D − T O ) + I 1 D ) ( b 2 ( D − T O ) + I 2 D − T E ) − U G U O b 1 ( b 2 ( D − T O ) + I 2 D ) ( b 1 ( D − T O ) + I 1 D − T G ) 
(34) 
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Fig. 8. Effects of internal irreversibility I 1 (a) of the generator-absorber assembly 

and of the internal irreversibility I 2 (b) of the evaporator-condenser assembly on 

the ECOP objective function with respect to the COP objective function. 

4. Results and discussion 

We will consider numerical data from Ngouateu Wouagfack and 

Tchinda (2012a ) and Ahmadi et al. (2015) and model a THR AHP. 

T G = 393K , T E = 288K , T O = 313K , T en v = 290K , U G = U E = U O = 

500W K 

−1 m 

−2 , ξ = 1 . 082W K 

−1 . 

4.1. Effects of temperatures of the working fluid in the different 

components 

Figs. 3–5 show the variations of the ECOP objective function 

with respect to the temperatures T 1 , T 2 and T 3 which respec- 

tively represent the temperatures of working fluid in the genera- 

tor, the evaporator and the absorber-condenser assembly. In Figs. 

3 (a), 4 (a) and 5 (a) I 2 is set ( I 2 = 1 ) for different values of I 1 and 

in Figs. 3 (a), 4 (a) and 5 (a) I 1 is set ( I 1 = 1 ) for different values of 

I 2 . The ECOP gradually increases with increase in the temperatures 

T 1 and T 2 before reaching its maximum in Figs. 3 and 4 . How- 

ever ECOP decreases abruptly after reaching its maximum value 

when T 3 increases in Fig. 5 . As a result, when T 1 < T 1 op , T 2 < T 2 op 

and T 3 > T 3 op the system is less ecological and losses are more ac- 

centuated and more when T 1 > T 1 op , T 2 > T 2 op and T 3 < T 3 op , the 

system is unstable. However, the ECO P max is more affected in the 

system for the same values of the optimum temperatures in the 

Fig. 9. Effects of internal irreversibility I 1 (a) of the generator-absorber assembly 

and of the internal irreversibility I 2 (b) of the evaporator-condenser assembly on 

the ECOP objective function with respect to the heat-transfer areas of the heat ex- 

changers ( A O ) op /A , ( A G ) op /A and ( A E ) op /A objective functions. 

condenser-evaporator assembly by the irreversibility factor I 2 than 

in the absorber-generator by the irreversibility factor I 1 . 

4.2. Influences of design parameters 

4.2.1. Influences of two internal irreversibilities I 1 and I 2 
The effects of internal irreversibilities I 1 and I 2 on the ECOP 

objective function with respect to the specific heating load, the 

specific entropy generation rate, the coefficient of performance 

( COP ) and heat-transfer areas of the heat exchangers are shown 

respectively in Figs. 6 –9 . For progressively large values of I 1 and 

I 2 , we make the following observations. In Figs. 6 and 7 , we ob- 

serve that the maximum of the objective function ECOP is reached 

for a certain value of the specific heating load (q ) Fig. 6 and a 

minimum of the specific entropy generation rate (S) Fig 7 . This 

ECOP objective function decreases gradually when the internal ir- 

reversibility parameters I 1 and I 2 increase. Moreover, from the def- 

inition of COP and ECOP in Eqs. (15) and ( 18 ), respectively, we 

obtain a relation between these two objective functions ECOP = 

COP 

T en v ( ( 1 
T O 

− 1 
T E 

) COP−( 1 
T G 

− 1 
T E 

) ) 
. This equation makes it possible to obtain 

Fig. 8 and shows that the ECOP increases as COP also increases. The 

analysis of the performance of the AHP shows that the objective 
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Table 1 

Real AHP maximum values from the ecological coefficient of performance ( ECO P max ) versus 

the endoreversible system ( I 1 = I 2 = 1 and ξ = 1 . 082 ) for different values of I 1 and I 2 . 

Percentage (%) of ECO P max I 1 = 1 . 00 I 1 = 1 . 02 I 1 = 1 . 04 I 1 = 1 . 06 I 1 = 1 . 08 

I 2 = 1 . 00 10 0.0 0 73.79 57.01 45.35 36.78 

I 2 = 1 . 02 53.56 44.59 37.58 31.96 27.35 

I 2 = 1 . 04 38.28 33.34 29.18 25.63 22.56 

I 2 = 1 . 06 30.67 27.38 24.49 21.94 19.66 

I 2 = 1 . 08 26.12 23.68 21.49 19.52 17.72 

Fig. 10. Variation of the non-dimensional ECOP objective function, the non- 

dimensional COP objective function and entropy generation rate according to the 

specific heating load: (a) I 2 = 1 when I 1 varies and (b) I 1 = 1 when I 2 varies. 

function COP is always such that COP < 3 for any maximum value 

of the objective function ECOP which corresponds to an optimal 

system. Among others, Fig. 9 shows that the maximum of the ob- 

jective function ECOP varies symmetrically with respect to the op- 

timum heat transfer areas ( A G ) op of the generator and ( A E ) op of the 

evaporator. This means that the ECO P max values decrease when the 

( A G ) op values increase while the ( A E ) op values decrease. However, 

the ECO P max values decrease always leaving the optimal values of 

( A O ) op constant of the absorber-condenser assembly. Fig. 10 shows 

variations of the normalized ECOP ( E CO P nor = E COP / E CO P max ) , nor- 

malized COP ( CO P nor = COP/CO P op ) , and S with respect to the q for 

different values of I 1 and I 2 . It is observed that at the point of 

optimal functioning of the system, the optimal values of CO P op , 

q op , S op , T 1 op , T 2 op , T 3 op , ( A G ) op , ( A E ) op and ( A O ) op , the maximum 

Fig. 11. Variation of the non-dimensional ECOP objective function, the non- 

dimensional E objective function and entropy generation rate according to the spe- 

cific heating load: (a) I 2 = 1 when I 1 varies and (b) I 1 = 1 when I 2 varies. 

values of ECOP and COP coincide. Yet these last two objective func- 

tions have a different physical meaning. Ngouateu Wouagfack and 

Tchinda (2011a, 2012a, 2012b, 2014 ) made this observation be- 

tween ECOP and COP for AR and AHP having three and four heat 

reservoirs with internal irreversibility. Same for Medjo Nouadje 

et al. (2014) for THR AR and two internal irreversibilities. Also, 

the maximum of the ECOP and COP objective functions corre- 

spond to a certain value of q for minimum value of S according 

to the variations of I 1 and I 2 . However, Fig. 11 shows variations 

of the normalized ECOP ( E CO P norm 

= E COP / E CO P max ) , normalized E

( E norm 

= E/ E max ,E ) , and S with respect to the q for different val- 

ues of I 1 and I 2 . It is observed that when the THR cycle operates 

under the maximum ECOP values conditions ( ECO P max ) on the one 
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Fig. 12. Effects of internal irreversibility I 2 (a) of the generator-absorber assembly 

and of the internal irreversibility I 1 (b) of the evaporator-condenser assembly on 

the ECO P max maximal objective function respectively for certain values of I 1 (a) and 

I 2 (b). 

hand and maximum E values on the other hand ( E max ) , q op < q ∗

and S op < S ∗. q op and q ∗ being the optimal specific heating load at 

ECO P max and E max ,E respectively and S op and S ∗ being the optimal 

specific entropy generation rate at ECO P max and E max ,E , respectively. 

The results show that the system operating under maximum ECOP 

conditions has a significant advantage over the maximum E condi- 

tions in terms of specific entropy generation rate. Otherwise, under 

maximum E conditions has a significant advantage over the maxi- 

mum ECOP conditions in terms of specific heating load. The results 

obtained by Ngouateu Wouagfack and Tchinda (2011b) show that 

the THR cycle operating at maximum ECOP values conditions has 

a significant advantage over the maximum E values and maximum 

specific cooling load values conditions concerning the specific en- 

tropy generation rate and coefficient of performance. Figs. 12 –16 

show variations of the ECO P max maximal objective function and 

the CO P op , q op , S op , ( A G ) op , ( A E ) op and ( A O ) op optimal objective 

functions corresponding to the maximum of ECOP . These varia- 

tions with respect to I 2 for different values of I 1 on the one hand 

Figs. 12 (a)–16 (a) and I 1 for different values of I 2 on the other 

hand Figs. 12 (b)–16 (b). ECO P max decreases rapidly, CO P op and ( A E ) op 

Fig. 13. Effects of internal irreversibility I 2 (a) of the generator-absorber assembly 

and of the internal irreversibility I 1 (b) of the evaporator-condenser assembly on 

the CO P op optimal objective function respectively for certain values of I 1 (a) and I 2 
(b). 

decreases gradually while S op and ( A G ) op increases, q op and ( A O ) op 

remains constant when the parameters I 1 and I 2 increase. As a re- 

sult, ECO P max and CO P op are better for values of I 1 and I 2 close to 

the unit corresponding to the endoreversible system with a spe- 

cific entropy generation rate S op minimum for a certain value of 

the specific heating load q op and heat-transfer areas of heat ex- 

changers ( A G ) op , ( A E ) op and ( A O ) op . 

The preceding figures can be summarized in Table 1 , which 

shows how the maximum ecological coefficient of performance 

varies according to the internal irreversibilities I 1 and I 2 , respec- 

tively, of the generator-absorber assembly and the evaporator- 

condenser assembly. We can also deduce that the optimal 

functioning of a real AHP is less efficient than an endore- 

versible AHP. Which for an obtained ECO P max ( I 1 = I 2 = 1 and 

ξ = 1 . 082W K 

−1 m 

−2 ) we have certain value of the specific heat- 

ing load q op = 307W m 

−2 , a minimum entropy generation rate 

S op = 0 . 0165W K 

−1 m 

−2 and a maximum coefficient of performance 

CO P max = 2 . 8 (According to Eqs. (26) –( 28 ). 

As a whole, Figs. 3 (a) −16 (a) and Figs. 3 (b) −16 (b) show that the 

factor of internal irreversibility I 2 of the condenser-evaporator as- 

sembly characterized by the loss rate, the losses of heat resistance, 

the friction, the singularity points and the turbulence of the work- 

ing fluid has a more unfavorable impact on the performance of the 

system. 
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Fig. 14. Effects of internal irreversibility I 2 (a) of the generator-absorber assembly 

and of the internal irreversibility I 1 (b) of the evaporator-condenser assembly on 

the q op optimal objective function, respectively, for certain values of I 1 (a) and I 2 
(b). 

4.2.2. Influences of heat leakage coefficient (ξ ) 

Figs. 17 –19 show the variations of the ECOP objective func- 

tion respectively with respect to the specific entropy generation 

rate (S) , the specific heating load (q ) and the heat-transfer ar- 

eas of the heat exchangers ( A G , A E , A O ) . These variations are pre- 

sented under the effect of external irreversibility or heat leakage 

coefficient (ξ ) . External irreversibility affects the performance pa- 

rameters of the AHP cycle the same way that the two internal 

irreversibilities factors affect these parameters, that is quantita- 

tively and qualitatively. However, the effects of heat loss and in- 

ternal irreversibility ( I 2 ) of the condenser-evaporator assembly are 

greater. 

5. Conclusion 

In this paper, a thermo-ecological optimization study is carried 

out to determine the optimal operating and design parameters of a 

multi-irreversible absorption heat pump with three-heat-reservoir. 

This criterion is defined by the application of the first and sec- 

ond laws of thermodynamics. It is based on quantities such as 

the load lost by the system, the specific heating load, the spe- 

cific entropy generation rate, the external irreversibility and the 

Fig. 15. Effects of internal irreversibility I 2 (a) of the generator-absorber assembly 

and of the internal irreversibility I 1 (b) of the evaporator-condenser assembly on 

the S op optimal objective function respectively for certain values of I 1 (a) and I 2 
(b). 

two internal irreversibilities. As a result, the maximum of ECOP 

corresponds to the optimal values of the load lost by the sys- 

tem, the specific heating load, the specific entropy generation rate, 

the heat-transfer areas of the heat exchangers and the minimum 

of the internal and external irreversibilities. However, the system 

is less ecologically efficient in the condenser-evaporator assembly 

than in the generator-absorber assembly because of a greater in- 

fluence of internal irreversibility I 2 . In addition, the ECOP crite- 

rion over the E criterion has a significant advantage in terms of 

specific entropy generation rate. This is why, we can say that the 

ideal ecological coefficient of performance of the system corre- 

sponds to a maximum of the coefficient of performance ( COP ), a 

certain value of the specific heating load, a minimum of the spe- 

cific entropy generation rate and the two internal irreversibilities 

equal to unity: in this case we are dealing with an endoreversible 

system. This value of ECOP objective function is almost impossi- 

ble to achieve experimentally in the operating conditions because 

the system is a real system. We can nevertheless find a compro- 

mise between the specific heating load, the specific entropy gen- 

eration rate, the two internal irreversibilities and the external ir- 

reversibility so that the value obtained from the ECOP is the most 

suitable. 
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Fig. 16. Effects of internal irreversibility I 2 (a) of the generator-absorber assembly and of the internal irreversibility I 1 (b) of the evaporator-condenser assembly on the 

( A O ) op /A , ( A G ) op /A and ( A E ) op /A optimal objective functions respectively for certain values of I 1 (a) and I 2 (b). 

Fig. 17. Effects of heat leakage coefficient ξ on the ECOP objective function with 

respect to the ( A O ) op /A , ( A G ) op /A and ( A E ) op /A objective functions. Fig. 18. Effects of heat leakage coefficient ξ on the ECOP objective function with 

respect to the q objective function. 
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Fig. 19. Effects of heat leakage coefficient ξ on the ECOP objective function with 

respect to the S objective function. 
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a b s t r a c t 

The multi-objective optimization of a three-heat-reservoir absorption heat pump (THR AHP) is used 

mainly considering three objective functions: exergetic performance criterion ( EPC ) , exergy-based ecolog- 

ical criterion (E) and thermo-economic criterion (F ) . Indeed, the exergy, ecological and thermo-economic 

criteria are highlighted analytically. This is done by using the law of convective heat exchanges between 

the working fluid and the different components and finite time thermodynamics analysis. This is to de- 

termine the optimum operating points of the system by minimizing exergy destruction rate, the environ- 

mental impact and the costs of capital and energy consumed. Also, the parameters taken into account 

influencing the performance of the absorption heat pump are the heat resistances, the heat leakages, 

the thermo-economic parameter and the two internal irreversibility factors in particular that between 

the evaporator-condenser assembly. However, the Flowchart optimization methodology made it possible 

to deduce that the system presents a significant advantage at the maxima of the F and the EPC crite- 

ria in terms of coefficient of performance. Nevertheless, the THR AHP presents a significant advantage at 

the maximum of the EPC in terms of exergy destruction rate and at the maximum of the E in terms of 

specific heating load and exergy output rate. 

© 2019 Elsevier Ltd and IIR. All rights reserved. 

Optimisation exergétique, écologique et thermo-économique (3E) d’une pompe à

chaleur à absorption en utilisant la résistance thermique, les fuites thermiques et 

deux irréversibilités internes: comparaison 

Mots-clés: Optimisation du diagramme de flux; Pompe à chaleur à absorption; Critère écologique basé sur l’exergie; Critère de performance exergétique; Critère 

thermo-économique 

1. Introduction 

Increasing global warming over the last decade has led to the 

use of heating, cooling and air conditioning systems in industries, 

∗ Corresponding author. 

E-mail address: rodriguefossi@yahoo.fr (R.L. Fossi Nemogne). 

transportation and building, which are more concerned with the 

environment. In addition, because absorption systems are more 

energy efficient, they are also environmentally conscious with 

less polluting and use more environmentally friendly working 

fluids ( Ally and Sharma, 2018 ; Hu et al., 2018 ; Sarbu, 2014 ). This 

is why it is necessary to design systems that take into account 

the exergy, ecological and economic aspects (3E) under optimal 

https://doi.org/10.1016/j.ijrefrig.2019.12.016 
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Nomenclature 

A heat-transfer area, ( m 

2 ) 

C cost, (price unit) 

COP coefficient of performance, (dimensionless) 

E exergy-based ecological criterion, (W) 

EP C exergetic performance criterion, (dimensionless) 

ex exergetic efficiency, (dimensionless) 
. 

EX exergy rate , (W) 

F thermo-economic criterion, (dimensionless) 

I internal irreversibility parameter, (dimensionless) 

k thermo-economic parameter, (W m 

−2 ) 

K thermal conductivity, ( W K 

−1 ) 

m distribution of the total rate of rejected heat be- 

tween the absorber and the condenser, (dimension- 

less) 

q specific heating load, ( W m 

−2 ) 
˙ Q heat transfer rate, ( W ) 

S specific entropy generation rate, ( W K 

−1 m 

−2 ) 

T temperature, ( K) 

U heat-transfer coefficient, ( W K 

−1 m 

−2 ) 

Greek symbols 

ξ heat leakage coefficient, ( W K 

−1 m 

−2 ) 

π heating load, ( W ) 

˙ σ entropy generation rate, ( W K 

−1 ) 

ψ coefficient of performance, (dimensionless) 

Subscripts 

1 working fluid in generator; capital cost for the unit 

heat-transfer area 

2 working fluid in evaporator; unit cost of energy 

3 working fluid in absorber and condenser 

A absorber 

C condenser 

D destruction 

E evaporator; at maximum E

e energy consumed 

env environment 

EPC at maximum EP C

F at maximum F 

G generator 

i investment 

in input 

L heat leakage 

max maximum 

O absorber and condenser 

op optimal 

out output 

Abbreviations 

AHP absorption heat pump 

AHT absorption heat transformer 

AR absorption refrigeration 

COP coefficient of performance 

ECOP ecological coefficient of performance 

EPC exergetic performance criterion 

FTT finite time thermodynamics 

FTL four-temperature-level 

HP heat pump 

HT heat transformer 

THR three-heat-reservoir 

operating conditions. Moreover, the optimization of AHP and other 

thermal systems becomes crucial for research. This is because the 

demand is increasing and for a better quality, especially in the 

industry with the use of renewable energy sources as a source 

of power ( Mastrullo and Renno, 2010 ; Li et al., 2013 ; Dixit et 

al., 2017 ; Leonzio, 2017 ; Yuksel and Ozturk, 2017 ; Wang et al., 

2018 ). Also with the design of energy efficient systems in the 

field of physics and engineering ( Sieniutycz and Salamon, 1990 ; 

Bejan, 1996 ; Chen et al., 1999 ; Chen and Sun, 2004 ; Feidt, 2010 , 

2013 ; Andresen, 2011 ; Qin et al., 2013 ; Ngouateu Wouagfack and 

Tchinda, 2013 ; Rivera et al., 2015 ; Ge et al., 2016 ; Su et al., 2017 ; 

Chaves Fortes et al., 2018 ; Wang et al., 2019 ). This being so, the 

combined optimization approach by the three decisive objective 

functions F , E and EP C using finite time thermodynamics (FTT) 

aims to significantly improve the design and operation of AHPs. 

These criteria are each characterized by: 

i) The exergetic performance criterion (EPC), which is the ex- 

ergy output rate per unit exergy destruction rate or loss rate 

of availability. 

ii) The ecological function ( E ) which is the difference between 

exergy output rate and the loss rate of availability. 

iii) The thermo-economic function ( F ) which is the specific 

heating or cooling or mechanical load per unit sum of cost 

on the investment and the cost of the energy consumed. 

However, research has systematically evolved towards optimiza- 

tion using the FTT. Therefore, Chen (1999) , Kato et al. (2005) , Chen 

et al. (2005a) , Qin et al. (20 06 , 20 07 , 2015 ), Xia et al. (20 07) , 

Bi et al. (2008) , Huang et al. (2008) and Xiling et al. (2011) on 

AHP, Wei et al. (2011) on magnetic HP of Ericsson, Bhardwaj et al. 

(20 03 , 20 05 ), Zheng et al. (20 04) , Chen et al. (20 05b , 20 06 ), Qin 

et al. (2010) and Kaushik et al. (2018) on AR, Qin et al. (2004a , 

20 04b , 20 08 ) and Chen et al. (2007a) on AHT, have analyzed 

these endoreversible and irreversible systems using the coefficient 

of performance, the specific heating load and the specific cool- 

ing load as objective functions. Then, the performances are stud- 

ied considering the environmental impact with the heat losses, the 

heat leakage and the heat resistances in the various components. 

These parameters are derived from the second law of thermody- 

namics and initiated by Ust et al. (20 06a , 20 06b ) on irreversible 

Brayton heat engines using the thermo-ecological criterion. They 

are followed by Ngouateu Wouagfack and Tchinda (2011a , 2011b , 

2014 ), Medjo Nouadje et al. (2014 , 2016 ) and Ahmadi and Ahmadi 

(2016) with the irreversible ARs, then Ngouateu Wouagfack and 

Tchinda (2012a , 2012b ), Ahmadi et al. (2015) and Fossi Nemogne 

et al. (2019) with irreversible AHP and Ahmadi et al. (2016) with 

an inverse Brayton cycle. At the same time, the ecological crite- 

rion (E) based on the same considerations is first used by Angulo- 

Brown (1991) and followed by Sun et al. (2005) , Chen et al. (2007b , 

2019 ), Qin et al. (2017) and Frikha and Abid (2016) . Moreover, 

the exergetic approach in addition to the previous considerations 

takes into account the useful energy consumed by the thermody- 

namic cycle ( Sahin et al., 1997 ; Talbi and Agnew, 20 0 0 ; Kilic and 

Kaynakli, 2007 ; Kaushik and Arora, 2009 ; Lostec et al., 2010 ; Farshi 

et al., 2013 ) and the EPC criterion used by Ust et al. (2007) and Liu 

et al. (2017) on the ARs, complements the previous criteria. How- 

ever, the optimization of thermal systems by the thermo-economic 

approach makes use of the cost on the investment with the pa- 

rameters such as the areas of heat exchange, the thermal capac- 

ities and the cost on the consumption with the load rate con- 

sumed. Kodal et al. (20 0 0 , 20 02 , 20 03 ) used this approach on AHP 

and two-stage AHP, followed by Silveira and Tuna (20 03 , 20 04 ) on 

combined heat and power systems. Then, Misra et al. (20 03 , 20 05 ) 

on single-effect and double-effect H 2 O/LiBr, Qin et al. (2005) on 

endoreversible ARs, Durmayaz et al. (2004) on thermal systems, 

Wu et al. (2005) on irreversible AHP, Qureshi and Syed (2015) on 

AHP and AR. Zare et al. (2012) and Ahmadi et al. (2014b) conduct- 

ing a thermo-economic and exergy study on an ammonia-water 

power/cooling cogeneration cycle and on multi-generation systems 

respectively using the evolutionary genetic algorithm. Therefore, 
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Fig. 1. Symbolic diagram of an AHP ( Fossi Nemogne et al., 2019 ). 

each approach has been examined using each time an optimiza- 

tion criterion. However, it is important to consider simultaneously 

the influences of two internal irreversibilities due to heat losses 

( Xiling et al., 2011 using COP and specific heating load as objective 

functions, Medjo Nouadje et al., 2014 and Fossi Nemogne et al., 

2019 using the thermo-ecological criterion as objective function on 

THR AR and AHP respectively), of the overall external irreversibility 

due to heat leakages and heat resistances. This being the case, the 

consideration (3E) brings the limitation and the advantages pre- 

sented by the optimization of each objective function. 

In this paper, we will from the FTT, determine the optimal oper- 

ating points of a THR AHP corresponding to the maximum of each 

respective objective function E , E P C and F and discuss, while using 

the Flowchart optimization algorithm ( Su et al., 2017 ; Chen et al., 

2019 ). 

2. Irreversible absorption heat pump cycle model 

2.1. Finite time thermodynamics 

The real operating conditions of the AHP in Fig. 1 take into 

consideration the heat resistances, the heat leakages and the heat 

losses represented by two internal irreversibility factors. However, 

another consideration is taken into account by reducing the tem- 

perature level of the working fluid in the absorber which is equal 

to that in the condenser ( T A = T C ) . The irreversible cycle of a THR 

AHP as shown in Fig. 2 allows us to write the first law of ther- 

modynamics. In addition, the localized heat leakages in the ab- 

sorber, condenser and evaporator heat exchangers makes it pos- 

sible to model a cycle by relying on the refs. Ngouateu Wouagfack 

and Tchinda (2011a , 2011b , 2012a , 2012b , 2014 ), Medjo Nouadje et 

al. (2014 , 2016 ), Ahmadi et al. (2015 , 2016 ) and Fossi Nemogne et 

al. (2019) , we obtain 

˙ Q G + 

˙ Q E − ˙ Q O = 0 such that ˙ Q O = 

˙ Q C + 

˙ Q A (1) 

and Newton’s linear heat transfer law which is expressed between 

the heat exchangers and the working fluid is as follows. 

˙ Q G = U G A G ( T G − T 1 ) 

˙ Q E = U E A E ( T E − T 2 ) 

˙ Q O = U O A O ( T 3 − T O ) 

(2) 

with A O = A A + A C and T O = T A = T C 

Fig. 2. The irreversible cycle model of a three-heat-reservoir AHP ( Fossi Nemogne 

et al., 2019 ). 

In addition, heat leakage from the THR AHP cycle is ex- 

pressed as follows ( Ngouateu Wouagfack and Tchinda, 2012a ; 

Fossi Nemogne et al., 2019 ) 

˙ Q L = K L ( T O − T E ) (3) 

K L is the thermal resistance or thermal conductivity of heat leak- 

age and is expressed in ( W K 

−1 ) . It is important to evaluate the 

total heat exchange area of the heat exchangers of irreversible ab- 

sorption cycles, especially for optimal operation. The total heat ex- 

change area is: 

A = A G + A E + A O (4) 

The second law of thermodynamics or Clausius’ inequality is 

useful to follow the steps of the thermodynamic cycle during its 

process in order to quantify the different types of losses. ∮ 
δ ˙ Q 

T 
= 

˙ Q G 

T 1 
+ 

˙ Q E 

T 2 
−

˙ Q O 

T 3 
< 0 (5) 

The temperatures T 1 , T 2 and T 3 are the temperatures of the 

working fluid respectively in the generator, the evaporator and the 

absorber and the condenser assembly, are expressed in (K) . To 

rewrite the second law, we introduce the two internal irreversibil- 

ities I 1 and I 2 of Refs. Xiling et al. (2011) , Medjo Nouadje et al. 

(2014) and Fossi Nemogne et al. (2019) which represent the losses 

created during heat exchange respectively between the absorber 

and the generator and between the condenser and the evapora- 

tor. These heat losses are characterized by the following internal 

irreversibility factors: 

˙ Q G 

T 1 
= 

Q A 

I 1 T 3 
( I 1 ≥ 1 ) and 

˙ Q E 

T 2 
= 

Q C 

I 2 T 3 
( I 2 ≥ 1 ) (6) 

Considering Eq. (6) and Eq. (5) we obtain 

˙ Q G 

T 1 
+ 

˙ Q E 

T 2 
− Q A 

I 1 T 3 
− Q C 

I 2 T 3 
= 0 (7) 

2.2. Characteristics parameters 

The coefficient of performance (COP) and the specific heating 

load are obtained for 

THR AHP ψ = π/ ˙ Q G = 

(
˙ Q O − ˙ Q L 

)
/ ˙ Q G and q = π/A = 

(
˙ Q O − ˙ Q L 

)
/A 

(8) 

The Eqs. (1) and ( 8 ) of the AHP cycle provide the heat-transfer 

rates derived from the coefficient of performance and the heating 

load 
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˙ Q G = π/ψ 

˙ Q E = π
(

1 − 1 

ψ 

)
+ 

˙ Q L 

˙ Q O = π + 

˙ Q L (9) 

and Eqs. (2) and ( 9 ) the temperatures of the working fluid yields 

T 1 = T G − π

U G A G ψ 

T 2 = T E −
π

(
1 − 1 

ψ 

)
+ 

˙ Q L 

U E A E 

T 3 = T O + 

π + 

˙ Q L 

U O A O 

(10) 

Substituting Eqs. (9) and ( 10 ) into Eq. (7) we obtain another ex- 

pression of the second law of thermodynamics deriving from the 

heating load, coefficient of performance, two internal irreversibil- 

ity factors, heat leakage, heat-transfer areas of heat exchangers and 

convective heat exchange coefficients in the different components. 

This expression is obtained from that of Qin et al. (2007) and Chen 

et al. (2019) who established an expression between the heating 

load and the coefficient of performance by considering an overall 

internal irreversibility in FTL AHP and Qin et al. (2017) in turn es- 

tablished a similar expression in FTL AHTs always with an overall 

internal irreversibility. 

ψ 

(
T O 

π + 

˙ Q L 

+ 

1 

U O A O 

)−1 

− I 1 

(
T G 
π

− 1 

U G A G ψ 

)−1 

− I 2 

(
T E 

π( ψ − 1 ) + 

˙ Q L ψ 

− 1 

U E A E ψ 

)−1 

= 0 (11) 

3. Performance analysis and optimization 

3.1. Exergetic performance criterion and exergy-based ecological 

criterion 

The exergy output rate of the system THR AHP cycle is as fol- 

lows 

. 

EX 

out 
= 

(
˙ Q O − ˙ Q L 

)(
1 − T en v 

T O 

)
= π

(
1 − T en v 

T O 

)
(12) 

The exergy input rate of the system THR AHP cycle 

. 

EX 

in 
= 

˙ Q G = 

π

ψ 

(13) 

and the exergy destruction rate or the loss rate of availability 

. 

EX 

D 
= T en v ˙ σ = T en v 

(
˙ Q O − ˙ Q L 

T O 
−

˙ Q G 

T G 
−

˙ Q E − ˙ Q L 

T E 

)

= T en v π

(
1 

T O 
− T E + ( ψ − 1 ) T G 

T E ψ 

)
(14) 

where 
·
σ is the entropy generation rate is expressed in ( W K 

−1 ) 

As a result, exergy-based ecological function has been previ- 

ously used by Huang et al. (2008) , Chen et al. (2007b , 2019 ), 

Frikha and Abid (2016) , Qin et al. (2017) and Fossi Nemogne et al. 

(2019) on absorption systems yields 

E = 

. 

EX 

out 
−

. 

EX 

D 
= T en v π

(
1 

T en v 
− 2 

T O 
+ 

T E + ( ψ − 1 ) T G 
T E ψ 

)
(15) 

We can define the exergetic efficiency which is the exergy out- 

put rate per unit exergy input rate. Previously, authors such as 

Ust et al. (2007) , Kilic and Kaynakli (2007) , Kaushik and Arora 

(2009) and Liu et al. (2017) used and analyzed the thermal sys- 

tems with this criterion. By the way, using the Eqs. (12) and ( 13 ) 

we have 

ex = 

. 

EX out 
. 

EX in 

= ψ 

(
1 − T en v 

T O 

)
(16) 

Also, the exergetic performance criterion (EPC) used by Ust et 

al. (2007) is established as the exergy output rate per unit loss 

rate of availability and allows a careful measurement of the en- 

ergy required, added to the impact on the environment. Using Eqs. 

(12) and ( 14 ), we obtain: 

E P C = 

. 

E X out 
. 

E X D 

= 

1 − T en v 
T O 

1 
T O 

− T E + ( ψ−1 ) T G 
T G T E ψ 

(17) 

3.2. Thermo-economic criterion 

The thermo-economic criterion stated by Kodal et al. (20 0 0 , 

20 02 , 20 03 ) and followed by Ahmadi et al. (2014a) , is the heat- 

ing load per unit sum of the cost on the investment and the cost 

of the energy consumed. It takes into account the location of the 

system and the load to be provided by it. 

f = 

π

C i + C e 
(18) 

where , C i = k 1 A and C e = k 2 ˙ Q G (19) 

C i is the cost of the investment in AHP and depends propor- 

tionally on the total heat exchange area. C e is the cost of energy 

consumed and is proportionally dependent on the heat input rate. 

Again k 1 and k 2 the capital cost for the unit heat-transfer area 

and the unit cost of energy, respectively. Considering k = k 1 / k 2 as 

a thermo-economic parameter of dimension ( W m 

−2 ) , and substi- 

tuting Eq. (19) into Eq. (18) we obtain 

F = k 2 f = 

1 

k 
q 

+ 

1 
ψ 

(20) 

3.3. Optimization 

3.3.1. Special cases 

Eq. (11) can be written in many other forms neglecting the in- 

ternal and external irreversibility factors. 

The first case, where the heat resistances and the heat leak- 

ages which represent the flow of heat leaving the medium to 

be heated for the environment during the thermodynamic cycle 

are neglected. It follows that the heat leakage coefficient nullifies 

( K L = 0 ⇒ K L / A = ξ = 0 ), Eq. (11) becomes 

ψ 

(
T O 
π

+ 

1 

U O A O 

)−1 

− I 1 

(
T G 
π

− 1 

U G A G ψ 

)−1 

−I 2 

(
T E 

π( ψ − 1 ) 
− 1 

U E A E ψ 

)−1 

= 0 (21) 

The second case, where the heat losses are neglected ( I 1 = I 2 = 

1 ) that is to say for an endoreversible system, Eq. (11) becomes 

ψ 

(
T O 

π + 

˙ Q L 

+ 

1 

U O A O 

)−1 

−
[ (

T G 
π

− 1 

U G A G ψ 

)−1 

+ 

(
T E 

π( ψ − 1 ) + 

˙ Q L ψ 

− 1 

U E A E ψ 

)−1 
] 

= 0 

(22) 
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Fig. 3. The optimization flowchart ( Chen et al., 2019 ). 

The third case, where the heat resistances, the heat leakages 

and the heat losses are neglected ( K L = 0 ⇒ K L / A = ξ = 0 and I 1 = 

I 2 = 1 ) that is to say for a reversible system, Eq. (11) becomes 

ψ 

(
T O 
π

+ 

1 

U O A O 

)−1 

−
[ (

T G 
π

− 1 

U G A G ψ 

)−1 

+ 

(
T E 

π( ψ − 1 ) 
− 1 

U E A E ψ 

)−1 
] 

= 0 (23) 

3.3.2. Flowchart optimization 

The three decisive objective functions taken into consideration 

for our work are the thermo-economic criterion (F ) , the exergy- 

based ecological function (E) and the ecological performance cri- 

terion ( EP C ) . The maximum values of each objective function EP C, 

E, and F can be evaluated using the flowchart optimization algo- 

rithm ( Fig. 3 ) thus used by the Refs. Su et al. (2017) and Chen 

et al. (2019) . We obtain the maximum value of the exergetic per- 

formance criterion EP C max which corresponds to the optimal val- 

ues ψ EPC , A EPC , q EPC , EX . out−EPC and EX . D −EPC . Then we determine 

the maximum value of the exergy-based ecological criterion E max 

Fig. 4. Effects of thermo-economic factor on the F criterion with respect to the COP 

( ψ) objective function. 

which corresponds to the optimal values ψ E , A E , q E , EX . out−E and 

EX . D −E . Finally, in the same way, we obtain the maximum values of 

the thermo-economic criterion F max to which correspond the opti- 

mal values ψ F , A F , q F , EX . out−F and EX . D −F . 

4. Results and discussion 

4.1. Numerical applications 

The numerical values below allowed to perform numerical an- 

alyzes and to plot the curves of the variations of the different ob- 

jective functions E , E P C and F according to COP, q , EX . out and EX . D . 

This is under the influences of the dissipation effects, heat resis- 

tances and internal and external irreversibility factors. In a general 

framework, these values are taken from the Ref. literature ( Fossi 

Nemogne et al., 2019 ) and are the following: T G = 393K ; T E = 288K ; 

T A = 313K ; T C = 313K ; A = 100 m 

2 ; ξ = K L /A = 1 . 082W m 

−2 K 

−1 . In 

addition, in Figs. 7–13 , k = 5 . 

4.2. Influences of the design parameters on the EP C, E and F criteria 

4.2.1. The thermo-economic parameter (k ) 

Among the three decisive objective functions F , E and EP C, 

the thermo-economic parameter only affects the objective func- 

tion F . Again, when the capital cost increases and the cost of the 

consumed energy decreases, thereafter thermo-economic parame- 

ter k increases while F decreases. The variations of the thermo- 

economic criterion (F ) with respect to the coefficient of perfor- 

mance (ψ) , the exergy output rate ( EX . out ) and the exergy destruc- 

tion rate ( EX . D ) respectively were plotted under the influences of 

thermo-economic parameter k in Figs. 4–6 . In Fig. 4 , the thermo- 

economic F objective function increases as the COP increases and 

the curves obtained are loops passing through the origin which are 

less and less sharp when the thermo-economic parameter values 

k increase. So much so that in Figs. 5 and 6 , the criterion F in- 

creases rapidly near its maximum before decreasing asymptotically 

thereafter, especially in Fig. 6 , this when k increases. It is useful 

to observe that when k increases, the maximum of the objective 

function F is lower. Whereas the specific heating load, the exergy 

output rate and the exergy destruction rate have higher optimal 

corresponding values. 

However, it is crucial in the optimization of the THR AHP 

by the objective function F that we have maximum values of F , 
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Fig. 5. Effects of thermo-economic factor on the F criterion with respect to the 
. 

E X out objective function. 

Fig. 6. Effects of thermo-economic factor on the F criterion with respect to the 
. 

E X D 
objective function. 

corresponding to a minimum exergy destruction rate for certain 

values of the specific heating load and the exergy output rate. 

4.2.2. The two internal irreversibility factors I 1 and I 2 
In Figs. 7–10 , the dimensionless or normalized values 

E nor ( E nor = E/ E op where E op is the optimal value of E corre- 

sponding to the value of E when F and EP C are at their maximum 

values, and E varies to E max ), EP C nor ( EP C nor = EP C / EP C max ) and 

F nor ( F nor = F / F max ) has a curve with respect to ψ , q , EX . out and 

EX . D . These characterizes the influences of the two internal irre- 

versibility factors I 1 and I 2 on the exergy-based ecological function 

E, exergetic performance coefficient EP C and thermo-economic 

function F criteria. Unlike the increase of k values, when the 

parameters I 1 and I 2 increase, then: 

i) The maximum of each criterion F , E and EP C decreases with 

decreasing values of the corresponding optimal coefficient of 

performance ψ ( Fig. 7 ). 

ii) The maximum of each criterion F and E decreases with 

decreasing values of the corresponding optimum objective 

Fig. 7. Effects of internal irreversibility I 1 (a) of the generator-absorber assembly 

and of the internal irreversibility I 2 (b) of the evaporator-condenser assembly on the 

dimensionless E nor , EP C nor and F nor with respect to the COP ( ψ) objective function. 

functions of performance q and EX . out ( Figs. 8 and 9 respec- 

tively). Whereas the maximum of the objective function EP C

decreases with the gradual increasing values of the corre- 

sponding optimum objective functions of performance q and 

EX . out ( Figs. 8 and 9 respectively). 

iii) The maximum of the objective function E decreases with the 

decreasing values of the corresponding optimal exergy de- 

struction rate EX . D ( Fig. 10 ). Whereas the maximum of each 

criterion F and EP C decreases with the abrupt increasing 

values of the corresponding optimal exergy destruction rate 

EX . D ( Fig. 10 ). 

Under optimal operating conditions, optimization parameters 

ψ , q , EX . out and EX . D related to the maximum of the exergy- 

based ecological function E and for an endoreversible system 

( I 1 = I 2 = 1 ) are taken as references because they have the high- 

est values: ψ EPC = ψ F = 2 . 80 , q E = 1603W m 

−2 , EX . out−E = 11779W 

and EX . D −E = 6324W . Also, two cases are taken into account. 

In the first case where I 1 = 1 . 05 and I 2 = 1 , we make the fol- 

lowing observations. ψ F and ψ EPC are both lower than the highest 

coefficient of performance value by 13 . 65 0 / 0 , whereas ψ E is lower 

by a rate of 24 . 33 0 / 0 , in Fig. 7 (a). q E , q F and q EPC are lower than the 

highest specific heating load value by rates of 29 . 60 0 / 0 , 76 . 29 0 / 0 and 
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Fig. 8. Effects of internal irreversibility I 1 (a) of the generator-absorber assembly 

and of the internal irreversibility I 2 (b) of the evaporator-condenser assembly on 

the dimensionless E nor , EP C nor and F nor with respect to the q objective function. 

80 . 85 0 / 0 respectively, in Fig. 8 (a). EX . out−E , EX . out−F and EX . out−EPC are 

lower than the highest specific exergy output rate value which is 

itself proportional to the specific heating load by rates of 29 . 60 0 / 0 , 

76 . 29 0 / 0 and 80 . 85 0 / 0 respectively, in Fig. 9 (a). On the other hand, 

EX . D −EPC , EX . D −F and EX . D −E are lower than the highest exergy de- 

struction rate value by rates of 85 . 01 0 / 0 , 81 . 20 0 / 0 and 16 . 90 0 / 0 re- 

spectively, in Fig. 10 (a). 

In the second case where I 1 = 1 and I 2 = 1 . 05 , we make the fol- 

lowing observations. ψ F and ψ EPC are both lower than the highest 

coefficient of performance value by a rate of 24 . 22 0 / 0 , whereas ψ E 

is lower by a rate of 29 . 08 0 / 0 , in Fig. 7 (b). q E , q F and q EPC are lower 

than the highest specific heating load value by rates of 30 . 31 0 / 0 , 

70 . 51 0 / 0 and 75 . 55 0 / 0 respectively, in Fig. 8 (b). EX . out−E , EX . out−F and 

EX . out−EPC are lower than the highest specific exergy output rate 

value by rates of 30 . 31 0 / 0 , 70 . 51 0 / 0 and 75 . 55 0 / 0 respectively, in 

Fig. 9 (b). On the other hand, EX . D −EPC , EX . D −F and EX . D −E are lower 

than the highest exergy destruction rate value by rates of 71 . 39 0 / 0 , 

65 . 30 0 / 0 and 2 . 67 0 / 0 respectively, in Fig. 10 (b). 

From this we deduce that, the impact of heat losses on system 

performance between the condenser and the evaporator character- 

ized by the internal irreversibility factor I 2 is greater than that be- 

tween the generator and the absorber characterized by the inter- 

nal irreversibility factor I 1 . This is manifested by highest maximum 

Fig. 9. Effects of internal irreversibility I 1 (a) of the generator-absorber assembly 

and of the internal irreversibility I 2 (b) of the evaporator-condenser assembly on 

the dimensionless E nor , EP C nor and F nor with respect to the 
. 

E X out objective function. 

values of the objective functions F , EP C and E which correspond 

to the best optimal performance of the parameters ψ , q , EX . out and 

EX . D , under the influence of I 1 . Furthermore, under the effects of 

the two internal irreversibility factors, THR AHP cycle has a sig- 

nificant advantage at the maxima of the F and the EP C criteria in 

terms of coefficient of performance. Nevertheless, the system has a 

significant advantage at the maximum of the EP C in terms of ex- 

ergy destruction rate, and at the maximum of the E criterion in 

terms of specific heating load and exergy output rate. 

4.2.3. Heat leakage and heat resistance 

Figs. 11–13 show the variations of the dimensionless E nor , EP C nor 

and F nor with respect to the objective functions of performance ψ , 

EX . out and EX . D respectively. These characterizes the influences of 

the heat resistances and heat leakages on the exergy-based ecolog- 

ical function E, exergetic performance coefficient EP C and thermo- 

economic function F criteria. In these figures, when the parameter 

ξ increases with each time I 1 = 1 . 05 when I 2 = 1 and I 1 = 1 when 

I 2 = 1 . 05 , then: 

i) The maximum of each objective function F , E and EP C de- 

creases with decreasing values of the corresponding optimal 

coefficient of performance ψ ( Fig. 11 ). 
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Fig. 10. Effects of internal irreversibility I 1 (a) of the generator-absorber assembly 

and of the internal irreversibility I 2 (b) of the evaporator-condenser assembly on 

the dimensionless E nor , EP C nor and F nor with respect to the 
. 

E X D objective function. 

ii) The maximum of each objective function F and EP C de- 

creases with increasing values of the corresponding optimal 

exergy output rate EX . out ( Fig. 12 ). Whereas the maximum of 

the objective function E decreases with the gradual decreas- 

ing values of the corresponding optimal exergy output rate 

EX . out ( Fig. 12 ). 

iii) The maximum of each objective functions F and EP C de- 

creases with the abrupt increasing values of the correspond- 

ing optimal exergy destruction rate EX . D ( Fig. 13 ), while the 

maximum of the objective function E decreases with the 

gradual increasing values of the corresponding optimal ex- 

ergy destruction rate EX . D ( Fig. 13 ). 

To explore the effects of heat leakage and heat resistances, 

the optimal reference system is chosen according to whether 

K L = 0 ⇒ K L / A = ξ = 0 with in the first case I 1 = 1 . 05 when I 2 = 

1 ( ψ EPC = 2 . 88 , q E = 1156W m 

−2 , EX . out−E = 8492W and EX . D −E = 

5038W ) and in the second case I 2 = 1 . 05 when I 1 = 1 ( ψ EPC = 2 . 44 , 

q E = 1144W m 

−2 , EX . out−E = 8408W and EX . D −E = 5938W ). 

Firstly ( ξ = 1 . 5 , I 1 = 1 . 05 and I 2 = 1 ); ψ F and ψ EPC are both 

lower than the highest coefficient of performance value by 18 . 87 0 / 0 , 

whereas ψ E is lower by a rate of 27 . 23 0 / 0 , in Fig. 11 (a). EX . out−E , 

EX . out−F and EX . out−EPC are lower than the highest exergy output 

rate value which is itself proportional to the specific heating load 

Fig. 11. Effects of heat leakage coefficient ξ on the dimensionless E nor , EP C nor and 

F nor with respect to the COP ( ψ) objective function. 

by rates of 3 . 25 0 / 0 , 63 . 09 0 / 0 and 68 . 63 0 / 0 respectively, in Fig. 12 (a). 

However, EX . D −EPC and EX . D −F are lower than the highest exergy 

destruction rate value by rates 75 . 22 0 / 0 and 70 . 62 0 / 0 respectively, 

in Fig. 13 (a). Whereas EX . D −E is greater than the highest exergy de- 

struction rate value by a rate 6 0 / 0 in Fig.13 (a). 

On the other hand ( ξ = 1 . 5 , I 1 = 1 and I 2 = 1 . 05 ); ψ F and ψ EPC 

are both lower than the highest coefficient of performance value 

by 15 . 07 0 / 0 , whereas ψ E is lower by a rate of 19 . 44 0 / 0 , in Fig. 11 (b). 

EX . out−E , EX . out−F and EX . out−EPC are lower than the highest exergy 

output rate value which is itself proportional to the specific heat- 

ing load by rates of 3 . 28 0 / 0 , 53 . 38 0 / 0 and 59 . 55 0 / 0 respectively, in 

Fig. 12 (b). However, EX . D −EPC and EX . D −F are lower than the highest 

exergy destruction rate value by rates of 61 . 58 0 / 0 and 70 . 62 0 / 0 re- 

spectively, in Fig. 13 (b). Whereas EX . D −E is greater than the highest 

exergy destruction rate value by rate 5 . 08 0 / 0 in Fig. 13 (b). 

We deduce that under the effects of the heat leakage and heat 

resistances, the THR AHP cycle has a significant advantage at the 

maxima of the F and the EP C criteria in terms of coefficient of 

performance. Nevertheless, the THR AHP cycle has a significant ad- 

vantage at the maximum of the EP C, in terms of exergy destruc- 

tion rate. Also, the system has a significant advantage at the maxi- 

mum of the E, in terms of specific heating load and exergy output 

rate. Moreover, the effects of heat resistances and heat leakages are 
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Fig. 12. Effects of heat leakage coefficient ξ on the dimensionless E nor , EP C nor and 

F nor with respect to the 
. 

E X out objective function. 

more pronounced than the effects of internal irreversibility factors, 

on the performance of THR AHP. 

5. Conclusion 

In this paper, the optimization of AHP from three objective 

functions such as the exergetic performance criterion ( EP C ) , the 

exergy-based ecological function (E) and the thermo-economic 

function (F ) under the influences of several design parameters has 

been carried out. Nevertheless, a comparative study of the ad- 

vantages and drawbacks of each performance criterion was made 

according to the corresponding optimal performance parameters 

such as the coefficient of performance, the specific heating load, 

the exergy output rate and the exergy destruction rate. As a result, 

the finite time thermodynamics analysis and the Flowchart opti- 

mization method allowed us to obtain consistent, significant and 

precise results. The three important aspects to be addressed are: 

• The highest maximum values of the thermo-economic criterion 

correspond to a low cost on investment (low heat exchange 

area) and a high cost on the energy consumed (heat input from 

the generator heat source is high). This promotes minimal ex- 

Fig. 13. Effects of heat leakage coefficient ξ on the dimensionless E nor , EP C nor and 

F nor with respect to the 
. 

E X D objective function. 

ergy destruction rate for certain values of the specific heating 

load and exergy output rate. 
• The influences of heat leakages and heat resistances are more 

pronounced than the heat losses characterized by internal irre- 

versibility factors I 1 and I 2 . Furthermore, under the influences 

of design parameters, the THR AHP cycle presents a significant 

advantage at the maxima of the F and the EP C criteria in terms 

of coefficient of performance. Nevertheless, the THR AHP cycle 

presents a significant advantage at the maximum of the EP C in 

terms of exergy destruction rate and at the maximum of the E

in terms of specific heating load and exergy output rate. 
• The heat losses in the condenser-evaporator assembly have 

more detrimental effects on the performance of the THR AHP 

cycle. 

The evaluation protocol obtained leads to concrete results for 

the design of real absorption heat pumps by making a compromise 

between economic, exergetic and ecological gains. 
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A B S T R A C T   

Performance analysis and multi-objective optimization based on finite-time thermodynamics are conducted in 
this paper for an absorption heat pump operating between four temperature levels. The exergy-based ecological 
(E), the exergetic performance (EPC) and the thermo-economic (F) criteria were considered as the objective 
functions. The maxima of the three objective functions and the corresponding optimal conditions were obtained 
by applying the flowchart optimization methodology. The influences of some design factors such as the economic 
indicators, internal irreversibility parameters, heat-transfer coefficients of heat exchangers and the distribution 
ratio rate of the total heat-reject quantity between the absorber and the condenser on the maxima of the exergy- 
based ecological (E), the exergetic performance (EPC) and the thermo-economic (F) objective functions and the 
corresponding optimal parameters have been analyzed and discussed. The results show that: (i) Materials with a 
low heat-transfer coefficient significantly affect the performance of the system. (ii) The detrimental effects of 
internal irreversibilities depend on the order of magnitude of the optimal heat-transfer rates in the absorber and 
the condenser. Finally, (iii) the optimum performance has been obtained for certain values of the heat exchange 
surface area and the exergy input rate from an economic point of view.   

1. Introduction 

Absorption heat pumps offer an undeniable environmental advan
tage over vapour compression heat pumps because they use environ
mentally friendly refrigerants. In addition, they also have the ability to 
operate with waste heat from various industries. However, they have a 
low coefficient of performance compared to vapour compression heat 
pumps. That is why many optimization studies on the basis of finite-time 
thermodynamics have been investigated on these systems to improve 
their performance [1–11]. In these referenced works, the coefficient of 
performance and heating load were considered as performance criteria 
to determine the efficiency bounds of various absorption heat pump 
cycles. Both energy criteria apply only the first law of thermodynamics 
and do not give the performance limits from the ecological point of view. 
The exergy-based ecological criterion (E) and exergetic performance 
criterion (EPC) which consider both the first and the second law of 
thermodynamics were then defined and applied to absorption heat 

pumps and heat transformers by some authors [12–21]. They obtained 
the optimal ecological and exergetic relationships and established for 
various absorption heat pump cycles the best compromise between the 
heating load and its dissipations. The ecological and exergetic criteria (E 
and EPC) do not take into account the investment cost as well as the 
consumption and maintenance costs of the absorption heat pumps. 
[23–30] proposed the thermo-economic criterion (F). They derived the 
performance limits with respect to the economical aspect: reduction of 
the cost in the design of the absorption heat pumps and reduction of 
their thermal consumption of energy. None of the previous works car
ried out the multi-objective optimization of the absorption heat pumps 
by considering at the same time the exergy-based ecological, exergetic 
performance and thermo-economic criteria. 

Very recently Fossi Nemogne et al. [31] performed a multi-objective 
optimization of three-temperature-level absorption heat pumps by 
considering the ecological, exergetic performance and thermo-economic 
criteria as objective functions. By applying the flowchart optimization 
methodology [16,32], they determined the maxima of these three 
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objective functions and the corresponding optimal conditions. They 
show that the three-heat-reservoir heat pump presents a significant 
advantage at the maxima of the ecological, exergetic performance and 
thermo-economic objective functions in terms of coefficient of perfor
mance, exergy destruction rate, specific heating load and exergy output 
rate. 

In this paper, the 3E optimization technique [31] is extended to an 
irreversible four-temperature-level absorption heat pump which more 
closely models a real absorption heat pump. 

2. Model of the irreversible cycle of a single-effect absorption 
heat pump with four temperature levels 

2.1. System description 

The symbolic diagram summarizing the operation principle of the 
absorption heat pump is shown in Fig. 1 [14]. The liquid rich solution 
mixture coming from the absorber is compressed by a pump. It is 
evaporated in the generator due to heat input rate Q

G 
to separate the 

refrigerant from the absorbent. While the resulting weak absorbent- 
refrigerant mixture goes to the absorber, the high pressure refrigerant 
vapour is condensed in the condenser to a sub-cooled liquid due to a 
discharge of heat rate Q

C 
to the medium to be heated. The sub-cooled 

liquid is expanded and then evaporated in the evaporator by extract
ing heat rate Q

E 
from the environment (heat sink). The vapour that 

emanates is super-heated and finally absorbed in the absorber in the 

Nomenclature 

Symbols 
A heat-transfer area, m2 

C cost, ncu 
E exergy-based ecological criterion, W 
EPC exergetic performance criterion, – 
ĖX exergy rate, W 
F thermo-economic criterion Wncu− 1 

I internal irreversibility factor, – 
k1 capital costs for the unit heat-transfer area, ncum− 2 

k2 capital costs for the unit energy consumed, ncuW− 2 

K thermal conductance, WK− 1 

m distribution of the total rate of rejected heat -between the 
absorber and the condenser 

q specific heating load, Wm− 2 

Q̇ heat-exchange rate, W 
S entropy production rate,WK− 1 

T temperature 
U heat-transfer coefficient, WK− 1m− 2 

Greek symbols 
Δ entropy production in a component, WK− 1 

ξ heat leakage coefficient, WK− 1m− 2 

π heating load, W 
ψ coefficient of performance, – 

Subscripts 
1 working fluid in generator 
2 working fluid in evaporator 
3 working fluid in condenser 
4 working fluid in absorber 
A absorber 
C condenser 
D destruction 
e for the energy consumed cost 
E evaporator, at maximum, E 
env environment 
EPC at maximum, EPC 
F at maximum, F 
G generator 
i for the investment cost 
in input 
L, L1, L2 heat leakage 
max maximum 
out output  

Fig. 1. Symbolic diagram of an absorption heat pump [14].  

Fig. 2. The irreversible cycle model of a four-temperature-level absorption heat 
pump [14]. 
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weak absorbent-refrigerant mixture by liberating heat rate Q
A 

to the 

medium to be heated. In what follows, the absorbent-refrigerant pair 
used is that of the water-ammonia pair according to the temperatures 
considered in the various heat exchangers. 

Some considerations are made to approximate the operating condi
tions of the proposed system to real ones. Firstly, the influences of in
ternal dissipations during the flow of the absorbent-refrigerant mixture 
from the absorber to the generator under a high pressure and flow of the 
refrigerant from the condenser to the evaporator under a low pressure 
expansion are considered. Secondly, the influences of external irre
versibility of finite-rate heat-transfer due to finite temperature differ
ences between the generator, condenser, evaporator and absorber and 
heat sources as shown in Fig. 2 [14] are also taken into account. 

2.2. Investigations on the first and second laws of thermodynamics 

The first law of thermodynamics is deduced from Fig. 2 as follows 
[15,16,19]: 

Q
G
+ Q

E
− Q

C
− Q

A
= 0 (1) 

Considering the Newton’s law of heat transfer one can write [17–31]: 

Q
G

= UGAG(TG − T1); Q
E

= UEAE(TE − T2); Q
C

= UCAC(T3 − TC); Q
A

= UAAA(T4 − TA)

Besides, the rate of heat leakage from the heated reservoirs at tem
peratures TC and TA to the 

environment at temperature TE is expressed as [14]: 

Q
L
= Q

L1
+ Q

L2
= KL(TC − TE)+KL(TA − TE) (3)  

where KL is the thermal conductance due to heat leakage in 
(
WK− 1). 

The total of heat-transfer area in the heat exchangers such as 
generator, evaporator, absorber and condenser is: 

A = AG +AE +AA +AC (4) 

The internal dissipations of the working fluid are one of the main 
sources of irreversibility which can decrease the coefficient of perfor
mance and the heating load of absorption heat pump. The second law of 
thermodynamics describes this irreversibility due to the internal dissi
pation of the working substance and is written as [15,16,19]: 

∆SA + ∆SC − ∆SG − ∆SE > 0 (5)  

where, ΔSA = Q
⋅

A
/T4; ΔSC = Q

⋅

C
/T3; ΔSE = Q

⋅

E
/T2 ;ΔSG = Q

⋅

G
/T1. 

T1, T2, T3 and T4 in (K) represent the working fluid temperatures in 
the generator, evaporator, condenser and absorber, respectively. By 
introducing the internal irreversibility factors I1 and I2 for absorber- 
generator assembly and condenser-evaporator assembly respectively 
[17,31] Eq. (5) becomes: 

ΔSA +ΔSC − I1ΔSG − I2ΔSE = 0 (6)  

where I1 = ΔSA/ΔSG (I1⩾1) and I2 = ΔSC/ΔSE (I2⩾1)

2.3. Performance indicators 

The coefficient of performance ψ represents the amount of heat 
supplied to the surrounding to be heated compared to the amount of 
heat input. Though, the specific heating load q represents the flow of 
heat supplied to the surrounding to be heated per unit area (Wm - 2). 
They are given as follows [31]: 

ψ = π/Q̇G =

(

Q̇C + Q̇A − Q̇L

)/

Q̇Gand q = π/A =

(

Q̇C + Q̇A − Q̇L

)/

A

(8)  

where the heating load π represents the heat rate supplied to the me
dium to be heated (W). 

By combining Eqs. (1) and (8) the heat transfer rates in the irre
versible four-temperature-level absorption heat pumps are obtained: 

Q̇G = π/ψ ; Q̇E = π
(

1 −
1
ψ

)

+ Q̇L; Q̇C =

(

π + Q̇L

)/

(m + 1); Q̇A

= m
(

π + Q̇L

)/

(m + 1) (9)  

as well as the working fluid temperatures in the generator, evaporator, 
condenser and absorber from Eqs. (2) and (9): 

T1 = TG −
π

UGAGψ; T2 = TE −

π
(

1 − 1
ψ

)

+ Q
⋅

L

UEAE
; T3 = TC +

π + Q
⋅

L

UCAC(m + 1)
; T4

= TA +

m
(

π + Q
⋅

L

)

UAAA(m + 1)

where m = Q̇A/Q̇Cis the ratio of the rejected heat rate between the 
absorber and the condenser. 

By substituting Eqs. (9) and (10) into Eq. (7), an optimal generalized 
expression between the design indicators (the internal dissipations fac
tors, heat leaks, heat transfer coefficients, ratio of the heat rate rejected 
between the absorber and the condenser) and the performance param
eters (the coefficient of performance and heating load) of an irreversible 
four-temperature-level absorption heat pump integrating the two laws 
of thermodynamics is obtained: 

⎛

⎜
⎝

1
UCAC

+
TC(1+m)

π+Q̇L

⎞

⎟
⎠

− 1

+

⎛

⎜
⎜
⎝

1
UAAA

+
TA(1+m)

m
(

π+Q̇L

)

⎞

⎟
⎟
⎠

− 1

+I1

(
1

UGAG
−

TGψ
π

)− 1 

+I2

⎛

⎜
⎜
⎝

1
UEAE

−
TE

π
(

1 − 1
ψ

)

+Q̇L

⎞

⎟
⎟
⎠

− 1

=0 (11)  

3. System performance and improvement tools 

3.1. Exergy-based ecological criterion 

The exergy-based ecological criterion (E) is expressed as the differ
ence between the exergy output rate and exergy destruction rate 
[12,16,19,31]: 

E = EX
out

− EX
D

(12)  

where the exergy output rate and exergy destruction rate are expressed 
respectively: 

EX
out

=

(

Q
C
− Q

L1

)(

1 −
Tenv

TC

)

+

(

Q
A
− Q

L2

)(

1 −
Tenv

TA

)

= π
(

1 −
Tenv

m + 1

(
1

TC
+

m
TA

))

+
KLTenv

m + 1
(TA − mTC + (m − 1)TE )

(
1

TA
−

1
TC

)

(13)  
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EX
D

= Tenvσ⋅ = Tenv

⎛

⎜
⎝

Q
C
− QL1

TC
+

Q
A
− QL2

TA
−

Q
G

TG
−

Q
E
− Q

L

TE

⎞

⎟
⎠

=
Tenv

m + 1

(

π
(

1
TC

+
m
TA

−
m + 1
ψTG

+
m + 1

TE

(
1
ψ − 1

))

− KL(TA − mTC 

+(m − 1)TE )

(
1

TA
−

1
TC

))

(14) 

In Eq. (14) σ⋅ represents the entropy production rate expressed in 
(
WK - 1). 

By substituting Eqs. (13) and (14) into Eq. (12), the exergy-based 
ecological function of a multi-irreversible four-temperature-level ab
sorption heat pump is derived: 

E = π
(

1 − Tenv

(

2
(

1
TC

+
m
TA

)

−
1

ψTG
+

1
TE

(
1
ψ − 1

)))

+
2KLTenv

m + 1
(TA

− mTC + (m − 1)TE )

(
1

TA
−

1
TC

)

(15)  

3.2. Exergetic performance criterion 

The exergetic performance criterion (EPC) accounts for the amount 
of exergy supplied by the system during a cycle compared to the amount 
of exergy destruction [21–31]. Using Eqs. (13) and (14) yields: 

EPC =
EXout

EX
D

=

π
(

1 − Tenv
m+1

(
1

TC
+ m

TA

))

+ KLTenv
m+1 (TA − mTC + (m − 1)TE )

(
1

TA
− 1

TC

)

Tenv
m+1

⎛

⎜
⎜
⎜
⎝

π
(

1
TC

+
m
TA

−
m + 1
ψTG

+
m + 1

TE

(
1
ψ − 1

))

−

KL(TA − mTC + (m − 1)TE )

(
1

TA
−

1
TC

)

⎞

⎟
⎟
⎟
⎠

(16)  

3.3. Thermo-economic criterion 

The thermo-economic criterion that provides information on the 
amount of heat supplied to the medium to be heated compared to the 
investment and the energy consumed costs is written as [25,31]: 

F =
π

Ci + Ce
(17)  

where, Ci = k1A and Ce = k2 Q
G 

Ci represents the investment cost and depends proportionally to the 
total heat-transfer area in the external heat reservoirs of the heat ex
changers. Ce is the energy consumed cost and depends proportionally to 
the heat input rate. Ci and Ce have the value of the national currency unit 
(ncu). k1 = Ci/A and k2 = Ce/Q

G
are the capital costs for the unit heat- 

transfer area and the unit energy consumed respectively [31]. Eq. (17) 
becomes: 

F =
1

k1
q + k2

ψ
(19)  

3.4. Improvement 

3.4.1. Exception examples 
As mentioned in Section 2.3, Eq. (11) is the optimal generalized 

expression of a four-temperature-level absorption heat pump cycle. It 
includes the optimal performances of the irreversible three-temperature- 
level absorption heat pump cycle, the exoreversible, endoreversible and 

reversible four-temperature-level absorption heat pump cycles. From 
Eq. (11) we can therefore obtain the following configurations: 

Eventuality 1, the irreversible three-temperature-level absorption 

heat pump cycle: m = 1 (Q
⋅

C
= Q

⋅

A
), I1 ∕= 1, I2 ∕= 1 and KL ∕= 0 

⎛

⎜
⎝

1
UCAC

+
2TC

π + Q
⋅

L

⎞

⎟
⎠

− 1

+

⎛

⎜
⎜
⎝

1
UAAA

+
2TA(

π + Q
⋅

L

)

⎞

⎟
⎟
⎠

− 1

+ I1

(
1

UGAG
−

TGψ
π

)− 1 

+ I2

⎛

⎜
⎜
⎝

1
UEAE

−
TE

π
(

1 − 1
ψ

)

+ Q
⋅

L

⎞

⎟
⎟
⎠

− 1

= 0 (20) 

Eventuality 2, the exoreversible four-temperature-level absorption 
heat pump cycle: KL = 0, I1 ∕= 1, I2 ∕= 1 andm ∕= 1 
(

1
UCAC

+
TC(1 + m)

π

)− 1

+

(
1

UAAA
+

TA(1 + m)

mπ

)− 1

+ I1

(
1

UGAG
−

TGψ
π

)− 1 

+ I2

⎛

⎜
⎜
⎝

1
UEAE

−
TE

π
(

1 − 1
ψ

)

⎞

⎟
⎟
⎠

− 1

= 0 (21) 

Eventuality 3, the reversible four-temperature-level absorption heat 
pump cycle: KL = 0, I1 = I2 = 1 andm ∕= 1 
(

1
UCAC

+
TC(1 + m)

π

)− 1

+

(
1

UAAA
+

TA(1 + m)

mπ

)− 1

+

(
1

UGAG
−

TGψ
π

)− 1 

+

⎛

⎜
⎜
⎝

1
UEAE

−
TE

π
(

1 − 1
ψ

)

⎞

⎟
⎟
⎠

− 1

= 0 (22) 

Fig. 3. The flowchart.  
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Eventuality 4, the endoreversible four-temperature-level absorption 
heat pump cycle: KL ∕= 0, I1 = I2 = 1 and m ∕= 1 

⎛

⎜
⎝

1
UCAC

+
TC(1 + m)

π + Q
⋅

L

⎞

⎟
⎠

− 1

+

⎛

⎜
⎜
⎝

1
UAAA

+
TA(1 + m)

m
(

π + Q
⋅

L

)

⎞

⎟
⎟
⎠

− 1

+

(
1

UGAG
−

TGψ
π

)− 1 

+

⎛

⎜
⎜
⎝

1
UEAE

−
TE

π
(

1 − 1
ψ

)

+ Q
⋅

L

⎞

⎟
⎟
⎠

− 1

= 0 (23)  

3.4.2. Flowchart improvement 
The maxima of the exergy-based ecological (E), exergetic perfor

mance (EPC) and thermo-economic (F) objective functions and the 
corresponding optimal temperatures, coefficient of performance, heat
ing load, exergy output rate and exergy destruction rate are determined 
by using the flowchart algorithm as processed in Fig. 3. Recently, this 
algorithm was used by Su et al. [32] to optimize an irreversible Carnot 
refrigerator, Chen et al. [16] to improve the four-temperature-level 
absorption heat pump performances using the exergy-based ecological 
criterion as objective function and Fossi Nemogne et al. [31] to obtain a 

Fig. 5. Variations of the thermo-economic criterion (F) with respect to the 
exergy output rate ( ˙EXout) for different values of economic parameters k1 and k2 

the capital costs for the unit heat-transfer area and the unit energy consumed, 
respectively. 

Fig. 4. Variations of the thermo-economic function (F) with respect to the 
coefficient of performance (ψ) for different values of economic parameters k1 

and k2 the capital costs for the unit heat-transfer area and the unit energy 
consumed, respectively. 

Table 1 
Parameters used in the model of the four-temperature-level absorption heat 
pump multi irreversible.  

parameter value 

Temperature in generator, evaporator, condenser and 
absorber respectively, T(K)  

413, 283, 333, 313  
[9,14] 

Heat-transfer coefficient of generator, evaporator, 
condenser and absorber respectively, U(WK− 1m− 2)  

1163, 2326, 4650, 
1153 [9,14] 

Distribution of the total rejected heat rate between the 
absorber and the condenser, m(-)  

1.3 [9,14] 

Total heat-transfer area of the external heat reservoirs in the 
heat exchangers, A(m2)  

100 [31] 

Thermal conductance linked to heat leaks, KL(WK− 1)  300 [31] 

Heat leakage coefficient, ξ(WK− 1m− 2)  3 [9,14] 

Economic parameters respectively, k1(ncum− 2) and 
k2(ncuW− 1)  

25, 5 [31]  
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compromise for optimal operations of a three-heat-reservoir absorption 
heat-pump. 

4. Results and discussion 

4.1. Numerical values 

We have considered the numerical values given in Table 1. 

4.2. Impacts of the design indicators on the exergy-based ecological, 
exergetic performance and economic criteria 

Figs. 4–15 below describe the influences of some design indicators 
such as the thermo-economic factor, internal irreversibility parameters, 
heat-transfer coefficients of the heat-exchangers and distribution ratio 
rate of the total heat-reject quantity between the absorber and the 
condenser on the maxima of the exergy based-ecological (E), exergetic 
performance (EPC) and thermo-economic (F) objective functions and 
the corresponding optimal parameters. Figs. 4-6 present the variations 
of the thermo-economic objective function with respect to the coeffi
cient of performance, exergy output rate and exergy destruction rate for 
different values of the economic factors k1 and k2. Figs. 7–15 illustrate 

the curves of the normalized exergy-based ecological Enor(Enor = E/Eop 

where Eop is the optimal value of the exergy-based ecological function E 
corresponding to the maxima of thermo-economic F and exergetic per
formance EPC objective functions), normalized exergetic performance 
EPCnor(EPCnor = EPC/EPCmax) and normalized thermo-economic func
tion Fnor(Fnor = F/Fmax) with respect to the coefficient of performance ψ, 
exergy output rate EXout and exergy destruction rate EX

D
, respectively. 

This for different values of internal irreversibility factors II and I2, heat- 
transfer coefficients UG, UE, UC, UA and ratio of the rejected heat rate of 
the absorber to the condenser m. Figs. 4–15 are obtained by varying the 
three objective functions and the coefficient of performance, exergy 
output rate and exergy destruction rate with respect to working fluid 
temperatures T1, T2, T3 and T4. The values of working fluid tempera
tures are taken around their optimal values calculated from the Flow
chart Algorithm. The optimal working fluid temperatures are those 
which maximize the three objective functions. Figs. 4–15 all demon
strate that the three objective functions considered in the present work 
can reach their maximum value with respect to the coefficient of per
formance, exergy output rate and exergy destruction rate. They also 

Fig. 7. Optimum characteristic curves of the ecological (Enor), exergetic 
(EPCnor) and thermo-economic (Fnor) normalized objective functions with 
respect to the coefficient of performance (ψ) for different I1 values of the 
generator-absorber connection (a) and for different I2 values of the evaporator- 
condenser connection (b). 

Fig. 6. Variations of the thermo-economic criterion (F) with respect to the 
exergy destruction rate ( ˙EXD) for different values of economic parameters k1 

and k2 the capital costs for the unit heat-transfer area and the unit energy 
consumed, respectively. 
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indicate that the variations of the three objective functions with respect 
to the coefficient of performance are loops. 

4.2.1. Impacts of the economic factors k1 and k2 
It is observed from Figs. 4–6 that when the capital cost for unit heat- 

transfer area k1 is greater than or equal to the capital cost for the unit 
energy consumed k2, the thermo-economic objective function increases 
under the impact of heat losses in the evaporator-condenser assembly 
(Fig. 4 (b)-6 (b)) and decreases under the impact of heat losses in the 
generator-absorber assembly (Fig. 4 (a)-6 (a)). 

It follows that, the maximum economic performance is obtained for a 
specific range of values of the total heat transfer area and the exergy 
input rate. Also, by reducing heat losses from the generator-absorber 
assembly. 

4.2.2. Impact of the internal irreversibility factors I1 and I2 
Figs. 7–9 shows that the heat losses at the generator-absorber and 

condenser-evaporator assemblies characterized by I1 and I2 respectively 
strongly affect the maximum of the exergy-based ecological function 

(Emax). The effects are light on the maxima of exergetic performance 
(EPCmax) and thermo-economic (Fmax) objectives functions. 

The numerical results presented in Table 2 are derived from 
Figs. 7–9. It gives an overview of the effects of I1 and I2 on the optimal 
coefficient of performance, exergy output rate and exergy destruction 
rate. 

It is shown from Table 2 that for fixed I1 and I2, the optimal co
efficients of performance of the four-temperature-level absorption heat 
pump operating at EPCmax and Fmaxconditions are the same. It is also 
observed that the system has a significant benefit in terms of exergy 
destruction rate when it operates at EPCmax and Fmax conditions. How
ever, it is more efficient with respect to the coefficient of performance 
when functioning at Emax conditions. Even more, the harmful impact of 
internal irreversibility I1 on the system performance is greater than that 
of I2 in terms of coefficient of performance at Emax, EPCmax and Fmax 
operating conditions; in terms of exergy output rate at Emax operating 
conditions and in terms of exergy destruction rate at EPCmax and Fmax 
operating conditions. 

Fig. 8. Optimum characteristic curves of the ecological (Enor), exergetic 
(EPCnor) and thermo-economic (Fnor) normalized objective functions with 
respect to the exergy output rate ( ˙EXout) for different I1 values of the generator- 
absorber connection (a) and for different I2 values of the evaporator-condenser 
connection (b). 

Fig. 9. Optimum characteristic curves of the ecological (Enor), exergetic 
(EPCnor) and thermo-economic (Fnor) normalized objective functions with 
respect to the exergy destruction rate ( ˙EXD) for different I1 values of the 
generator-absorber connection (a) and for different I2 values of the evaporator- 
condenser connection (b). 
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4.2.3. Impact of Heat-transfer coefficients 
Figs. 10–12 shows that the effects of heat transfer coefficients in the 

generator, evaporator, condenser and absorber are significant on the 
maximum of the exergy-based ecological function (Emax) while light on 
the maxima of exergetic performance (EPCmax) and thermo-economic 
(Fmax) functions. 

Table 3 summarizes Fig. 10(a), Fig. 11(a) and Fig. 12(a) when I1 =

1.06, I2 = 1 and Fig. 10 (b), Fig. 11(b) and Fig. 12(b) when I1 = 1, I2 =

1.06. It shows the effects of the nature of the main components 
(generator, condenser, evaporator and absorber) on the performance of 
the absorption heat pump cycle working at Emax, EPCmax and Fmax con
ditions. We have taken into account two ranges of heat-transfer co
efficients which range UG = 1163 WK - 1m - 2; UE = 2326 WK - 1m - 2; 
UC = 4650 WK - 1m - 2 and UA = 1153 WK - 1m - 2 is taken as reference 
is [9,14] because it gives better optimal performance values to the sys
tem. When I1 = 1.06 and I2 = 1 (ψEPC = ψF = 1.73, EXout− E = 47895 W 

and EXD− F = 15720 W) and when I1 = 1 and I2 = 1.06 (ψEPC = ψF =

1.817, EXout− E = 53641 W and EXD− F = 13173 W). 
As a result, the four-temperature-level absorption heat pump cycle 

assumes small fluctuations in the optimal values of the coefficient of 
performance when using low heat-transfer coefficient materials in the 
four main heat exchangers. Furthermore, the performance of the system 
is greatly affected in terms of optimal exergy output rate. On the other 
hand, the optimal exergy destruction rate of the system are lower when 
it operates at Emax, EPCmax and Fmax conditions. 

4.2.4. Effects of the ratio of the rejected heat of the absorber to the 
condenser 

The influences of the ratio of the rejected heat of the absorber to the 
condenser (m) on the ecological, exergetic and thermo-economic 
objective functions of performance are presented in Figs. 13–15. As it 

Fig. 11. Optimum characteristic curves of the ecological (Enor), exergetic 
(EPCnor) and thermo-economic (Fnor) normalized objective functions with 
respect to the exergy output rate ( ˙EXout) for different heat-transfer co
efficients values. 

Fig. 10. Optimum characteristic curves of the ecological (Enor), exergetic 
(EPCnor) and thermo-economic (Fnor) normalized objective functions with 
respect to the coefficient of performance (ψ) for different heat-transfer co
efficients values. 

R.L. Fossi Nemogne et al.                                                                                                                                                                                                                     



Energy Conversion and Management 234 (2021) 113967

9

Fig. 12. Optimum characteristic curves of the ecological (Enor), exergetic (EPCnor) and thermo-economic (Fnor) normalized objective functions with respect to the 
exergy destruction rate ( ˙EXD) for different heat-transfer coefficients values. 
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can be seen in Figs. 13–15, the effects of the ratio m are significant on the 
maximum of the exergy-based ecological function (Emax) while light on 
the maxima of exergetic performance (EPCmax) and thermo-economic 
(Fmax) functions. 

An in-depth study of the influences of m on the four-temperature- 
level absorption heat pump cycle is made by considering m = 0.5 as 
optimal reference value (Table 4). On the one hand for I1 = 1.06 and 
I2 = 1 we have ψEPC = ψF = 1.746, EXout− E = 86844W and EXD− EPC =

12332 W ; and on the other hand I1 = 1 and I2 = 1.06 we have ψEPC =

ψF = 1.601, EXout− E = 72756W and EXD− EPC = 17388 W. 
The influences of the heat exchange rates in the absorber with the 

absorbent-refrigerant pair, and the condenser with the refrigerant, 
depend on the order of magnitude of these two heat exchange rate 

relative to each other. In fact, when the heat-exchange rate in the 
absorber Q

A 
is lower than the heat-exchange rate in the condenser Q

C
, at 

the maxima of the exergy-based ecological, exergetic performance and 
thermo-economic criteria, the system is more efficient in terms of co
efficient of performance under the impact of heat losses between the 
generator and the absorber. At the maxima of the exergetic performance 
and thermo-economic criteria, the system is more efficient in terms of 
exergy destruction rate under the effect of the internal irreversibility 
factor I1, yet at the maximum of exergy-based ecological criterion the 
best performances are recorded under the influence of heat losses be
tween the evaporator and the condenser. However, at the maximum of 
exergy-based ecological criterion, the best performances are obtained in 
terms of exergy output rate under the effect of I1, whereas, the best 
performances are obtained at the maxima of the exergetic performance 
and thermo-economic criteria in terms of exergy output rate under the 
influence of I2. On the other hand, when the heat-exchange rate in the 

Fig. 13. Optimum characteristic curves of the ecological (Enor), exergetic 
(EPCnor) and thermo-economic (Fnor) normalized objective functions with 
respect to the coefficient of performance (ψ) for different values of the ratio of 
the rejected heat of the absorber to the condenser. 

Fig. 14. Optimum characteristic curves of the ecological (Enor), exergetic 
(EPCnor) and thermo-economic (Fnor) normalized objective functions with 
respect to the exergy output rate ( ˙EXout) for different values of the ratio of the 
rejected heat of the absorber to the condenser. 
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absorber Q
A 

is greater than that in the condenser Q
C

, at the maxima of the 

exergy-based ecological, exergetic performance and thermo-economic 
criteria, the system performs better in terms of coefficient of perfor
mance under the impact of heat losses between the evaporator and 
condenser. Thus, at the maximum of exergy-based ecological criterion, 
the best performances are recorded under the influence of heat losses 
between the generator and the absorber. However, at the maxima of the 

exergetic performance and thermo-economic criteria, the system is more 
efficient in terms of exergy destruction rate under the effects of the in
ternal irreversibility factor I2. However, at the maximum of exergy- 
based ecological criterion, the best performances are obtained in 
terms of exergy output rate under the effects of I2, whereas, the best 
performances are obtained at the maxima of the exergetic performance 
and thermo-economic criteria in terms of exergy output rate under the 
influence of I1. 

5. Conclusion 

The exergy-based ecological, exergetic performance and thermo- 
economic criteria were considered in this work to conduct the multi- 
objective optimization of a four-temperature-level absorption heat 
pump on the basis of finite-time thermodynamic approach. The benefits 
and limitations at the maximum of each objective function in terms 
coefficient of performance, exergy output rate and exergy destruction 
rate under the influences of design factors have led to the following 
aspects:  

• The optimum economic performance is obtained for a specific range 
of values the exergy input rate and by reducing heat losses from the 
generator-absorber assembly.  

• The performance of the four-temperature-level absorption heat 
pump cycle is unfavorable in terms of optimal exergy output rate and 
optimal specific heating load, when the materials which constitute 
the generator, evaporator, condenser and absorber have low heat- 
transfer coefficients. Its optimal exergy destruction rate is however 
better. 

• Heat losses in the evaporator-condenser connection have a detri
mental effect on the system, when Q

A 
is less than Q

C 
at the maximum 

ecological, exergetic and thermo-economic criteria in terms of co
efficient of performance. The opposite effects are observed when Q

A 
is greater than Q

C
. 

So, the multi-objective optimization of the irreversible four- 
temperature-level absorption heat pump conducted in this paper takes 
into consideration several aspects that will allow the optimal design of a 
real single effect absorption heat pump. In particular the working fluids 
pair ammonia-water, the thermo-physical properties of these are similar 
to the considerations made. 
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Fig. 15. Optimum characteristic curves of the ecological (Enor), exergetic 
(EPCnor) and thermo-economic (Fnor) normalized objective functions with 
respect to the exergy destruction rate ( ˙EXD) for different values of the ratio of 
the rejected heat of the absorber to the condenser. 

Table 2 
Comparative evaluation of the ecological E, exergetic EPC and thermo-economic F criteria with respect to the heat losses rates in the generator-absorber assembly and 
in the evaporator-condenser assembly (the reference is set for an endoreversible system I1 = I2 = 1KL = 300 WK - 1 [31] and ψEPC = ψF = 2.095, EXout− E = 68500 W, 
EXD− F = 7062 W).   

Parameters of 
performance 

Losses rates corresponding to the 
Emax(%)  

Losses rates corresponding to the 
EPCmax(%)  

Losses rates corresponding to the 
Fmax(%)  

I1 = 1.06; I2 =

1  
ψ   21.13  17.42  17.42 
EXout   30.08  64.76  65.93 
EX
D   

411.7  130.13  122.6 
I1 = 1; I2 =

1.06  
ψ   18.95  13.27  13.27 
EXout   21.69  65.85  66.93 
EX
D   

431.35  92.58  86.52  
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Table 3 
Comparative evaluation of ecological E, exergetic EPC and thermo-economic F criteria with respect to heat losses rates under the effects of the heat-transfer 
coefficients.   

Parameters of 
performance 

Losses rates corresponding to 
the Emax(%)  

Losses rates corresponding to the 
EPCmax(%)  

Losses rates corresponding to 
the Fmax(%)  

I1 = 1.06;I2 = 1;UG = UE = UC = UA =

550 WK - 1m - 2  

ψ   13.28  13.18  13.18 
EXout   68.16  69.30  70.62 
EX
D   

− 4.91  − 8.35  − 12.24 

I1 = 1; I2 = 1.06;UG = UE = UC = UA =

550 WK - 1m - 2  

ψ   14.28  13.71  13.71 
EXout   67.86  73.55  74.66 
EX
D   

17.36  − 4.49  − 8.46  

Table 4 
Comparative evaluation with ecological E, exergetic EPC and thermo-economic F criteria of the heat losses rates under the effects of the ratio of the rejected heat of the 
absorber to the condenser.   

Parameters of 
performance 

Losses rates corresponding to the 
Emax(%)  

Losses rates corresponding to the 
EPCmax(%)  

Losses rates corresponding to the 
Fmax(%)  

I1 = 1.06;I2 = 1;m =

2.5  
ψ   2.84  1.54  1.54 
EXout   65.53  74.61  76.65 
EX
D   

113.24  53.79  41.66 
I1 = 1; I2 = 1.06;m =

2.5  
ψ   − 15.77  − 24.46  − 24.46 
EXout   39.73  72.41  74.52 
EX
D   

73.22  − 34.19  − 39.1  
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