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Abstract: The results obtained from the exergoeconomic and exergy analysis of a model of a generic
air conditioning (A/C) system without and with an air membrane exchanger using three commer-
cially available refrigerants: R410A, R407C, and R134a, are reported. The model used specialized
software that was validated against recently published data and showed good agreement. A/C
systems are energy intensive and consume a significant portion of global electricity. Improving their
efficiency by even a small amount will produce considerable savings, reduce running costs, and
lower pollution emissions. The efficiency of the same A/c system without and with a membrane was
investigated for different ambient temperatures, relative humidities (RHs), and pressure ratios of the
compressor. It was shown that the inclusion of a membrane improved the efficiency of the system
for all three refrigerants tested, particularly at higher ambient temperature. Both the coefficient of
performance and exergetic efficiency reduced with the increase in the pressure ratio due to increasing
fuel exergy and losses. In all system components except one, it was found that the source of the cost
is inefficiencies; hence, increasing the efficiency at the expense of the non-exergy cost will improve
the cost effectiveness of the entire system.

Keywords: exergoeconomic; membrane; air conditioning; refrigerants; thermophysical

1. Introduction

Air conditioning (A/C) systems are widely used all over the world and contribute
significantly to the ever-growing demand for electricity. The provision of a suitable indoor
environment is the primary goal of A/C systems, which can be achieved using many
different devices, simpler ones based on heat transfer alone and more complex systems
combining heat and mass transfer. Heat transfer devices use several forms of heat exchang-
ers including condensers, evaporators, and sensible heat recovery exchangers. Cooling
towers, humidifiers, dehumidifiers, and regenerators are representatives of heat and mass
transfer devices.

In warm climates, a comfortable working and living environment can be achieved
by cleaning, cooling, and dehumidifying outdoor air and circulating it internally. The
technologies widely used to remove the moisture in the air are desiccators or direct cooling
using chillers. Both techniques are energy intensive, and the use of desiccants to remove
moisture from the air may be simple, but carries the risk of cross-contamination [1–4].

In the state of Kuwait, residential, industrial, and commercial buildings constitute
about 70% of total energy consumption and are classified as high-energy-demand systems.
Enhancing the performance of these systems even in a small way would save an enormous
amount of energy and significantly mitigate their environmental impact.
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A promising technique currently being developed is the use of membranes for dehu-
midification. The technology relies on the physical fact that water vapor molecules are more
condensable than the gases typically found in air, because of their smaller kinetic diameter
of 265 pm compared to 346 pm for oxygen molecules and 364 pm for nitrogen molecules [5]
These differences in properties can be used in conjunction with a suitable membrane to
dehumidify air. The water molecules permeate through the membrane; other gases found
in the air do so as well, but to a much lesser extent. As there is no phase change in the
dehumidification process nor any contact between incoming fresh air and outgoing stale
air streams, the process has minimal energy consumption and simultaneously eliminates
the cross-contamination problems [6].

Dehumidification in A/C systems has been the subject of a substantial amount of work
extending back well over half a century, with commercially available central A/C units for
commercial premises widely used in the 1970s [7]. More recently, investigators have studied
how the arrangements of membranes can be used to act both as dehumidifiers and heat
exchangers; for example, Huang et al. [8] investigated how changing the geometry (height
of the channels) of a three-dimensional array of five plate membranes of the same hexagonal
shape stacked one on top of another affected the transfer of heat and water. Increasing the
channel height for a constant channel width and flow velocities had a significant positive
effect on its efficiency for both heat and water transfer.

Nizovtsev et al. [9] investigated the performance of air–air heat exchangers subject
to periodic changes in the airflow direction, both analytically and experimentally. It
was demonstrated that decreasing the flow rate increased the effectiveness, showing a
linear relation between the two parameters. It was also found that changing the relative
periodicity of the two flow rates could be used to control the air temperature leaving
the exchanger.

El-Dessouky et al. [10] introduced a novel A/C system that combined membrane and
evaporative cooling using operating conditions that reflected Kuwait’s summer, with inlet
temperatures that varied between 35 ◦C and 50 ◦C and relative humidity (RH) values of
between 20% and 60%. The proposed system showed considerable energy savings com-
pared to conventional mechanical vapor compression systems and much higher sensitivity
to the condition of the incoming air. Lingo and Roy [11] carried out an exergetic study of
residential HVACs by evaluating the cooling demand in a building. They reported that
using heat exchangers to precondition the air streams could reduce the cooling demand.

Zaw et al. [12] analyzed the use of membrane- based air dehumidification units operat-
ing in a tropical climate with the membrane dehumidification driven by the vapor pressure
gradient between streams. These authors concluded that membrane dehumidification
is a suitable technique for use as a precursor to more complex A/C systems and as a
stand-alone unit. Xing et al. [13] introduced a novel zeolite membrane in the form of a
thin flat sheet for air dehumidification. The membrane was tested over several ranges
of separation and climate conditions. The results indicated that using membrane dehu-
midifiers enhanced the energy efficiency of an A/C system for separation factors greater
than 200. Zhang and Niu [14] conducted a thermodynamic analysis of air membranes for
conditioned ventilation in Hong Kong. The results showed that annual energy savings of
as much as 58% were possible when a membrane was used to condition the air during the
ventilation process. Zhang et al. [15] added a membrane-based heat exchanger to a dehu-
midification system, evaluated its performance using R134a as a refrigerant, and reported
an annual energy savings of about 33%. Zhang [16] published a comparative study of air
dehumidification systems comparing a membrane-based total heat exchanger with three
alternatives: mechanical dehumidification with a heat pump, mechanical dehumidification
with a sensible heat exchanger, and a heat pump incorporating an active desiccant wheel
and evaporative cooler. The results showed the membrane total heat recovery consumed
the least primary energy.

Liang et al. [17] investigated experimentally and numerically the performance of a
membrane air dehumidification system under different operating conditions. The intro-
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duction of the membrane improved the efficiency of the dehumidification system to a
much greater extent than changes in external weather conditions. Al-Sulaiman [18] carried
out energetic and exergetic analyses for an A/C system with and without an air mem-
brane heat and mass exchanger. This study confirmed that including a membrane in an
A/C system significantly improved the performance. Al-Sulaiman [19] also carried out a
thermodynamic analysis of the same A/C system with an air membrane using different
refrigerants. The outcomes obtained confirmed that using a membrane exchanger enhanced
the efficiency of the A/C system.

Numerous researchers are now using an exergy approach to investigate the perfor-
mance of HVAC systems to obtain useful information concerning the sources of the system
inefficiencies. Voloshchuk et al. [20] conducted an exergy analysis of a refrigeration system
using a new advanced approach to evaluate avoidable endogenous/exogenous parts of
the exergy destruction. The proposed method showed quite different results compared
to conventional advanced exergy analysis, in particular for the values associated with the
compressor and the condenser.

Gullo et al. [21] used an exergy approach to analyze the performance of transcritical
carbon dioxide R744 refrigerant in the refrigeration systems of selected supermarkets. The
systems included: parallel compression, parallel compression with overfed evaporators,
and parallel compression with overfed evaporators and two-phase ejectors. The total irre-
versibilities’ reduction for the ejector arrangement was about 9.3% with 13.5% of avoidable
destruction.

Ðuranović et al. [22] used an exergy approach to analyze the winter performance
of an air conditioning system. It was reported that the heat transferred across the heat
exchanger contributed much more to total exergy destruction than did the humidification
and mixing process.

Yildiz et al. [23] used sustainability and exergy analyses to experimentally examine
the performance of an evaporative cooling system under four distinct operating conditions.
They reported a decrease in exergy efficiency under positive pressure, but an increase under
negative pressure at high air speed.

Blanco-Marigorta et al. [24] used an exergetic approach to analyze two indirect evap-
orative coolers of different constructions. They found that doubling the area of the heat
exchanger increased the exergy destruction. For both constructions, it was found that the
higher the inlet dry bulb temperature for the primary air, the greater the exergy losses and
exergy destruction.

Although numerous studies are available in the literature relating to air membranes,
no studies in the literature address an integrated system based on an exergoeconomic
analysis. Furthermore, no reports were found in the literature of investigations of the effect
of changing industrial refrigerants on system performance; yet, it is well known that the
chemical and thermodynamic properties of the working fluids of A/C and refrigerant
systems have a substantial impact on performance. To simulate the system performance
more accurately, the actual thermo-physical properties of the refrigerants were used in the
modelling processes.

The contributions of the planned investigation were:

1. The use of exergy and energy analyses to make an assessment of the effect on system
performance of adding membranes to A/C systems;

2. An investigation of the effect on system performance of changing the working fluid
in the A/C system;

3. An exergoeconomic analysis of the proposed system to assess its cost effectiveness.

2. System Description

This study investigated an A/C system with an integral air membrane heat and mass
exchanger; see Figure 1. The fresh air (A) enters the air membrane to exchange heat and
humidity with the exhaust air (E). The stream of fresh air at (B) has a reduced temperature
and moisture content. The cooled and dehumidified fresh air enters the evaporator at (B)
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and transfers heat to the refrigerant, further reducing its temperature. After that, the cold
fresh air moves to the second or booster condenser at (C), then into the occupied space at
(D). The booster condenser is used to provide more precise control of the air temperature
entering the occupied space.
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Figure 1. Schematic diagram of an air membrane integrated into an air conditioning system.

The refrigerant enters the compressor at Point (1) as a saturated vapor and exits as a
superheated vapor with a temperature higher than the surrounding medium. The high-
pressure, high-temperature refrigerant is driven by the compressor to Condenser 1 and
the booster condenser, which are effectively arranged in parallel. In Condenser 1, the
refrigerant ejects heat to the surroundings and exits as a saturated liquid, which mixes
with the discharge from the booster condenser at Point (6). Next, the refrigerant enters the
throttle as a saturated liquid, and its temperature is reduced by the throttling process to
below that of the occupied space. Upon leaving the throttle, Point (5), the refrigerant moves
to the evaporator as a low-quality saturated mixture. The flow rates of the refrigerant and
inlet air to the evaporator are such that, upon absorbing heat from the fresh air steam, the
refrigerant completely evaporates. Finally, the refrigerant is returned to the compressor to
complete the cycle.

3. Methodology

Traditional energy analysis and evaluation of working systems has, until recently,
been carried out using the first law of thermodynamics. Unfortunately, such an analysis
is incapable of providing information on either how high-temperature thermal energy
degrades during the process or on the relative quality of the different forms of energy. The
second law of thermodynamics can be used to overcome this limitation because the second
law differentiates between quality and quantity and demonstrates that in any real process,
there will be a decrease in the quality of energy.

This has resulted in defining the energy available for useful work as exergy and its
quantification as exergy analysis. Exergy and economics are both required to evaluate the
cost effectiveness of a thermal process, and this “exergoeconomic” analysis can provide
valuable information that cannot be obtained from traditional methods.

In the proposed study, exergoeconomic and exergetic analyses were carried out on
the A/C system for a range of operating conditions for three different refrigerants, R407C,
R410A, and R134a. The proposed system operates under the steady-state condition, and the
heat and pressure losses through the pipes are negligible, with all processes being adiabatic
and with heat loss to the atmosphere. The temperature of the surroundings is TA = 35 ◦C,
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and RH = 62%. The low pressure in the A/C system is 300 kPa, and the pressure ratio of
the compressor is about 3.5 with 75% isentropic efficiency. The refrigerant mass flow rate is
0.2 kgs−1, and the room temperature, TD, was adjusted to be 20 ◦C. The membrane latent
effectiveness εL = 0.9, and the sensible effectiveness εs = 0.8.

The mathematical model was developed based the first and second laws of thermody-
namics. Exergy analysis is one of the most popular approaches based on the second law of
thermodynamics. The general exergy balance for steady-flow systems can be written as [2]:

∑
(

1 − To

Tk

)
.

Qk −
.

W + ∑
i

.
mi exi − ∑

e

.
me exe −

.
Ed = 0 (1)

where T is the temperature in Kelvin and the subscript k stands for the value of the
component as is, while the subscript o is the value of the property in its reference state.

.
Q

and
.

W are the heat and work interactions between the system and its surrounding. The
mass flow rate and exergy per unit mass flow rate are given by

.
m and ex, respectively. The

subscripts i and e represent the property state of the inlet and exit streams, respectively.
The total exergy consists of four components: physical, potential, kinetic, and chemical,
and for a given stream is defined as:

.
Ex =

.
Eph +

.
Ech +

.
Epe +

.
Eke (2)

The potential and kinetic exergies are negligible due to their insignificant contributions,
while chemical exergy is omitted for all components except in the membrane because there
is no change in the molecular structure and concentration of the refrigerant. The remaining
term is physical exergy, consists of mechanical and thermal exergy, and is given by the
expression [25,26]:

.
Eph =

.
m [( h − ho)− To(s − so)] (3)

The proposed system inefficiencies can be calculated from exergy destruction, as
illustrated in Table 1, for the given components.

Table 1. Exergy destruction rate and exergetic efficiency for the different system components under
steady-state conditions.

No. Component Exergy Destruction Rate Exergetic Efficiency

1 Compressor
.
Ed,comp =

.
Ex1 −

.
Ex2 +

.
W =

.
mTo(s1 − s2) ηex = 1 −

.
Ed,comp

.
W

2 Condenser 1

.
Ed,cond1 =

.
Ex2a −

.
Ex3

= (1 − y)
.
m
[

To(s2a − s3) +
.

QH1
TH1

] ηex = 1 −
.
Ed,cond1

.
Ex2a−

.
Ex3

3 Booster
Condenser 2

.
Ed,cond2 =

.
Ex2b −

.
Ex6

= y
.
m
[

To(s2b − s6) +
.

QH2
TH2

]
ηex = 1 −

.
Ed,cond2

.
Ex2b−

.
Ex6

4 Evaporator

.
Ed,evap =

.
Ex1 −

.
Ex5

=
.
m
[

To(s1 − s5)−
.

QL
TL

]
ηex = 1 −

.
Ed,evap

.
Ex5−

.
Ex1

5 Membrane
.
Ed,m =

.
Exe −

.
Exf +

.
Exb −

.
Exa ηex = 1 −

.
Ed,m

.
Exe−

.
Exf
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The coefficient of performance (COP) concept was used to express the efficiency of
the vapor compression refrigeration cycle. The COP is the ratio of heat removed from the
occupied space to the required energy input and can be expressed as:

COP =

.
Qevap
.

WComp
(4)

The model of the air membrane can be developed numerically using several methods
as reported in [17]. In the current study, the energy modelling of the air membrane
effectiveness was based on [27], which showed good agreement between its predicted
results and experimental results reported in the literature. Furthermore, it is considered
simple with respect to finite difference models. The sensible effectiveness and latent
effectiveness of the air membrane are defined as follows:

εs =

( .
mACp(A,B)

)
(TA − TB)( .

mCp(A,E)min

)
(TA − TE)

(5)

εL =

( .
mACp(A,B)

)
(ωA − ωB)( .

mCp(A,E)min

)
(ωA − ωE)

(6)

where Cp is the specific heat of air and ω refers to the specific humidity.
Evaluating exergy in the air membrane should include both physical and chemical

components to achieve equilibrium mechanically and chemically between the reference
and dead states. Wepfer et al. [28] established an effective formula to evaluate the exergy of
a humid air stream. This equation is a function of air temperature, pressure, and specific
humidity, as follows [29]:

exma = To
(
Cpa + ωCpv

)
[Tr − 1 − ln(Tr)] + RaTo(1 + wω) ln(Pr) + RaTo(1 + wω) ln

(
1+wωo
1+wω

)
+RaTo(wω) ln

(
ω
ωo

) (7)

where the subscripts a and v refer to dry air and water vapor; Pr and Tr are the relative
pressure and temperature, respectively. R is the gas constant, and w is a constant of value
equal to 1.6081. In the literature, exergy indicators have been introduced to illustrate the
waste exergy in overall performance, as well as each individual component. The fuel
depletion represents the ratio of the exergy destruction rate to the energy input to the
compressor and can be expressed as:

δx =

.
Edx

.
W

(8)

The productivity lack indicator relates the exergy destruction rate to the useful cooling
energy produced in the evaporator and can be written as:

ξ =

.
Edx
.

Qevap

(9)

The irreversibility ratio, which represents the rate of exergy destruction of each com-
ponent,

.
Ed,k, divided by the total rate of exergy destruction in the entire system,

.
Ed,t, can be

written as:

γk =

.
Ed,k
.
Ed,t

(10)
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This can show the contribution of each component to the rate of total exergy destruc-
tion for the system.

The specific exergy costing method (SPECO) was used to evaluate the cost effectiveness
of the proposed system because it is the most popular method reported in the literature [30].
The SPECO method depends on three sequential steps: an initial exergy analysis to identify
all exergy streams in the proposed system; then the fuels and products for each component
are defined; then the cost is determined from an economic analysis, which includes fuel,
operation and maintenance (O&M), and capital cost. Some auxiliary equations must be
developed to achieve equality between the number of variables and equations, which can
then be solved numerically. A further explanation of this method was given in [25,31]. The
cost balance equation for the kth component takes the form:

∑
e

.
Ce,k +

.
Cw,k =

.
Cq,k + ∑

i

.
Ci,k +

.
Z

T
k (11)

where
.
Z

T
k is equal to the sum of the cost rates of capital plus O&M.

.
C refers to the cost rate.

Table 2 shows the exergoeconomic models for the main components of the proposed systems.

Table 2. Exergetic cost balance equations for the main components of the proposed system under
steady-state conditions.

No. Component Schematic Cost Balance Equation Auxiliary Equations

1 Compressor

Processes 2022, 10, x FOR PEER REVIEW 7 of 18 
 

 

The specific exergy costing method (SPECO) was used to evaluate the cost effective-
ness of the proposed system because it is the most popular method reported in the litera-
ture [30]. The SPECO method depends on three sequential steps: an initial exergy analysis 
to identify all exergy streams in the proposed system; then the fuels and products for each 
component are defined; then the cost is determined from an economic analysis, which 
includes fuel, operation and maintenance (O&M), and capital cost. Some auxiliary equa-
tions must be developed to achieve equality between the number of variables and equa-
tions, which can then be solved numerically. A further explanation of this method was 
given in [25,31]. The cost balance equation for the kth component takes the form: 𝐶 ,  𝐶 , 𝐶 , 𝐶 , 𝑍  (11)

where 𝑍  is equal to the sum of the cost rates of capital plus O&M. 𝐶 refers to the cost 
rate. Table 2 shows the exergoeconomic models for the main components of the proposed 
systems. 

Table 2. Exergetic cost balance equations for the main components of the proposed system under 
steady-state conditions. 

No. Component Schematic Cost Balance Equation Auxiliary Equations 

1 Compressor 

 

𝐶  𝐶  𝑍 𝐶  None 

2 
Heat Ex-
changer 

Condenser 

 

𝐶  𝐶 𝑍 𝐶  𝐶  
𝐶𝐸 𝐶𝐸  

3 Evaporator 𝐶  𝐶 𝑍 𝐶  𝐶  
𝐶𝐸 𝐶𝐸  

4 Membrane 

 

𝐶  𝐶 𝑍 𝐶  𝐶  
𝐶𝐸 𝐶𝐸  

5 Mixing Unit 
 

𝐶  𝐶 𝐶  None 

6 Splitter Unit 
 

𝐶 𝐶 𝐶  
𝐶𝐸 𝐶𝐸  

7 Throttle 
 

𝐶 𝑍 𝐶  
𝐶𝐸 𝐶𝐸  

The capital investment cost rate of each component (Zk) in the proposed system was 
evaluated based on the cost functions as given in Table 3 [32,33]. The source of the cost in 
the kth component can be attributed to waste exergy or non-exergy quantities, such as 
capital cost or O&M cost. It is helpful for the evaluator during the assessment process to 
determine the source of the costs in each component to enhance the entire system cost 
effectiveness. The exergoeconomic factor is considered a good indicator, providing infor-
mation about the relative weight of each source. 

Table 3. Purchase cost functions for the main equipment components [32,33]. 

No. Component Capital or Investment Cost Function (USD) 

e 

i 

w 

eh 

ih 

ic ec 

i2 i1 

e2 e1 

i1 
i2 

e 

i e1

e2𝑖i 𝑒i 

.
Ci +

.
Cw +

.
ZComp =

.
Ce None

2
Heat Exchanger

Condenser

Processes 2022, 10, x FOR PEER REVIEW 7 of 18 
 

 

The specific exergy costing method (SPECO) was used to evaluate the cost effective-
ness of the proposed system because it is the most popular method reported in the litera-
ture [30]. The SPECO method depends on three sequential steps: an initial exergy analysis 
to identify all exergy streams in the proposed system; then the fuels and products for each 
component are defined; then the cost is determined from an economic analysis, which 
includes fuel, operation and maintenance (O&M), and capital cost. Some auxiliary equa-
tions must be developed to achieve equality between the number of variables and equa-
tions, which can then be solved numerically. A further explanation of this method was 
given in [25,31]. The cost balance equation for the kth component takes the form: 𝐶 ,  𝐶 , 𝐶 , 𝐶 , 𝑍  (11)

where 𝑍  is equal to the sum of the cost rates of capital plus O&M. 𝐶 refers to the cost 
rate. Table 2 shows the exergoeconomic models for the main components of the proposed 
systems. 

Table 2. Exergetic cost balance equations for the main components of the proposed system under 
steady-state conditions. 

No. Component Schematic Cost Balance Equation Auxiliary Equations 

1 Compressor 

 

𝐶  𝐶  𝑍 𝐶  None 

2 
Heat Ex-
changer 

Condenser 

 

𝐶  𝐶 𝑍 𝐶  𝐶  
𝐶𝐸 𝐶𝐸  

3 Evaporator 𝐶  𝐶 𝑍 𝐶  𝐶  
𝐶𝐸 𝐶𝐸  

4 Membrane 

 

𝐶  𝐶 𝑍 𝐶  𝐶  
𝐶𝐸 𝐶𝐸  

5 Mixing Unit 
 

𝐶  𝐶 𝐶  None 

6 Splitter Unit 
 

𝐶 𝐶 𝐶  
𝐶𝐸 𝐶𝐸  

7 Throttle 
 

𝐶 𝑍 𝐶  
𝐶𝐸 𝐶𝐸  

The capital investment cost rate of each component (Zk) in the proposed system was 
evaluated based on the cost functions as given in Table 3 [32,33]. The source of the cost in 
the kth component can be attributed to waste exergy or non-exergy quantities, such as 
capital cost or O&M cost. It is helpful for the evaluator during the assessment process to 
determine the source of the costs in each component to enhance the entire system cost 
effectiveness. The exergoeconomic factor is considered a good indicator, providing infor-
mation about the relative weight of each source. 

Table 3. Purchase cost functions for the main equipment components [32,33]. 

No. Component Capital or Investment Cost Function (USD) 

e 

i 

w 

eh 

ih 

ic ec 

i2 i1 

e2 e1 

i1 
i2 

e 

i e1

e2𝑖i 𝑒i 

.
Cih +

.
Cic +

.
Zcond =

.
Ceh +

.
Cec

.
Cic.
Eic

=
.

Cec.
Eec

3 Evaporator .
Cih +

.
Cic +

.
Zevap =

.
Ceh +

.
Cec

.
Cih.
Eih

=
.

Ceh.
Eeh

4 Membrane

Processes 2022, 10, x FOR PEER REVIEW 7 of 18 
 

 

The specific exergy costing method (SPECO) was used to evaluate the cost effective-
ness of the proposed system because it is the most popular method reported in the litera-
ture [30]. The SPECO method depends on three sequential steps: an initial exergy analysis 
to identify all exergy streams in the proposed system; then the fuels and products for each 
component are defined; then the cost is determined from an economic analysis, which 
includes fuel, operation and maintenance (O&M), and capital cost. Some auxiliary equa-
tions must be developed to achieve equality between the number of variables and equa-
tions, which can then be solved numerically. A further explanation of this method was 
given in [25,31]. The cost balance equation for the kth component takes the form: 𝐶 ,  𝐶 , 𝐶 , 𝐶 , 𝑍  (11)

where 𝑍  is equal to the sum of the cost rates of capital plus O&M. 𝐶 refers to the cost 
rate. Table 2 shows the exergoeconomic models for the main components of the proposed 
systems. 

Table 2. Exergetic cost balance equations for the main components of the proposed system under 
steady-state conditions. 

No. Component Schematic Cost Balance Equation Auxiliary Equations 

1 Compressor 

 

𝐶  𝐶  𝑍 𝐶  None 

2 
Heat Ex-
changer 

Condenser 

 

𝐶  𝐶 𝑍 𝐶  𝐶  
𝐶𝐸 𝐶𝐸  

3 Evaporator 𝐶  𝐶 𝑍 𝐶  𝐶  
𝐶𝐸 𝐶𝐸  

4 Membrane 

 

𝐶  𝐶 𝑍 𝐶  𝐶  
𝐶𝐸 𝐶𝐸  

5 Mixing Unit 
 

𝐶  𝐶 𝐶  None 

6 Splitter Unit 
 

𝐶 𝐶 𝐶  
𝐶𝐸 𝐶𝐸  

7 Throttle 
 

𝐶 𝑍 𝐶  
𝐶𝐸 𝐶𝐸  

The capital investment cost rate of each component (Zk) in the proposed system was 
evaluated based on the cost functions as given in Table 3 [32,33]. The source of the cost in 
the kth component can be attributed to waste exergy or non-exergy quantities, such as 
capital cost or O&M cost. It is helpful for the evaluator during the assessment process to 
determine the source of the costs in each component to enhance the entire system cost 
effectiveness. The exergoeconomic factor is considered a good indicator, providing infor-
mation about the relative weight of each source. 

Table 3. Purchase cost functions for the main equipment components [32,33]. 

No. Component Capital or Investment Cost Function (USD) 

e 

i 

w 

eh 

ih 

ic ec 

i2 i1 

e2 e1 

i1 
i2 

e 

i e1

e2𝑖i 𝑒i 

.
Ci1 +

.
Ci2 +

.
Zmeb =

.
Ce1 +

.
Ce2

.
Ci2.
Ei2

=
.

Ce2.
Ee2

5 Mixing Unit

Processes 2022, 10, x FOR PEER REVIEW 7 of 18 
 

 

The specific exergy costing method (SPECO) was used to evaluate the cost effective-
ness of the proposed system because it is the most popular method reported in the litera-
ture [30]. The SPECO method depends on three sequential steps: an initial exergy analysis 
to identify all exergy streams in the proposed system; then the fuels and products for each 
component are defined; then the cost is determined from an economic analysis, which 
includes fuel, operation and maintenance (O&M), and capital cost. Some auxiliary equa-
tions must be developed to achieve equality between the number of variables and equa-
tions, which can then be solved numerically. A further explanation of this method was 
given in [25,31]. The cost balance equation for the kth component takes the form: 𝐶 ,  𝐶 , 𝐶 , 𝐶 , 𝑍  (11)

where 𝑍  is equal to the sum of the cost rates of capital plus O&M. 𝐶 refers to the cost 
rate. Table 2 shows the exergoeconomic models for the main components of the proposed 
systems. 

Table 2. Exergetic cost balance equations for the main components of the proposed system under 
steady-state conditions. 

No. Component Schematic Cost Balance Equation Auxiliary Equations 

1 Compressor 

 

𝐶  𝐶  𝑍 𝐶  None 

2 
Heat Ex-
changer 

Condenser 

 

𝐶  𝐶 𝑍 𝐶  𝐶  
𝐶𝐸 𝐶𝐸  

3 Evaporator 𝐶  𝐶 𝑍 𝐶  𝐶  
𝐶𝐸 𝐶𝐸  

4 Membrane 

 

𝐶  𝐶 𝑍 𝐶  𝐶  
𝐶𝐸 𝐶𝐸  

5 Mixing Unit 
 

𝐶  𝐶 𝐶  None 

6 Splitter Unit 
 

𝐶 𝐶 𝐶  
𝐶𝐸 𝐶𝐸  

7 Throttle 
 

𝐶 𝑍 𝐶  
𝐶𝐸 𝐶𝐸  

The capital investment cost rate of each component (Zk) in the proposed system was 
evaluated based on the cost functions as given in Table 3 [32,33]. The source of the cost in 
the kth component can be attributed to waste exergy or non-exergy quantities, such as 
capital cost or O&M cost. It is helpful for the evaluator during the assessment process to 
determine the source of the costs in each component to enhance the entire system cost 
effectiveness. The exergoeconomic factor is considered a good indicator, providing infor-
mation about the relative weight of each source. 

Table 3. Purchase cost functions for the main equipment components [32,33]. 

No. Component Capital or Investment Cost Function (USD) 

e 

i 

w 

eh 

ih 

ic ec 

i2 i1 

e2 e1 

i1 
i2 

e 

i e1

e2𝑖i 𝑒i 

.
Ci1 +

.
Ci2 =

.
Ce None

6 Splitter Unit

Processes 2022, 10, x FOR PEER REVIEW 7 of 18 
 

 

The specific exergy costing method (SPECO) was used to evaluate the cost effective-
ness of the proposed system because it is the most popular method reported in the litera-
ture [30]. The SPECO method depends on three sequential steps: an initial exergy analysis 
to identify all exergy streams in the proposed system; then the fuels and products for each 
component are defined; then the cost is determined from an economic analysis, which 
includes fuel, operation and maintenance (O&M), and capital cost. Some auxiliary equa-
tions must be developed to achieve equality between the number of variables and equa-
tions, which can then be solved numerically. A further explanation of this method was 
given in [25,31]. The cost balance equation for the kth component takes the form: 𝐶 ,  𝐶 , 𝐶 , 𝐶 , 𝑍  (11)

where 𝑍  is equal to the sum of the cost rates of capital plus O&M. 𝐶 refers to the cost 
rate. Table 2 shows the exergoeconomic models for the main components of the proposed 
systems. 

Table 2. Exergetic cost balance equations for the main components of the proposed system under 
steady-state conditions. 

No. Component Schematic Cost Balance Equation Auxiliary Equations 

1 Compressor 

 

𝐶  𝐶  𝑍 𝐶  None 

2 
Heat Ex-
changer 

Condenser 

 

𝐶  𝐶 𝑍 𝐶  𝐶  
𝐶𝐸 𝐶𝐸  

3 Evaporator 𝐶  𝐶 𝑍 𝐶  𝐶  
𝐶𝐸 𝐶𝐸  

4 Membrane 

 

𝐶  𝐶 𝑍 𝐶  𝐶  
𝐶𝐸 𝐶𝐸  

5 Mixing Unit 
 

𝐶  𝐶 𝐶  None 

6 Splitter Unit 
 

𝐶 𝐶 𝐶  
𝐶𝐸 𝐶𝐸  

7 Throttle 
 

𝐶 𝑍 𝐶  
𝐶𝐸 𝐶𝐸  

The capital investment cost rate of each component (Zk) in the proposed system was 
evaluated based on the cost functions as given in Table 3 [32,33]. The source of the cost in 
the kth component can be attributed to waste exergy or non-exergy quantities, such as 
capital cost or O&M cost. It is helpful for the evaluator during the assessment process to 
determine the source of the costs in each component to enhance the entire system cost 
effectiveness. The exergoeconomic factor is considered a good indicator, providing infor-
mation about the relative weight of each source. 

Table 3. Purchase cost functions for the main equipment components [32,33]. 

No. Component Capital or Investment Cost Function (USD) 

e 

i 

w 

eh 

ih 

ic ec 

i2 i1 

e2 e1 

i1 
i2 

e 

i e1

e2𝑖i 𝑒i 

.
Ci =

.
Ce1 +

.
Ce2

.
Ce1.
Ee1

=
.

Ce2.
Ee2

7 Throttle

Processes 2022, 10, x FOR PEER REVIEW 7 of 18 
 

 

The specific exergy costing method (SPECO) was used to evaluate the cost effective-
ness of the proposed system because it is the most popular method reported in the litera-
ture [30]. The SPECO method depends on three sequential steps: an initial exergy analysis 
to identify all exergy streams in the proposed system; then the fuels and products for each 
component are defined; then the cost is determined from an economic analysis, which 
includes fuel, operation and maintenance (O&M), and capital cost. Some auxiliary equa-
tions must be developed to achieve equality between the number of variables and equa-
tions, which can then be solved numerically. A further explanation of this method was 
given in [25,31]. The cost balance equation for the kth component takes the form: 𝐶 ,  𝐶 , 𝐶 , 𝐶 , 𝑍  (11)

where 𝑍  is equal to the sum of the cost rates of capital plus O&M. 𝐶 refers to the cost 
rate. Table 2 shows the exergoeconomic models for the main components of the proposed 
systems. 

Table 2. Exergetic cost balance equations for the main components of the proposed system under 
steady-state conditions. 

No. Component Schematic Cost Balance Equation Auxiliary Equations 

1 Compressor 

 

𝐶  𝐶  𝑍 𝐶  None 

2 
Heat Ex-
changer 

Condenser 

 

𝐶  𝐶 𝑍 𝐶  𝐶  
𝐶𝐸 𝐶𝐸  

3 Evaporator 𝐶  𝐶 𝑍 𝐶  𝐶  
𝐶𝐸 𝐶𝐸  

4 Membrane 

 

𝐶  𝐶 𝑍 𝐶  𝐶  
𝐶𝐸 𝐶𝐸  

5 Mixing Unit 
 

𝐶  𝐶 𝐶  None 

6 Splitter Unit 
 

𝐶 𝐶 𝐶  
𝐶𝐸 𝐶𝐸  

7 Throttle 
 

𝐶 𝑍 𝐶  
𝐶𝐸 𝐶𝐸  

The capital investment cost rate of each component (Zk) in the proposed system was 
evaluated based on the cost functions as given in Table 3 [32,33]. The source of the cost in 
the kth component can be attributed to waste exergy or non-exergy quantities, such as 
capital cost or O&M cost. It is helpful for the evaluator during the assessment process to 
determine the source of the costs in each component to enhance the entire system cost 
effectiveness. The exergoeconomic factor is considered a good indicator, providing infor-
mation about the relative weight of each source. 

Table 3. Purchase cost functions for the main equipment components [32,33]. 

No. Component Capital or Investment Cost Function (USD) 

e 

i 

w 

eh 

ih 

ic ec 

i2 i1 

e2 e1 

i1 
i2 

e 

i e1

e2𝑖i 𝑒i .
Ci +

.
ZThr =

.
Ce

.
Ci.
Ei

=
.

Ce.
Ee

The capital investment cost rate of each component (Zk) in the proposed system was
evaluated based on the cost functions as given in Table 3 [32,33]. The source of the cost in the
kth component can be attributed to waste exergy or non-exergy quantities, such as capital
cost or O&M cost. It is helpful for the evaluator during the assessment process to determine
the source of the costs in each component to enhance the entire system cost effectiveness.
The exergoeconomic factor is considered a good indicator, providing information about the
relative weight of each source.
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Table 3. Purchase cost functions for the main equipment components [32,33].

No. Component Capital or Investment Cost Function (USD)

1 Compressor ZAC = 39.5
.

mr
0.9−ηc

[
Pe
Pi

]
Ln
(

Pe
Pi

)
2 Condenser ZCond = 268.45 + (516.621ACond)

3 Evaporator ZEva = 16648.3Aeva
0.6123

4 Membrane Zm = 24202Am
0.4162

5 Throttle Zex = 114.5
.

mr

The exergoeconomic factor, fk, is defined as the ratio of the non-exergy cost to the
overall cost and can be formulated as:

fk =

.
Zk

.
Zk + c f ,k

[ .
Ed,k+

.
EL,k

] (12)

Low values of fk mean the component needs to be improved by reducing its exergy
loss and destruction. In contrast, a high value suggests that capital and O&M costs can be
reduced at the expense of component performance.

An exergy assessment of an energy system is highly dependent on the thermophysical
properties of the working fluids. The system proposed for this research contains three
refrigerants: R410A, R407C, and R134a, selected on the basis of their commercial availability.
It is well known that selecting the most appropriate refrigerant will depend on several
criteria, the most important of which are the cost, stability, toxicity, flammability, ozone
depletion (OD), and effect on global warming (GW) [34]. R410A and R407C are considered
good alternative refrigerants to chlorofluorocarbon (CFC) and hydrochlorofluorocarbon
(HCFC) refrigerants in A/C systems, with little or no environmental impact on the ozone
layer. R410A and R407C are zeotropic refrigerant blends of R32/R125 (50/50 by wt%) and
R32/R125/R134a (23/25/52 by wt%), respectively [35]. R134a is a pure hydrofluorocarbon
(HFC) refrigerant widely used in A/C systems where, previously, R12/R22 would have
been used. Table 4 shows the relevant properties of the selected refrigerants including the
Safety Group as per the ASHRAE standard [36].

Table 4. Properties of the refrigerants used in the present study.

Refrigerant Molecular Weight
(kg/kmol)

NBP
(◦C)

TCR
(◦C)

PCR
(MPa) ODP GWP

(100)
Safety
Group

R134a 102.03 −26.1 101.1 4.06 0 1300 A1

R407C 86.2 −43.6 86.1 4.62 0 1530 A1/A1

R410A 72.56 −50.5 72.5 4.96 0 1730 A1/A1

4. Results

Exergoeconomic and exergy analyses were carried out on an A/C system without and
with an air membrane exchanger. The analyses assumed a typical operational environment,
ambient pressure 101.3 kPa, temperature 35 ◦C, and 62% RH. Table 5 presents results for
exergetic flow as determined by Al-Sulaiman with R134a as the working medium [18] and
as obtained in the current work under the same conditions.
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Table 5. Exergetic data for the proposed air conditioning system.

State P (kPa) T (◦C) h (J/kg) s (J/kg K) ω Ex (W) a Ex (W) b

1 300 0.65 250,831 931.0 —- 1005 1005.17

2 1050 53.56 285,558 957.9 —- 1949 1951.64

3 1050 41.19 110,045 400.4 —- 1310 1310.22

4 1050 39.94 105,474 385.8 —- 1811 1816.73

5 300 0.65 105,474 400.2 —- 1653 1657.05

6 1050 30.00 93,570 347.1 —- 502.7 507.76

A 101.3 35.00 93.357 5.933 0.0227 0.00 0.00

B 101.3 24.60 56.948 5.811 0.0127 109.7 109.35

C 101.3 10.65 30.801 5.720 0.008 383.6 383.17

D 101.3 20.00 40.306 5.753 0.008 253.5 252.95

E 101.3 22.00 44.370 5.767 0.0088 212.1 211.50

F 101.3 32.50 80.779 5.891 0.0188 11.87 11.91
a Al-Sulaiman [18]; b this work.

Figure 2 presents the rate of exergy destruction as a % of the total exergy destruction
rate for each of: the compressor, Condensers 1 and 2, the evaporator, the membrane, and
the throttle when using R410A and R407C as refrigerants. We see that the greatest exergy
destruction with refrigerant R410A was for the compressor, 41%, while for refrigerant
407C, it was the 30% registered with the evaporator. These figures represent the degree of
irreversibility in the A/C processes involved.
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Figure 2. Exergy destruction rate within each component for the proposed air conditioning system as
a percentage of the total exergy destruction rate when using refrigerants R410A and R407C.

The high level of exergy destruction (irreversibility) in the compressor when using
R410A is due to the high level of pressure required with this refrigerant. With the evaporator,
the high level of exergy destruction is due to both the evaporation process taking place at
low pressure with a high latent heat of evaporation and temperature difference. In total, we
see that 81% and 58% of the exergy destruction (for R410A and R407C, respectively) occurs
in the evaporator and compressor due mainly to thermal and aerodynamic losses. The
additional exergy destruction that occurs with R410A is because it has a higher operating
pressure than R407C and higher fuel exergy than R407C. Obviously, using a compressor
with greater efficiency would consume less power, reducing the fuel exergy, and this
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might be achieved using a lower working pressure as with R407C and R134a. The exergy
destruction in the membrane could be due to hydraulic resistance because of fouling.

Figure 3 shows the exergetic efficiency, ηex, coefficient of performance (COP), and
compressor input power as a function the pressure ratio for the proposed A/C system’s
efficiency using R134a as the refrigerant. As the pressure ratio increased, so did the exergy
destruction, which adversely affected the system performance. Thus, both ηex and COP
decreased as the pressure ratio increased due to an increase in both the losses and fuel
exergy. From the figure, we see that ηex decreased by about 4% for every unit increase in
the pressure ratio.
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Figure 3. Exergetic efficiency, coefficient of performance, and compressor input power versus pressure
ratio for the R134a refrigerant.

Because ηex decreased as the pressure ratio increased, the compressor input power
increased, proportionately, more than the cooling load on the evaporator, and there would
be a corresponding decrease in performance. It follows that using the compressor with a
low pressure ratio should enhance efficiency and performance.

As the pressure ratio increased, the contribution that condenser losses make to the
total exergy destruction also increased; however, the opposite occurred—though to a lesser
degree—in the evaporator, which means system efficiency and performance will vary with
compressor operating conditions.

The influence of ambient temperature on the efficiency of the A/C system is shown in
Figure 4 when using the R134a refrigerant. Increasing the ambient temperature adversely
affected the system efficiency due to an increasing thermal load on the evaporator. The
rising ambient temperature increased the exergy destruction through the membrane, and
the effect extended to the compressor’s power consumption. The membrane works to lower
the fresh air temperature before it enters the evaporator, thereby lowering the required A/C
system power. The compressor’s power consumption increased by 15 kW per ◦C increase in
ambient temperature, due to the change in refrigerant density. The reduction in membrane
performance was due to the increased temperature difference between ambient air and
inlet temperature to the evaporator. We see that ηex decreased as ambient temperature
increased; thus, a lower ambient temperature is always preferable. The COP remained
almost constant over the range of ambient temperature investigated because the rate at
which compressor power input increases is close to the evaporator cooling load. ηex is
considered a better indicator to evaluate the A/C system’s efficiency than the COP, because
it takes into account the quality of the energy.
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Figure 4. Exergetic efficiency, coefficient of performance, and compressor input power versus ambient
temperature for the R134a refrigerant.

The influence of ambient RH on the ηex of the A/C system with R134a as the refriger-
ant, without (ηex,n) and with (ηex,m) a membrane, is seen in Figure 5. We see that as the RH
increased, so did both ηex,m and ηex,n due to the increase in the cooling load with respect
to the fuel exergy. An increase in ambient RH% from 30 to 90 increased ηex,m from 19% to
41% and ηex,n from 12% to 32%. We also see that the system with the membrane present
was more efficient due to a reduced rate of exergy destruction. The difference between the
two efficiencies was about 10% and increased very slightly with ambient RH%. Finally,
as is well known, we see that as the ambient RH% increased, so did the cooling load and
power consumption of the compressor.
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Figure 5. Variation of the exergetic efficiency of the air conditioning system with and without a
membrane as a function of the relative humidity for the R134a refrigerant.

Figure 6 shows the ηex and COP for the A/C system using three different refrigerants.
Refrigerant R134a had the highest values for ηex and the COP, followed by R407C, then
R410A. Both ηex and the COP showed the same trend for each refrigerant. R407C is
considered a good replacement of refrigerant R22 due to the similarity in the operating



Processes 2022, 10, 474 12 of 18

conditions. When R410A is used as a replacement for R22, there is not only reduced
efficiency, but more retrofitting is required such as changing the compressor, oil, and
filters. Refrigerant R134a used as a replacement needs double the compressor displacement
compared to R22 because it has a relatively low pressure.
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The fuel depletion ratio (δ) and productivity lack (ξ) for the two cases at the speci-
fied operating conditions are given in Table 6, with R410A used as the refrigerant. The
surrounding temperature was 30 ◦C with 60% RH. The main conclusions from Table 6
are: First, in the presence of a membrane, the highest fuel depletion ratio was for the
compressor, followed by the evaporator, then, a long way after, came the expansion valve
and membrane. This result shows good agreement with the values presented in Figure 2.
Second, in the absence of a membrane, the compressor had a slightly higher fuel depletion
ratio value than with a membrane. Third, Condenser 2 showed the lowest value. Fourth,
the productivity lack indicator showed the same trend and attributed the main source of
irreversibility to the compressor and evaporator.
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Figure 8. Irreversibility ratios as a function of the pressure ratio for the air conditioning system with
a membrane using the R407C refrigerant.
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Table 6. Exergy parameters of components without and with a membrane for the R410A refrigerant.

No. Component
With Membrane Without Membrane

Fuel Depletion Ratio,
δx

Productivity Lack
ξ

Fuel Depletion Ratio,
δx

Productivity Lack
ξ

1 Evaporator 0.380 0.117 0.496 0.153

2 Compressor 0.496 0.153 0.505 0.156

3 Condenser 1 0.027 0.008 0.033 0.010

4 Condenser 2 0.010 0.003 0.004 0.001

5 Membrane 0.078 0.024 —- —-

6 Expansion Valve 0.086 0.027 0.093 0.029

The total cost and exergoeconomic factor for the A/C system with a membrane, using
the R410A refrigerant, are presented in Figure 10. The evaporator, compressor, Condenser 1,
and membrane were the most important components, from the exergoeconomic viewpoint,
to improve the cost effectiveness of the entire system because these components contributed
about 86% of the total cost. The inefficiencies of these components, the exergoeconomic
factor being below 50%, was the cause, so the cost effectiveness of the entire system can be
improved by increasing the efficiency of these components at the expense of the non-exergy
cost (O&M and capital costs). The exergoeconomic factor of Condenser 2 was about 63%;
therefore, enhancing the cost effectiveness of the entire system can be achieved by reducing
this non-exergy cost.

The present work shed light on a number of important consequences when A/C
systems are evaluated technically and economically. First, the thermophysical properties
of refrigerants have a significant impact on A/C system performance and efficiency. The
cooling system is an energy-intensive process, and the challenge is how to determine the
efficiency since the quality of the cooling load, as energy, is different from the energy input.
Dincer and Rosen [37] studied exergy methods in heating, refrigeration, and A/C systems.
They reported various exergy methods and referred to the difficulties in assessing HVAC
systems using a single approach, which is unlike the situation with other energy systems
such as power plants. That might be attributed to the nature of the cooling process and
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operating conditions, which can be below the reference state of the surroundings. Second,
typically with HVAC systems, the operating cost over the book life of the system exceeds
the capital cost, and recognizing the status of the system, either new or existing, is critical
to determining and evaluating the criteria for economic efficiency.
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Figure 10. Exergy destruction cost and non-exergy cost (Cd + Zk) and exergoeconomic factor (fk) for
the air conditioning system with a membrane using the R410A refrigerant.

Most recent commercial refrigerants are environmentally favorable and non-ozone
depleting, and the use of techno-economical evaluation is essential in such applications.

5. Conclusions

Exergoeconomic and exergy analyses of a generic A/C system with and without an
air membrane exchanger using three commercially available refrigerants: R134a, R407C,
and R410A, were carried out. The data obtained from a previous study and the results
produced by this new model of an A/C system showed good agreement with the results
previously published in the literature.

This investigation considered variations in the ambient temperature, RH, and com-
pressor pressure ratio on the efficiency of the proposed system, with the aim of identifying
the sources of inefficiencies and their impacts on the cost of the proposed system. This
study showed the possibility of improving the performance of A/C systems for a range of
working conditions.

The major conclusions from this study were that, under the given test conditions:

n The addition of a membrane to the A/C system significantly improved its efficiency
by improving the performance of the evaporator. The benefit obtained by including
the membrane in the system increased with the increase in the ambient temperature;

n The pressure ratio had a significant effect on ηex and the input power, and it is advised
that to obtain better performance, the compressor be used with a low pressure ratio;

n An increase in ambient temperature adversely affected the system efficiency because
of the additional thermal load on the evaporator, increased the exergy destruction via
the membrane, and increased the power consumption of the compressor;

n When the ambient RH% increased from 30 to 90, with a membrane, ηex increased
from 19% to 41%, and without a membrane, ηex increased from 12% to 32%.
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n The refrigerant with the highest ηex and COP was R134a, then R407C, then R410A;
n The evaporator, compressor, Condenser 1, and the membrane contributed about 86%

of the total cost, and from the exergoeconomic viewpoint, improving the cost effec-
tiveness of the entire system will require increasing the efficiency of these components
at the expense of the non-exergy cost (capital or O&M).

n The thermophysical properties of the refrigerants used in A/C systems have a signifi-
cant effect on their operation. For instance, for R410A, the highest exergy destruction
was by the compressor and then the evaporator, but the order was reversed for R407C.
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Nomenclature

A Heat transfer surface area ch Chemical
C Cost factor value cv Control volume
.

C Cost rate d Destruction
.
E Rate of exergy flow in stream e Outlet
f Exergoeconomic factor f Fuel
Cp Specific heat h Hot stream
ech

k Specific molar chemical exergy i Inlet
h Specific enthalpy k Component
.

m Mass flow rate ke Kinetic energy
P Pressure of the stream o Reference state
.

Q Heat transfer rate p Product
R Gas constant ph Physical
R Universal gas constant pe Potentials
s Specific entropy r relative
.
S Entropy generation s Sensible
T Temperature of the stream v Water vapor
y Mole fraction x Total
V Specific volume Abbreviations
.

w Power A/C Air conditioning
γ Irreversibility ratio CFC Chlorofluorocarbon
.
Z Purchase cost rate COP Coefficient of performance
Greek letters Comp Compressor
λ Fuel-to-air ratio in molar bases Evap Evaporator
ξ Productivity lack GW Global warming
ηex Exergetic efficiency HCFC Hydrochlorofluorocarbon
ϕ Relative humidity HFC Hydrofluorocarbon

ω Specific humidity HVAC
Heating, ventilation, and
air conditioning

δ Fuel depletion ratio OD ozone depletion
ε Effectiveness O&M Operation and maintenance
Subscripts NBP Normal boiling point
a Dry air RH Relative humidity
c Cold stream SPECO Specific exergy costing method
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