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ABSTRACT 

The direct expansion heat pump with solar energy is an energy conversion system used for water heating applica-

tions, air heating for air conditioning buildings, water desalination, solar drying, among others. This paper reviews the 

main designs and analysis of experiments in order to identify the fundamental objectives of any experiment which 

may be: to determine the factors that have a significant influence, to obtain a mathematical model and/or to optimize 

performance. To achieve this task, the basic and advanced configuration of this system is described in detail in order to 

characterize its thermal performance by means of energy analysis and/or exergy-based analysis. This review identifies 

possible lines of research in the area of design and analysis of experiments to develop this water heating technology for 

industrial applications. 
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1. Introduction 
A solar-assisted direct expansion heat pump (BCAES-ED) is a 

technology that combines a conventional solar heating system with a 
heat pump. As the solar collector and the evaporator are integrated in 
the same unit, the working fluid is a refrigerant which expands in the 
collector/evaporator panel. Due to the gain of solar energy, it transits 
from liquid to steam through the collector/evaporator plate. According 
to Omojaro et al.[1], there are two types of configurations when referring 
to a BCAES-ED, basic and advanced. In the basic configuration model, 
the system works with the mechanical vapor compression cycle at one 
compression stage and in the advanced configuration model it uses two 
compression stages. Chaturvedi et al.[2] mark a clear dividing line be-
tween the two configurations. They concluded that at temperatures 
above 70 ºC, a BCAES-ED with a basic configuration loses efficiency 
and economic advantages over electric systems. 

To characterize the thermal performance of a BCAES-ED, two 
types of analysis are used: energy analysis, which evaluates the coeffi-
cient of performance (COP) of the system; and exergy-based methods, 
which identifies the system component(s) that are underperforming and 
allows improvements to be implemented. Since the idea was conceived 
in 1955 that solar energy can evaporate a refrigerant circulating through 
a heat pump by using a solar collector as an evaporator, analytical, the-
oretical, numerical and experimental studies were not carried out 
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until the late 1970s. Gorozabel and Carbonell[3] 
provide a comprehensive review of the current sta-
tus and prospects of this technology. 

The purpose of this study is to characterize the 
thermal performance of the energy conversion sys-
tem through energy analysis and/or (exergy) meth-
ods, and to elaborate the common experimental de-
sign of BCAES-ED for developing, improving and 
evaluating this energy conversion system. To meet 
this objective, we intend to describe the research 
problem, specify the objectives of the experiment, 
characterize the experimental design and evaluate 
the experimental results that the authors have re-
ported in each of the scientific article of this review. 

BCAES-ED is a technology with great poten-
tial in the world market, but it is still limited by 
some economic and technical barriers, which can be 
overcome with state policies that allow the devel-
opment of the technology as concluded by Raisul 
Islam et al.[4]. Buker and Riffat[5] indicate that the 
averages of the studies conducted show that heat 
pump technology and solar thermal energy have the 
potential to provide an effective alternative for dif-
ferent climates and configurations. 

The present review identifies future research 
work to increase the energy and exergy efficiency 
of the basic configuration, and BCAES-ED as an 
advanced configuration of water heating technology, 
which shows great potential for development and is 
an effective alternative for different climates around 

the world. 

2. Model of basic and advanced 
configuration of a BCAES-ED 

A BCAES-ED is composed of four main 
components: the collector/evaporator panel, the 
compressor, the expansion valve and the heat ex-
changer tank known as the condenser. Amin et al.[6] 
conducted a comprehensive study on the thermal 
performance of a two-phase bare-type solar collec-
tor/evaporator whose results show that, instead of 
losing energy to the environment, it gains a signifi-
cant amount of energy due to the low operating 
temperature of the collector; Gorozabel and Car-
bonell[7] concur with these results when experimen-
tally analyzing the performance coefficient for 
tropical zones characterized by ambient tempera-
tures higher than 25 °C. 

Most commercially available heat pumps op-
erate in the mechanical vapor compression cycle as 
shown in Figure 1a), where the working fluid is a 
refrigerant. A numerical analysis is performed by 
Molinari et al.[8] in order to evaluate the refrigerant 
407-C while Kong et al.[9] performs it for Refriger-
ant 410-A. Among the main applications of a 
BCAES-ED are water desalination reported by 
Amin et al.[10] and heating swimming pools pre-
sented by Starke et al. 

 
Figure 1. Mechanical vapour compression cycle. 

A BCAES-ED is shown in Figure 2, which 
works with the mechanical vapor compression cycle 
illustrated in Figure 1a), and whose thermodynamic 
processes are shown in Figure 1b). Currently Scar-
pa et al.[12] and Tagliafico et al.[13] have succeeded 
in developing a steady state approach based on the 

Carnot cycle and the concept of efficiency based on 
the second law of thermodynamics to relate the 
main characteristics of the system and its interrela-
tionships with the environment without calculating 
the properties of the refrigerant fluid. 
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Figure 2. Solar-assisted direct expansion heat pump. 

A theoretical analysis of BCAES-ED using 
two stages of compression to achieve corresponding 
temperature applications between 60 °C and 90 °C 
is proposed by Chaturvedi et al.[14]. A two-stage 
mechanical compression cycle is shown in Figure 
3a) and a T-s diagram in Figure 3b). The cycle 
shown in Figure 3a) assumes that there is no pres-

sure drop in the heat transfer in the collec-
tor/evaporator panel and in the condenser. The 
compression process is assumed to be 
non-isentropic and is characterized for the two 
compressors by the efficiency of an adiabatic com-
pressor. Besides, the pressure drop in the connect-
ing pipes is depreciable. 

 
Figure 3. Solar-assisted two-stage direct expansion heat pump. 

In general, the COP for an advanced 
BCAES-ED configuration is a function of several 
parameters, such as the refrigerant fluid, the effi-
ciency of the system components, the source and 
heatsink temperature. Chaturvedi et al.[14] find a 
significant improvement of the system operating 
coefficient when using the two compression stages 
to reach high condensing temperatures. However, at 
the same temperature levels the two-stage system 
requires a larger collector area than single-stage 
systems. 

BCAES-ED technology is currently of great 
interest to researchers who see great development 
potential in both basic and advanced configurations, 

as demonstrated by the analytical, numerical and 
experimental studies reported in the last five years 
with the aim of improving its thermal performance 
and introducing new applications such as water de-
salination, pool heating and solar drying. 

3. Energy analysis and exer-
gy-based analysis methods of a 
BCAES-ED 

The thermal efficiency of a heat pump is char-
acterized by the defined COP performance coeffi-
cient: 
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(1) 
𝑊  is the compressor input power and 𝑄  is 

the heat flow delivered. In general, the COP of a 
heat pump depends on several parameters, includ-
ing refrigerant, efficiency of system structural 
components, temperature of heat source and radia-
tor. 

In a two-stage heat pump, a modified version 
of equation 1 is used to calculate the COP to take 
into account the effect of the double stage in the 
advanced system configuration. 

 

(2) 
ΣW is the total work input and is calculated as 

follows: 
 

(3) 
Exergy refers to the maximum available theo-

retical work obtained when the energy conversion 
system interacts with the environment while reach-
ing thermodynamic equilibrium with the environ-
ment. To perform an analysis of efficiency and 
losses, it is necessary to express in general form the 
energy balance equation shown below. 

 

(4) 
For Tsatsaronis and Morosuk[15], exergy analy-

sis determined the location, magnitude and causes 
of thermodynamic inefficiencies, which takes the 
form of exergy destruction or exergy losses. Exergy 
destruction is due to the irreversibilities existing 
within the system, and exergy losses are related to 
the exergy lost in the environment. To identify and 
quantify the losses when performing an exergy 
analysis of the system, process or component, it is 
necessary to calculate the destroyed exergy, sup-
plied exergy and exergy efficiency. 

The destroyed exergy is calculated with the 
following equation: 

 
(5) 

The supplied exergy is expressed by means of 
the following equation: 

 

(6) 

Where 𝑚 is the mass flow of the refrigerant, 
ℎ is the specific enthalpy, s is the specific entropy, T 
is the temperature, while the subscript o means the 
dead center state of the refrigerant. The exergetic 
efficiency will be the ratio between the exergy re-
covered and the exergy supplied. 

 

(7) 
According to Lazzaretto and Tsatsaronis[16], 

exergy-economic analysis is a unique combination 
of exergy and cost driven single component level 
analysis, which provides the designer or researcher 
of an energy conversion system with crucial infor-
mation for the design of a cost-effective system. 
Exergy-economics is an exergy-based approach to 
cost reduction that uses the “exergy cost” principle. 
This principle states that exergy is the only ration-
al basis for assigning monetary values to energy 
transport and thermodynamic inefficiencies within 
the system. The exergy cost principle is the basis 
for calculating the costs associated with each mate-
rial and each energy flow in an energy conversion 
system. A complete exergy-economic analysis con-
sists first of an exergy analysis, then an economic 
analysis and finally an exergy-economic evaluation. 

According to Meyer et al.[17], an exer-
gy-environmental analysis rests on the premise that 
exergy is the only rational basis for assigning not 
only a monetary value, but also an environmental 
impact value to energy transport and inefficiencies 
within each component, which is known as exer-
gy-environmental cost. Exergy environment analy-
sis includes exergy analysis, life cycle assessment 
of each relevant component in the system and all 
relevant flows entering the system, and finally cal-
culation of the environmental impact related to each 
exergy flow and the destruction of exergy in each 
component in the system. 

According to Tsatsaronis[18], it is known as 
Advanced Analysis when the avoidable/inevitable 
part and the endogenous/exogenous part of the ex-
ergy destruction of each important component in the 
system, investment cost and constructive compo-
nents related to environmental impact, as well as 
the cost of exergy destruction and the environmen-
tal impact associated with exergy destruction are 
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divided; in this analysis the interactions between 
different components are estimated to improve the 
quality of the conclusions obtained from an exergy, 
exergy-economic or exergy-environmental assess-
ment. The main applications reported by researchers 
include the research of Gungor et al.[19,20], who 
studied the exergy destruction in the avoidable and 
unavoidable part, and conducted advanced exergy 
economic analysis of gas engine driven heat pumps. 

Exergy and exergy-based analyses are im-
portant tools in evaluating, developing, and opti-
mizing energy conversion systems such as a 
BCAES-ED in its basic and advanced configuration. 
Advanced exergy-based analyses have the potential 
to improve the quality of exergy, exergy-economic, 
and exergy-environmental assessment conclusions 
applied to a BCAES-ED. 

4. Analysis and design of experi-
ments on a BCAES-ED 

An experimental design aims to obtain the 
maximum information of the process, in the fastest, 
most economical, simplest and most accurate way. 
The objectives of an experimental design, according 
to Montgomery[21], is to first identify the most in-
fluential factors in a performance, and then to relate 
the independent variables or factors with the de-
pendent variable or performance, and the third ob-
jective is to determine the region of the most im-
portant factors that lead to the best possible 
performance. Table 1 shows various experimental 
studies on energy and exergy-based analysis applied 
to a basic and advanced configuration of a 
BCAES-ED, and compares them with the objec-
tives of the experimental design. 

Table 1. Energy and exergy-based analysis applied to a basic and advanced configuration of a BCAES-ED 
NO. Objectives of the experimental design References (Ref.) 

basic configuration Advanced configuration
1 Determine the factors that significantly influence the 

thermal performance of a BCAES-ED. 
[22, 23, 24, 26, 27, 29, 30, 31, 35, 36, 37, 38] 

2 Obtain a mathematical model of a BCAES-ED. [25, 28, 32, 33, 34]  
3 Optimize the thermal performance of a BCAES-ED. [39, 40, 41, 42, 43, 44, 45]  

Table 2. Factors that most influence the performance of a BCAE-ED 
Performance Factors investigated References (Ref.) 

basic configuration Advanced configuration

COP Refrigerant evaporating temperature [22, 23, 24, 30, 31, 36]  

Collector efficiency [23, 26–28, 35, 36] 

Solar radiation [23, 24, 26, 29–31, 35, 38] 

Ambient temperature [23, 26, 29–31, 38] 

Temperature increase [23] 

Local time [23] 

Time in days [26]  

Time in minutes [27, 29, 35] 

Variable frequency compressor  [24] 

Water temperature at the condenser inlet and outlet[24, 27, 30, 31, 35, 36, 37, 38]

Refrigerant condensing temperature [30, 31] 

Heat gained in the condenser [24, 36] 

Condenser pressure drop [30, 31] 

Pressure drop in the solar collector [30, 31] 

Compressor pressure drop [31] 

Type of solar collector [35, 36, 37] 

Compressor power consumption [35, 36] 

Water heating technology [38] 

Table 2 shows the investigated factors that 
have the greatest impact on the performance of a 
BCAE-ED, where the COP is the most investigated 

performance, while the refrigerant evaporation 
temperature, solar radiation, water temperature at 
the inlet and outlet of the condenser, and ambient 
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temperature are among the most investigated fac-
tors. 

In order to determine the factors that signifi-
cantly influence the thermal performance of a 
BCAES-ED, we can summarize the following con-
clusions: Kush[22] recommend avoiding evaporation 
temperatures higher than 25 ºC–30 ºC due to a mar-
ginal improvement of the COP as these impose a 
penalty on the collector efficiency. Chaturvedi and 
Shen[23] demonstrate the importance of correctly 
matching the solar collector area and compressor 
pumping mass. Chaturvedi et al.[24] find significant 
improvements in system performance by lowering 
the compressor speed when the ambient tempera-
ture increases. According to the studies conduct-

ed by Hawlader et al.[26], Kuang et al.[27] and Zhu et 
al.[35], the COP of the system is significantly affect-
ed by the following factors: compressor speed, solar 
radiation, collector area and stored volume. Li et 
al.[29] find that the system achieves significant 
thermal efficiencies in favourable climatic condi-
tions and COP values between 3.11 and 3.23 in 
conditions of zero solar radiation. Sun et al.[38] con-
clude that in an annual performance analysis the 
average COP of a BCAES-ED is much higher than 
the conventional system. The configurations and 
types of collectors affect the COP of the system ac-
cording to Zhu et al.[35], Garg et al.[36], and Sun et 
al.[37]. 

Table 3. Mathematical models reported in a BCAES-ED 
Mathematical model Range of application Ref. 
𝑊 4,3 𝑇 , 273.15 151 
𝐶𝑂𝑃 𝑎 𝑏 𝑇 , 𝑇  𝑖 1𝑎4  
𝑇 ,  Water temperature at inlet 
𝑇 ,  Average water temperature 
𝑇  Refrigerant evaporating temp 
 

𝑎 8.0; 𝑏 0.17; for 0 𝑇 𝑇 20𝐾 
𝑎 6.6; 𝑏 0.10; for 0 𝑇 𝑇 30𝐾 
𝑎 5.7; 𝑏 0.07; for 0 𝑇 𝑇 50𝐾 
𝑎 3.7; 𝑏 0.03; for 0 𝑇 𝑇 60𝐾 

[25] 

𝜂 0.684 13.4
𝑇 𝑇

𝐼
𝑅 0.86 

𝜂comp 0.32 𝑙𝑛 𝑓. 𝑚ref 0.885 
𝜂col  Collector efficiency 
𝜂comp  Compressor efficiency 
𝑓  Frequency 
𝑚ref  refrigerant mass 
 

700 𝐼 1000
𝑊
𝑚

; 10 𝑝𝑐 13.5 bar

15 𝑇 30°𝐶; 14 𝑇 26°𝐶 
Valid within the range 25 to 55 HZ 

[28] 

𝜂 0.9953 0.037𝑃𝑅𝑅 0.86 
𝐶𝑂𝑃 0.0501 𝑇 𝑇 3.980 
R2 = 0.9718 
𝑊 5.2032 𝑇 𝑇 310.62 
R2 = 0.993 
𝑊 4.9538 𝑇 𝑇 275.56 
R2 = 0.978 
𝑊 4,2037 𝑇 𝑇 256.80 
R2 = 0.987 
𝑊 4.0703 𝑇 𝑇 234.87 
R2 = 0.982 

Valid for 3 𝑃𝑅 7 
 
Valid for 7.8°𝐶 𝑇 21.9°𝐶 
 
Valid for 𝑇 21.9°𝐶 
 
Valid for 𝑇 16.9°𝐶 
 
Valid for 𝑇 11.3°𝐶 
 
Valid for 𝑇 7.8°𝐶 

[32] 

𝑇𝑐𝑑 20°𝐶 20°𝐶 0,8𝑇 7°𝐶  
Tcd = Temperature of condensation 

Dg = 0.8 
Dg = Creep term 

[33,34]

𝐶𝑂𝑃

1
4 𝑈𝐴𝑇 𝜏 𝜏 𝑄

𝑊𝑘
 

U = Heat transfer coefficient 
𝑇  Ambient temperature 
𝜏  temperature ratio between the refrigerant temperature in 
the evaporator and the condenser 
𝜏  temperature ratio between ambient temperature and air 
temperature 
Qi = Internal heat transfer 
Wk = Electrical power 

[40] 

Table 3 reviews the mathematical models de- 
veloped to improve the thermal performance of a 
BCAES-ED. Among the main objectives pro-
posed by researchers, we have Ito et al.[25] who de- 

 
termined the effect of copper thickness and the dis-
tance between tubes in the absorber plate of a 
BCAES-ED. Soldo et al.[28] developed a mathemat-
ical model that allows the optimization of the sys-
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tem components and operating parameters. Fernán-
dez-Seara et al.[32] determined the effect of not hav-
ing solar radiation on the thermal performance of a 
BCAES-ED. Moreno Rodríguez et al.[33,34] devel-
oped and validated a model that determines the op-
erating parameters of a BCAES-ED and Cervantes. 
Torres[40] determined an expression to describe the 
optimal COP considering internal and external irre-
versibility in the thermodynamic optimization of a 
BCAES-ED. 

Among the main conclusions of obtaining a 
mathematical model to improve the performance of 
a BCAES-ED, we have Ito et al.[25] who indicated 
that the thickness of the 1 mm copper plate used in 
the experiment can be reduced to 0.5 mm with very 
little reduction of the COP, also the distance be-
tween the copper tubes in the 100 mm plate can be 
changed to 190 mm obtaining a COP reduction of 
4%. Soldo et al.[28] concluded that, to prevent high 
COP deterioration due to inconsistencies between 
climatic conditions and solar radiation, each com-
ponent of the system should be optimized according 

to the solar collector area, compressor capacity, 
evaporating and condensing temperatures. Fernan-
dez Seara et al.[32] obtained a COP of 3.23 when 
evaluated under zero solar radiation condition. 
Moreno Rodriguez et al.[33,34] found a COP of 1.7 
and 2.9 for a water tank temperature of 51 °C. Cer-
vantes and Torres Reyes[40] found that the model 
obtained closely represents the real performance of 
the system. 

Table 4 shows a summary of the exergy-based 
analysis applied to a basic and advanced configura-
tion of a BCAES-ED. The various objectives of the 
reviewed investigations are to determine the exergy 
efficiency[39,41-43], the exergy destruction of each 
component[39] and the total exergy destruction[39] in 
order to identify the main sources of irreversibility 
in a BCAES-ED and in some cases compare the use 
of two refrigerants[45] or determine an expression[40] 
to describe the optimal COP considering the inter-
nal and external irreversibility in the thermody-
namic optimization of a BCAES-ED. 

Table 4. Exergy analysis applied to a basic and advanced configuration of a BCAES-ED 
NO. Objectives of the experi-

mental design 
Configuration Type of exergetic analysis 

Conventional Economic 
exergy 

Environmental 
exergy 

Advanced

3 Optimize the thermal per-
formance of a BCAES-ED. 

Basic [39, 40, 41, 42, 43, 44, 45]    
Advanced     

In order to optimize the thermal perfor-
mance by using exergy-based analysis of a 
BCAES-ED, we can summarize the following con-
clusions: Torres Reyes et al.[39] found that the oper-
ation of a BCAES-ED shows low exergy efficiency; 
the major exergy destruction occurs in the solar 
collector/evaporator panel. Cervantes and Torres 
Reyes[41] also agree that the main source of irre-
versibility is in the solar collector/evaporator panel, 
highlighting that the incoming solar radiation is not 
fully utilized. Li et al.[42] on the contrary found that 
the highest exergy loss occurs in the compressor, 
followed by the solar collector/evaporator, conden-
ser and expansion valve in turn. Kara et al.[43] con-
clude that the exergy efficiency of the individual 
components of a BCAES-ED are in the range of 

10.74% to 88.87%. Torres Reyes and Cervantes[40] 
obtained a model that closely represents the real 
performance of the system. Mohanraj et al.[44] con-

firmed with their results that it is acceptable to use 
artificial neural networks to predict the exergy de-
struction and exergy efficiency of a BCAES-ED. 
Mohanraj et al.[45] found that the average exergy 
efficiency of a BCAES-ED running on RM30 was 
slightly lower compared to R-22. However, RM30 
is an ozone-friendly alternative when R22 leaves 
the market. 

The experimental studies presented in Table 1 
to Table 4, and obtained from references[22-45] are in 
agreement with recent analytical and numerical 
studies presented by several authors. We can men-
tion Yousefi et al.[46] who analyse and thermody-
namically optimize a BCAES-ED with application 
to water heating; Kumar et al.[47] and Paradeshi et 
al.[48] performed parametric studies of this technol-
ogy confirming the use of artificial neural networks 
integrated with genetic algorithms to predict the 
thermal performance of a BCAES-ED, as well as to 
characterize its performance in a hot and humid en-
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vironment; Malali et al.[49] succeeded in developing 
an analytical tool by combining two models to de-
termine the thermal performance of a BCAES-ED. 

Experimental designs and analysis applied to a 
BCAES-ED have made it possible to identify the 
factors that significantly influence the thermal per-
formance of a BCAES-ED, as well as to obtain 
mathematical models to predict the behaviour of the 
technology and optimize its operation. Energy 
analysis and conventional exergy analysis are most 
commonly used by researchers. 

5. Experimental uncertainty 
The uncertainty of experimental designs 

related to a BCAES-ED are summarized in Ta-
ble 5, and have been estimated according to 
Holman[50]. Pressure, temperature, solar radia-
tion, power consumption, coolant mass flow 
and air velocity are measured with the instru-
ments listed in the sensor column. The uncer-
tainty presented in the calculation of a parame-

ter as a function of several independent varia-
bles is given with the following equation: 

 

(8) 
Where R is a given function; Wr is the total 

uncertainty; x1, x2, …, xn are the independent varia-
bles; w1, w2, w3 are the uncertainty in the independ-
ent variables. 

In experiments performed on a BCAES-ED, 
data are obtained with single samples whose uncer-
tainties cannot be discovered by repetition, as op-
posed to data with multiple samples whose results 
are reliable thanks to the application of statistical 
methods. Among the types of errors that can cause 
uncertainty, there are errors caused by the meas-
urement instruments, fixed or systematic errors, and 
errors caused by random errors. The errors of the 
investigated parameters reported uncertainties in the 
range of 4.1 to 8.1%. 

Table 5. Experimental uncertainty in BCAES-ED 
Sensor Accuracy Parameter Uncertainty Reference 
Temperature sensor ± 0.5 °C PC (W) 5.2% [30,31,44,45] 
Thermometers ± 0.5 °C Qcd (W) 4.2% 
Pressure sensor ± 1% COP 6.2% 
Pressure gauges ± 2% Td (°C) 3.9% 
Fluxometers ± 1% SEPR 7.8% 
Wattmeter ± 0.5% 𝐸𝑥 ; 𝜂 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑜𝑟 7.6% 
Digital energy meter ± 0.5% 𝐸𝑥 ; 𝜂 𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑑𝑜𝑟 7.3% 
Pyranometer ± 5 W/m2 𝐸𝑥 ; 𝜂 𝑣á𝑙𝑣𝑢𝑙𝑎 6.4% 
Anemometer ± 0.01 m/s 𝐸𝑥 ; 𝜂 𝑐𝑜𝑙𝑒𝑐𝑡𝑜𝑟 8.1% 
Thermal Resistance ± 0.1 K Qev ± 4.9% [33,34] 
Flowmeter ± 0.5%-3% Qcd ± 4.9% 
Pressure sensor ± 0.25% COP ± 4.1% 
Wattmeter ± 0.2%   
Anemometer ± 0.5%   
Pyranometer ± 0.2%   
System for the acquisition of ± 0.05%   
Data    

6. Conclusions 
From the literature reviewed on analysis and 

design of experiments on a BCAES-ED, it is shown 
that the basic configuration model has been exten-
sively studied with respect to energy analysis, 
managing to characterize the factors that signifi-
cantly influence the thermal performance, as well as 
to obtain mathematical models and optimize the 

 
efficiency of this energy system. Compared with the 
exergy-based analysis, the basic configuration 

model shows results in conventional exergy analy-
sis. By exploring exergy-economic and exer-
gy-environmental analysis of this technology, as 
well as advanced analysis, improved conclusions 
have been obtained in the development, evaluation 
and improvement of this energy conversion system. 
With regard to the advanced configuration models, 
the literature reviewed does not report experimental 
designs of energy analysis and exergy-based analy-
sis to demonstrate the benefits of this technology 
reported in theoretical analysis. 
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