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a b s t r a c t

A model of cogeneration system based on low temperature refrigeration and water desalination 
is proposed. The cooling side is CO2 transcritical refrigeration, and the water purification side is 
multi-effect desalination (MED). The MED subsystem can either be Boosted-MED or MED-pre-heat-
ers (PHs) with a sensible heat source of transcriticalCO2 leaving the compressor. A thermodynamic 
model was presented to reveal the effects of key operating parameters on the system’s performances. 
Since the two products of these combined systems (cooling demand and fresh water) have different 
real thermodynamic value and the variation of COP and recovery ratio are in a contrary way, the 
exergetic analysis has been conducted to reveal the optimum performance condition using Genetic 
Algorithm as a powerful tool. The optimum design led to the selection of a MED-CO2 Refriger-
ation system with the highest exergy efficiency. The variation of exergy destruction in each sys-
tem component has also been investigated to clarify the exergy efficiency trend. Results show that 
the exergy efficiency is highly affected by COP rather than recovery ratio; with an increase in the 
compressor outlet pressure after the optimum point, COP reduces slightly but the recovery ratio 
increases sharply. So, the exergy efficiency has no considerable reduction after its maximum point. 
Furthermore, by reducing in TBT, the exergy destruction of the whole replaced system decreases 
steadily leads to the consistent rise in the exergy efficiency. Finally, in order to define the effects of 
the operating parameters on the system performance, a sensitivity analysis is conducted. From the 
results, the compressor outlet pressure has the most influence on the COP and second law efficiency 
with the highest sensitivity value,while for the recovery ratio, the ambient temperature is the most 
effective parameter.

Keywords:  Tanscritical carbon dioxiderefrigeration; MED; Energetic and exergetic analysis; Genetic 
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1. Introduction 

Healthy water crisis and the increasing demand of 
cooling are two important and critical problems for most 
countries, especially in tropic areas. Although, the need 
for these two products usually coincides, in many regions, 
they are produced separately by consuming significant 
energy.

1.1. Water desalination systems

The traditional methods that are widely used for water 
desalination are reverse osmosis, membrane separation 
and thermal desalination. In thermal desalination, salt is 
removed from sea water by evaporation and then con-
densation. In reverse osmosis technique, salt is removed 
by crossing sea water through some semipermeable 
membranes. In this method, a high pressure difference is 
needed between two sides of membranes. This high pres-
sure difference can be supplied by a considerable electrical 
energy consumption. Membrane method has been known 
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for its high recovery and low energy consumption [1]. 
Although thermal desalination methods consume more 
energy compared to membrane type, they have remained 
the most common desalination technology. This is mainly 
because of no need to discharge brine chemicals into the 
sea. It is also suitable to use industrial plants waste heat 
recovered to run thermal desalination systems. Among dif-
ferent thermal desalination systems, MED has been more 
attractive than multi-stage-flash (MSF); due to less power 
consumption, lower corrosion rate and lower desalted 
water costs [1]. It is a well-founded desalination technol-
ogy that recycles the enthalpy of vaporization in succes-
sive stages to achieve a high gained output ratio (GOR). 
Its reliability and robustness to fouling make it a fascinat-
ing choice for water treatment plants [2]. MSF, MED and 
mechanical vapor compression (MVC) are appropriate for 
100–500,000 m3/d fresh water production capacity plant. 
The typical specific energy consumption of MSF and MED 
differs from 150 to 300 kJ/kg, with additional electrical 
power input of 2–4 kWh/m3 for pumping seawater. On 
the other hand, for MVC the energy consumption is about 
8–15 kWh/m3 [3]. Samake et al. [4] performed a paramet-
ric study of MED system combined with a thermal vapor 
compression (TVC) and investigated the effects of design 
variables based on the first and second laws of thermody-
namic on the operating quantities and performance of the 
system. Gude and Nirmalakhandan [5] offered an MED 
combined with an absorptionheat pump (ABHP) in which 
the rejected absorption heat is the energy source of MED 
water treatment system.

Conventional MED uses the latent heat of steam con-
densation as heat source. It fails to use the potential of sen-
sible heat source which is a restriction of its inherent design. 
On the other hand, the sensible heat sources such as waste 
heat and renewable energies, require specific approaches to 
open their potential and they are the promising resources 
for water desalination process. Farsi et al. [6] proposed new 
combination of CO2 transcritical refrigeration and MED. 
They declared that using supercritical CO2 as a novel heat 
source presents a better heat transfer process compared 
to the steam driven MED. Christ et al. [7,8] discussed a 
new model of water treatment systems named as Boost-
ed-MEDs which are able to run by sensible heat sources. 
They conducted a comparison between the proposed sys-
tem with pre-heaters (PHs) and the simple parallel MED. 
Results indicated that for the input temperature of 80°C, 
the boosted model can produce 20% more pure water, 
compared to simple MED and pre-heaters. Dincer et al. [9] 
proposed a thermodynamic model for the combination of 
micro gas turbine cycle and solid oxide fuel-cell with MED 
equipped with thermal vapor compression. They showed 
that the pressure of fuel cell stack has a considerable effect 
on the power system and pure water production capacity.

1.2. Supercritical CO2 refrigeration systems

In recent years, transcritical carbon dioxide refrigeration 
systems have been considerably noticed. Unlike synthetic 
refrigerants (HCFCs) that have adverse effects on ozone 
layer and weather conditions, use of a nonflammable, non-
toxic and eco-friendly refrigerant; CO2, has been devel-
oped and commercialized. Therefore, utilization of CO2 in 

refrigeration cycles reduces environmental impacts. These 
systems can refrigerate the area until –40°C [10]. Since the 
supercritical CO2 refrigeration cycle operates in high pres-
sure levels, the rejected heat and dissipative exergy from its 
gas-cooler is considerable. 

Several analyzes and studies have been carried out in 
order to improve the performance of CO2 refrigeration sys-
tems. While, others studied the combination of CO2 refrig-
eration systems with different plants in order to introduce 
multi-generation systems. Sarkar and Agrawal [12] tested 
a two-stage compression super-critical CO2 cycle with an 
economizer. They claimed that the cooling COP enhanced 
by 47.3% over a basic conventional super-critical system. 
Yang et al. [13] concluded that the use of an expander 
instead of an expansion valve presented 50% decrease in 
the exergy loss resulting in 30% improvement in the system 
exergy efficiency. Shariatzadeh et al. [14] have compared 
four different configurations of CO2 refrigeration system 
from the aspect of coefficient of performance (COP) and 
exergy. They showed that the system with expander and 
without internal heat-exchanger has the highest COP, min-
imum total exergy distruction and maximum exergy effi-
ciency. Wang et al. [15] have suggested a system which can 
produce cooling, heating and power in the same time, using 
Brayton and supercritical CO2 refrigeration cycles simulta-
neously. In their study, a mathematical model is used for 
simulation, energy and exergy analysis of the proposed 
tri-generation system.

Since, the combination of MED system and transcritical 
CO2  refrigeration is proposed by Farsi et al. [6] and they 
studied the heat transfer aspect of this system, it would 
be necessary to investigate the thermodynamic opera-
tion of system. So in this paper, a thermodynamic simu-
lation including the detailed energy and exergy model is 
performed. The influence of operating conditions such as; 
evaporator temperature, ambient temperature, compres-
sor outlet pressure and first effect brine temperature (TBT) 
on the COP and the produced desalted-water flow rate are 
investigated. Furthermore, the second law of thermody-
namics specifies the path in which the efforts of engineer-
ing should be focused by determining the sources of losses 
to promote the operation of a system [16]. Accordingly, in 
exergy analysis, the dissipated exergy in each system com-
ponent and the changes of exergy destruction in different 
operating conditions has been surveyed and calculated. 
The primary objective of this research is to study the per-
formance of the hybrid system, using energy and exergy 
analysis methods. A further objective is to model the sys-
tem components via exergy balance equations in order to 
discover the main sources of losses to enhance the system 
performance. Finally in the sensitive analysis, the influence 
of operating parameters on the system responses value, 
including COP, recovery ratio and second law efficiency is 
conducted to determine the most effective parameter.

2. Description and modeling

2.1. The combined system description

Fig.1 shows a schematic diagram of the Boost-
ed-MED-CO2 refrigeration system. The supercritical CO2 
is a sensible heat source of the MED system [6]. Since CO2 
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still has proper enough temperature (about 55–70°C) with 
the remarkable energy, it could be applied into the Booster 
module. Moreover, the other model is shown in Fig. 2, in 
which there are five water pre-heaters. The refrigerant 
leaves the MED’s first stage, enters into the pre-heaters and 
rises up the sea water temperature and then comes into the 
gas cooler and passes through the rest of the refrigeration 
cycle. It should be mentioned that in this model, the applied 
equipment and length of piping are more than the boosted 
model, so there would be more losses and pressure drop 
associated with this model [7].

2.2. Modeling and assumptions

To simplify the thermodynamic analysis, the following 
assumptions are made regarding the two combined models: 

Both two combined systems are operating at steady 
state condition.

•	 The environmental dead states of the system are chosen 
as the ambient temperature of 35°C, one atmospheric 
pressure, and the salinity of 46,500 ppm for seawater.

•	 The produced distillated water is assumed to be com-
pletely pure (w = 0 kg/kg) and the salinity of rejected 
brine is 70,000 ppm [17].

•	 The distillated water of each effect is a saturated liquid 
(x = 0).

•	 Minimum temperature differential (∆T) between the 
following effects of MED is about 3°C [7, 8].

•	 The specific auxiliary power required in MED system 
assumed to be 1.2 kW per m3 of produced fresh water [18].

•	 The gas-cooler temperature (T5) is assumed 5°C higher 
than the ambient temperature.

•	 The isentropic efficiency of the carbon dioxide compres-
sor is determined by the following equation [19]. 

ηisen
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where PR is the pressure ratio
•	 The cooling demand of CO2 refrigeration system is typ-

ically 200 kW.
•	 The electrical and mechanical efficiencies of the com-

pressor are 90% and 85% respectively, and the pump 
efficiency in MED assumes to be 85%.

Fig. 1. Schematic diagram of the combined Boosted-MED system with transcritical carbon dioxide refrigeration system.

Fig. 1. Schematic diagram of the combined Boosted-MED system with transcritical carbon dioxide refrigeration system.
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2.3. Thermodynamic analysis

The energy equations of transcritical CO2 refrigera-
tion and Boosted-MED are found in the literature [6] and 
for MED-PH, the detailed correlations are brought in the 
following section. As well as, the energy efficiency, the 
amount of desalinated water and COP of the refrigera-
tion system are estimated through the energy analysis. 
The equations of thermodynamic analysis can be summa-
rized into the conservation of mass, energy and exergy. 
The overall mass and energy balance equations for steady 
state conditions are:

 m minin out out∑ ∑− = 0  (2)

 

 Q W m h m h
outin

− = ×( ) − ×( )∑∑  (3)

The salinity balance equations for the first effect and 
effect are given by Eqs. (4) and (5), respectively.

w m w m Dsw f Br f⋅ = ⋅ −( ) 

1 1 1 1,  (4)

w m w m w msw f Br i Br i Br i Br i⋅ + ⋅ = ⋅−( ) −( ) ( ) ( )  

1 1 1  (5)

where w, Br and D1 are salinity, brine stream and distilled 
water production rate in the first effect, respectively.

Since the pressure drop phenomenon in CO2 transcrit-
ical refrigeration affects the thermodynamic properties of 
CO2 in the refrigeration cycle, the pressure drop per length 
is calculated by following equation:

dp KPa m f
D

u
i

/ .( ) = ⋅ ⋅ ⋅ ⋅ ⋅0 001
1
2

1 2ρ  (6)

in which f, Di, ρ and u are fraction factor, tube inner diam-
eter (assumed to be 7.5 mm), density and velocity of bulk 
flow [20,21]. 

2.3.1. MED-PHs

The mass, salinity and energy balance equations for the 
first effect, effects 2 to n, condenser and pumps in MED-PHs 
are similar to Booted-MED.

2.3.1.1. Pre-heaters

At high heat source temperature, the effectiveness of 
pre-heaters are chosen which they reach the feed water to 
its corresponding boiling point. Correlation of energy bal-
ance for water pre-heaters is given by:



 Q m h h m cp T TPH co i in co i out co fi w f fi
= ⋅ −( ) = −( )( ) ( ) ′2 3 2 3 2, ,

 (7)

where Tf, is the outlet temperature of seawater, leaving from 
the corresponded pre-heater. The effectiveness of pre-heat-
ers determined by Eq. (8), [24].





Q
Q

PH

max

= ε  (8)

in which Qmax  can be obtained by Eqs. (9) and (10), [24].
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
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2.3.2. COP and recovery ratio (η)

The COP of the transcritical CO2 refrigeration system 
and the recovery ratio of MED are given by Eqs. (11) and 
(12), respectively.

COP
Q
W

eva

com

=




  (11)

η %( ) = ×
D
m

t

f


100   (12)

where Dt is the total fresh water production rate.

2.3. Exergy analysis methodology

Exergy is the maximum capacity of a system to do 
work, so the system reaches to the equilibrium with envi-
ronment from the initial state. Exergy analysis is used to 
achieve the thermodynamic behavior of system at the time 
of energy conversion. Second law efficiency is a very effec-
tive parameter to evaluate an actual thermodynamic perfor-
mance and processes [25–27]. In general, exergy is divided 
into two categories: maximum physical exergy, and chem-
ical exergy. Physical exergy is the maximum value of the 
work that a system can produce, and this occurs when the 
system reaches to the mechanical (pressure) and thermal 
equilibrium with its surroundings. In fact the temperature 
and pressure of the system reaches to the temperature and 
pressure of the environment (dead state), while the concen-
tration of the system does not change. On the other hand, 
chemical exergy is related to the concentration changes of 
a system from its initial value to the reference environment 
level in which the pressure and temperature remain con-
stant [26,27]. The general form of exergy balance equation 
for a steady state system is as follows [27].

1
0

−






× − × + × =∑∑ ∑T

Tj
Q W m e m e Ej cvj out Din
 

 

( ) ( )  (13)

where ED  the exergy destruction and e is the specific exergy 
rate which is calculated by Eq. (14), [26–29]. 

e h h T s s wi i ii
= −( ) − × −( ) + × −∑* * *( )0 0µ µ  (14)

 in which w and μ are mass fraction and chemical poten-
tial, respectively. These parameters can be calculated by 
correlations from references [26–32], which are presented 
in Appendixe A. Subscript i stands for the number of sub-
stance in the system. Superscript ‘0’ represents ambient con-
ditions (pressure, temperature and concentration), while 
superscript ‘*’ refers to ambient pressure and temperature 
and the initial concentration of the system conditions.
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The last section of Eq. (14) (chemical exergy) must be 
considered for the seawater. Ignoring it may lead to unreal-
istic and unreasonable results for the exergy variation with 
the concentration. Meanwhile, considering the fact that the 
carbon dioxide concentration does not change in the refrig-
eration cycle, the last term of Eq. (14) would be omitted in 
the exergy analysis of this cycle.

In second law efficiency explanation, the useful exergy 
output of the system must be correctly explained. In this 
study, the gained exergy is defined as the sum of the exergy 
of the cooling demand and the distilled produced water. As 
well as,the supplied exergy is the total power consumption 
of the system plus the exergy of the seawater entering the 
control volume. Therefore, in this combined system the sec-
ond law efficiency is defined as follows:
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where exergy destruction ( ED
) represents lost available 

work due to irreversibility within the system and discard-
ing streams to the environment that carry exergy [27,28]. 
The supplied exergy in single generation systems is deter-
mined by:

 

 

 E W m m e W Esupply single elec f cw sw pumps in MED, ,= + +( ) ×



 + + −−( )Eout MED,  (18) 

ηex = max  (19)

Here, to solve the present optimization problem, the 
Genetic Algorithm (GA) is used. GA is an efficient search 
technique employed in computing to find exact or approxi-
mate solutions to optimization. In GA, an applicant solution 
to a problem is called a chromosome, and the evolutionary 
viability of each chromosome is determined by a fitness 
function. This method is a powerful optimization tool for 
nonlinear problems [25]. In this case-study to discover the 
efficient operating condition in the dual-generation system 
in which adequate fresh water production and high per-
formance of refrigeration cycle occur simultaneously, the 
second law efficiency has been maximized. The parameters 
applied in GA for optimization of the system is presented 
in Table 1. The decision variables; evaporator temperature 

(Teva), ambient temperature (Tamb), compressor output pres-
sure (Pcomb) and MED’s first effect temperature (TBT) in out-
put parameters is presented at following.

2.4. Simulation tool

Due to the complexity of the system analysis, that 
includes several control flows and volumes, EES [39] soft-
ware has been used to solve the equations. The simulation is 
carried out according to the specified thermodynamic prop-
erties for different working fluids (CO2 in refrigeration sys-
tem; brine, steam and pure water in MED). Although most 
of the current models uses an iterative common method in a 
sequential numerical package such as MATLAB, a benefit of 
using an equation solver (EES) is that the programmer does 
not need to develop algorithms for solution convergence. 
The governing equations in equation solver are inputted, 
and then the solver recognizes and classifies the equations 
that should be solved for the system iteratively.

2.5. Solution verification

The simulated model was validated with those found 
in the relevant literature [6], from the energy aspect at the 
same operating conditions. For the exergy view point, the 
supercritical CO2 refrigeration is verified with Shariatzade 
et al. [14]. Fig. 4 shows the change of second law efficiency 
graph of the current work and the one presented by [14]. It 
indicates that there is a good agreement between the results 
acquired from the present simulation and those reported in 
literature, with a maximum diversity of 3.8%.

3. Results and discussion

Since the main parameters such as evaporator tempera-
ture (Teva), ambient temperature (Tamb), compressor output 
pressure (Pcomb) and MED’s first effect temperature (TBT) have 
the most effects on the system performance, these parameters 
have been investigated in this research. Effects of these param-
eters on COP and recovery ratio (η (%)), have been studied by 
energy analysis. Moreover, in a more detailed analysis and in 

Fig. 3. Comparison of the exergy efficiency vs. evaporator tem-
perature of the present simulation with those reported by Jon-
eydishariatzadeh [14]. (Tamb = 40°C, Pcom = 10270 KPa).

Table 1
Setting parameters in GA algorithm

Number of population
Crossover percentage
Mutation percentage
Number of generation
Mutation rate

800
0.9
0.3
1400
0.02
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order to determine the amount of irreversiblities, exergy anal-
ysis has been performed. Exergy analysis reveals the quality of 
energy consumption, the amount of exergy loss in each com-
ponent of system and the changes of second law efficiency in 
different working conditions. In addition, a comparison of two 
different models of water desalination systems; MED-PHs and 
Boosted-MED has been conducted.

3.1. Effect of evaporator temperature (Teva)

Fig. 4 shows the changes of COP and recovery ratio (η) 
against the evaporator temperature. For a specific amount of 
cooling capacity ( Q kWeva = 200 ) with a reduction in the evap-
orator temperature, the compressor power consumption will 
increase. Therefore, the COP of refrigeration system reduces 
which results in the increment of heat loss from the refriger-
ation system. On the other hand, as a part of this heat loss is 
recovered by the MED system, the more fresh water would 
be produced and consequently the recovery ratio increases. 
Since the salt deposition in evaporator pipes causes adverse 
effect on the heat transfer process, the concentration of brine 
from the desalination system should not exceed of a specific 
value. So, the feed flow rate should be increased along with 
the reduction of evaporator temperature at the same time. At 
the lower evaporator temperatures (–40°C to –15°C), the both 
MED models (Boosted and PHs) produce almost the same 
amount of fresh water. With an increase in the evaporator 
temperature (lower heat source temperature for MED), the 
PHs is considerably less effective than the Boosted model. 
This is mainly due to the incapable of pre-heaters to increase 
the feed seawater temperature to their relative effects. As this 
constraint does not apply to the Booster module, a superior 
usage of the low-grade heat can be extracted at low tempera-
tures, causing an increase in the distillated water production.

Considering Fig. 4 reveals the insufficiency of the 
energy study in multi-generation system analysis, in 
which the changes of COP and recovery ratio are in a 
contrary way. So, in order to have a better insight of the 
system overall performance, a parameter should be used 
to include both the effects of the cooling demand and the 
fresh water. This parameter is the second law efficiency 
and Fig. 5 shows the change of second law efficiency in 
the combined system with respect to the changes in the 

evaporator temperature. According to Eqs. (15) and (16), 
many parameters, such as the reference temperature 
(T0), the cooling capacity (Teva), the amount of fresh water 
production and the compressor power consumption are 
associated with the definition of exergy efficiency. At the 
constant cooling capacity and reference temperature, the 
increase in the evaporator temperature results in a decrease 
in the fresh water production rate, as well as compressor 
the power consumption. So, there is an optimum evapora-
tor temperature (about –10°C) at which the both subsys-
tems have their optimum performance and consequently 
the exergy efficiency is maximum.

With an increase in the evaporator temperature, the 
second law efficiency of the combined system increases in 
most of the temperature range. The single generation sys-
tem in this study is defined as the systems which include a 
CO2 refrigeration system with 200 kW cooling capacity and 
an MED system consumes methane to produces the same 
amount of fresh water. As can be seen, the exergy efficiency 
of the CO2 refrigeration-MED (both PHs and Booster mod-
ule) is considerably higher than that of a single generation 
system. It is because that the exergy lost in the single gen-
eration systems that it is recovered to a large extent in the 
combined system. It is observed in Fig. 5 that for the boosted 
model, the second law efficiency enhances from 0.034 to 
0.17 in single generation and dual generation, respectively 
at the optimum evaporator temperature (–10°C).

3.2. Effect of ambient temperature (Tamb) 

Fig. 6 presents the graphs of COP and recovery ratio 
against the ambient temperature. Fig. 8 indicates that 
at the high enough evaporator temperature (–2°C), the 
fresh water flow rate increases and the COP of the system 
decreases with an increase in the ambient temperature. In 
addition, when the ambient temperature raises, the perfor-
mance of Boosted system would be better and it can pro-
duce more fresh water than MED-PHs. Fig. 7 shows the 
changes of the second law efficiency versus the changes 
of the ambient temperature. With the increase of ambient 
temperature, both the numerator and denominator of Eq. 
(15) increase with different rates and the parabolic graphs 

Fig. 4. Effect of the evaporator temperature on COP and Recov-
ery ratio (η (%)). (Tamb = 35°C, Pcom = 10570 kPa).

Fig. 5. Effect of the evaporator temperature on the second law 
efficiency at different MED configurations. (Tamb = 35°C, Pcom 
= 10570 KPa).
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for the exergy efficiency has been created. Furthermore, the 
maximum point happens at about the optimum operating 
point of the system, and then there is a slight drop in exergy 
efficiency. Therefore, at the optimum ambient temperature 
(34°C) the exergy efficiency has its highest value. As can be 

seen in Fig. 7, the exergy efficiency of MED-PHs is close to 
the boosted type, but due to use of pre-heaters before each 
stage, the amount of equipment and pressure drop in this 
system increase [7]. According to Fig. 7 for the combined 
Boosted and PHs systems, the exergy efficiency at the opti-
mum ambient temperature (34°C) reaches the value of 0.171 
and 0.17, respectively.

3.3. Effect of compressor output pressure (Pcom)

Fig. 8 represents the effect of compressor’s output pres-
sure on COP and recovery ratio. Fig. 8 reveals that at Teva = 
–2°C and Tamb = 35°C, the optimum output pressure would 
be around 10,000 kPa. At this point, the compressor’s power 
consumption is the least, which means that the highest 
COP is achieved. In order to produce a constant amount 
of refrigeration, with an increase in output pressure after 
the optimum point (highest COP), a tangible reduction of 
the CO2 refrigerant flow rate happens. Consequently, the 
heat rejection to the environment reduces which means that 
the less heat would be available for the MED system. So, at 
the optimal output pressure of compressor, the system has 
the highest COP as well as the lowest amount of produced 
fresh water. Fig. 9 shows the effect of the compressor’s out-
let pressure on the second law efficiency of all the exam-
ined systems. As mentioned before, the compressor power 
consumption at its optimum pressure is the minimum. So, 
according to Eqs. (15) and (16), the second law efficiency at 
this point reaches its maximum. According to Fig. 8, after 
the optimum pressure point, COP reduces slightly but fresh 
water production increases sharply. Considering these two 
effects, the second law efficiency has no significant reduc-
tion after the optimum pressure point.

3.4. Exergy destruction

In order to have a better insight of the system, the exergy 
loss and its variations at different operating conditions have 
been studied for the following components (see Fig. 10).

•	 GAC1, is the gas cooler of the refrigeration system in 
single generation system.

Fig. 6. Effect of the ambient temperature on COP and recovery 
ratio (η (%)). (Teva = –2°C, Pcom = 10570 kPa). Fig. 9. Effect of the compressor outlet pressure on the second law 

efficiency. (Teva = –2°C, Tamb = 35°C)

Fig. 7. Effect of the ambient temperature on second law efficien-
cy. (Teva  = –2°C, Pcom = 10570 kPa).

Fig. 8. Effect of the compressor outlet pressure on the COP and 
recovery ratio (η (%)). (Teva = –2°C, Tamb = 35°C).
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•	 Substituted part which is the replaced system for GAC1, 
including first effect, booster module and gas cooler of 
the combined system (GAC2).

It should be noted that, since MED-Boosted has a better 
performance in combination with the sensible heat source, 
Figs. 11–13 are presented for this model. Figs. 11, 12 and 13 
show the exergy destruction changes of GAC1 in the single 
refrigeration system and its replaced set (substituted part) 
against the evaporator temperature, ambient temperature 
and compressor outlet pressure, respectively. As can be 
seen in all three figures, the exergy destruction in GAC1 
is far more than that of GAC2, even more than that of the 
whole replaced system (substituted part).

The reduction of evaporator temperature, as well as the 
increase of ambient temperature result in an increase of the 
CO2 refrigerant temperature entering the MED’s first effect. 
At the same time, the temperature of the refrigerant leav-
ing the first effect does not considerably change. Although 
more fresh water is produced, but the difference between 
the exergy containment of the inlet and outlet streams of 
the MED’s first effect increase. Therefore, the more exergy 
would be destructed in the first stage of the system. The 
same results can be found out when the compressor outlet 
pressure increases after its optimum value. As mentioned 
before, there is no considerable change in the refrigerant 
temperature entering the booster stage. On the other hand, 
the temperature of the refrigerant leaving the booster mod-
ule does not undergo the significant changes either. There-
fore, a major variation in lost exergy of this component 
cannot be seen through the changes of operating condi-
tions. Moreover, the reduction of input temperature of CO2 
refrigeration to GAC2 results in a decrease in the destroyed 
exergy.

Tables 2 and 3 show the energy consumption, total 
exergy destruction rate and second law efficiency in differ-
ent examined systems. The pinch point consideration is also 
an important study that should be taken into account for 
the steam generator heat exchanger designs. Pinch analysis 
for integration process are applied to maximize the process 
of heat recovery. For the heat exchanger design, the pinch 

Fig. 10. Schematic diagram of the gas cooler of the CO2 refrigeration (GAC1) in single generation and replaced parts included first 
effect, booster module and GAC2 in dual generation (substituted part).

Fig. 11. Exergy destruction of the gas-cooler (single generation 
system) and its replacements (combined Boosted-MED system) at 
different evaporator temperatures. (Tamb = 35°C, Pcom = 10570 KPa).

Fig. 12. Exergy destruction of the gas-cooler (single generation 
system) and its replacements (combined Boosted-MED system) 
at different ambient temperatures. (Teva = –2°C, Pcom = 10570 KPa).
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point in the temperature profile of the evaporator has to be 
taking into account as the smallest temperature different 
between the heating medium and the partially evaporating 
feed. As it is shown in Fig. 17, the pinch point temperature 
(TH,PP) is then used as a variable boundary condition to 
restrict the top brine temperature and the vapor tempera-
ture of the first effect and ∆Thex is the lowest temperature dif-
ferent allowed at this location across each heat exchanger. It 
can be seen that the combined system; Boosted-MED-CO2 
Refrigeration, reduces the energy consumption of the sys-
tem by 44% and decreases the total exergy destruction rate 
by 30.45%, compared the single generation system. The 
same parameters for the MED-PHs-CO2 Refrigeration sys-

tem are 40% and 25.14% respectively. According to Table 3, 
by integrating these two single generation systems, the 
second law efficiency enhances from 3.14% to 16.33% and 
2.92% to 16.24% in boosted and pHs models respectively. 

3.5. The influence of TBT

In addition to the evaporator temperature, ambient 
temperature and compressor outlet pressure, which play 
key roles in the system behavior, the top brine tempera-
ture (TBT) is also one of the influential parameters. Con-
ventional MEDs are commonly optimized for being steam 
driven. Sensible heat sources in contrast require specific 
approaches to reveal their potential. As mentioned before, 
in a MED with sensible heat sources, TBT is compelled by 
the gradient of temperature drop in order to extract energy, 
rather than heat source input temperature.

Fig. 15 shows the changes of the exergy destruction 
in the first stage, booster, and gas cooler of the system in 
terms of TBT. Under constant temperature of CO2 refrig-
erant entering to the first effect, by reducing the TBT, as 
the temperature differential between the effects drops 
down until the allowable value, the refrigerant outlet 
temperature reduces. Therefore, more fresh water would 
be produced and the difference between the exergy of the 
inlet and outlet streams increases. So, the exergy destruc-
tion of the first stage and consequently, the booster stage, 
increase. On the other hand, because of the reduction 
in the refrigerant temperature entering the gas cooler, 
the exergy dissipation in this component considerably 
reduces. So in general, the exergy dissipation of the 
whole replaced system reduces.

Fig. 16 shows the effect of TBT on the second law effi-
ciency and the recovery ratio for both of the proposed com-
bined systems, under the same inlet conditions. As stated 
before, reducing TBT leads to an increase in the fresh water 
flow rate and a decrease in the dissipated exergy at the 
replaced system. So, in contrast to the other parameters 
in which the exergy efficiency is maximum at a specific 
parameter value, in the case of TBT, the second law effi-
ciency increases consistently.

3.6. CO2 emission

In conventional MED system which uses boiler to pro-
vide hot steam as latent heat source, the significant quan-
tity of CO2 will be established. The detailed components of 
boiler is depicted in Fig. 14. The combustion equation for 
the methane natural gas and the CO2 emission are deter-
mined by the following equations [23,34]:

λCH N CO H O

y N y O y CO yN O CO H

4 2 2 2

2 2 2

0 756 0 000345 0 0303

2 2 2 2

+ + +
→ + + +

. . .

OOH O2

 (20)

λst
fuel

oxidant

m

m
=

 (21)

m nfu = 16 043.
 (22)

m nco2 44 01= .  (23)

Fig. 13. Exergy destruction of the gas-cooler (single generation 
system) and its replacements (combined Boosted-MED system) 
at different compressor outlet pressures. (Teva = –2°C, Tamb = 35°C).

Table 2
Comparison of the energy consumption and total exergy 
destruction for different systems (Teva = –2°C, Tamb = 35°C, Pcom 

= 10570 kPa)

System Energy 
Consuming 
(kW)

Exergy 
destruction 
(kW)

CO2-refrigeration 153.7 130.76
MED-boosted (RR = 28.8%) 120 44.362
MED-pHs (RR = 25.6%) 105 44.36
CO2 Ref + MED- boosted 
(RR = 28.8%)

153.7 37.57

CO2 Ref + MED- pHs (RR 
= 25.6%)

153.7 126.01

Table 3
Second law efficiency for different configuration (Teva = –2°C, 
Tamb = 35°C, Pcom = 10570 kPa)

 Two generation system Single generation system

Boosted(RR = 28.8%) : 16.33
PHs(RR = 25.6%) : 16.24

Boosted(RR = 28.8%) : 3.14
PHs(RR = 28.8%): 2.92

Q kWeva = 200
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Where λ and n are the fuel–oxidant ratio definition 
for the stoichiometric condition and the number of meth-
ane mole in the chemical reaction. Some assumptions like 
the complete consumption, negligible pressure loss in the 
boiler and steady state condition is considered in methane/
air combustion. Since, the lower heating value of the meth-
ane is equal to 802.3 kJ/mol [34], according to Tables 2 and 
3, and by attending to Eqs. (19) and (20), the annual CO2 
emission of the conventional MED for RR = 28.8% and RR = 
25.6% are about 3403.84 and 2912.8 tons, respectively. So the 
combination of MED with transcriticalCO2refrigeration can 
reduces considerably the environmental negative impacts.

3 7. Sensitive analysis

A sensitivity analysis has been carried out in order to 
clarify the effect of some key parameters in the system 
responses. These responses are recovery ratio, COP and 
second law efficiency of the boosted-MED-CO2 refrigeration 
system. The key parameters are consisting of the evaporator 
temperature, ambient temperature, compressor outlet pres-
sure and TBT. From this analysis it would be possible to 
determine the effect of each parameter on the performance 
of the system.

By fitting a polynomial equation provided in Table 4, 
the connection between each response and parameter could 
be modeled to define the importance of the parameters’ 
effects on the system responses. Also, the appropriation of 
the fit of the models examined by the coefficient of multiple 
correlation (R2), which is presented in Table 4.

The derivation of the polynomial equation used to esti-
mate the slope of the polynomial equation is presented for 
each response (in Table 5). Since the values of the slope of 
the polynomial equations changes with the variation of the 
parameter’s values, by maximizing the derivative of the 
polynomial equation function in a parameter’s domain, 
the sensitivity of each response with regard to that param-
eter is expressed by the maximum slope of the polynomial 
equation. It should be noted that in Table 4, in order to have 
the precise fit of the models, the multiple correlation coeffi-
cients values are selected so near to one (about 0.99).

The sensitivity values for COP, recovery ratio and sec-
ond law efficiency, are shown in Figs. 18 a–c, respectively. 
According to Fig. 18a, for COP, the parameters of compres-
sor output pressure, the ambient temperature and evapo-
rating temperature are the lowermost effective parameters, 
respectively. The sensitivity values of the compressor output 
pressure and evaporating temperature are positive, which 
indicates that the influence of them on COP is additive. On 
the other hand, the negative value of the ambient tempera-
ture’s sensitivity, expresses the reductive effect on the COP.

With respect to Fig. 18b, the ambient temperature has 
the highest sensitivity value with additive effect on the 
recovery ratio, which shows the ambient temperature 
importance on the fresh water production rate. After that, 
the TBT has the highest and reductive effect on recovery 

Fig. 14. Exergy destruction rate for the essential parts of the 
combined Boosted-MED system versus TBT. (Teva = –2°C, Tamb = 
35°C, Pcom = 10570 KPa).

Fig. 15. Effect of TBT on the recovery ratio (η (%)) and second 
law efficiency for combined Boosted-MED and MED-PHs sys-
tems.  (Teva = –2°C, Tamb = 35°C, Pcom = 10570 KPa).

Fig. 17. Temperature profile of the Booster module and first effect 
of a MED vs. that of the sensible heat source in pinch analysis.

Fig. 16. Schematic diagram of a boiler.
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ratio. In Contrast to the COP, in which the compressor outlet 
pressure is the most influential parameter, for the recovery 
ratio it has the minimum sensitivity value with a reductive 
effect. Finally, according to Fig. 18c, the sensitivity value for 
the second law efficiency is shown. The compressor output 
pressure and TBT has the highest and lowest values of sen-
sitivity, with reductive and additive effects, respectively. So, 
it can be inferred that the compressor output pressure is 
the most important parameter in performance of the boost-
ed-MED-CO2 refrigeration system.

3.8. Using an expander in the presented combined system

Table 6 shows the exergy destruction of all components 
of the two combined systems in a given operating condition. 
Among the consecutive effects of MED, exergy destruction 
of the first effect and the booster module is more than the 
other effects. This is mainly because of the heat transfer 
process between the heat source and these two effects. The 
streams entering and leaving these heat exchangers contain 
considerable amounts of availability. So, the exergy destruc-
tion of first effect and booster module are more than other 
effects. As can be seen in Table 6, the maximum exergy 
destruction of the hybrid system happens in the compres-
sor and expansion valve (ex. valve). Theoretical and prac-
tical examinations, such as two-stage compression [12] and 
application of expander [13], have been conducted in order 
to reduce the compressor power consumption. Although 
two-stage compression method reduces the power con-
sumption of the compressor and improves the COP and 
second law efficiency (see Fig B.1), the amount of desali-
nated water reduces considerably because of the major 
reduction in the outlet temperatures of the compressors. On 

the other hand, according to Table 6, the exergy destruction 
of the ex. valve is also notable. Thus, the strategy of using 
an expander instead of the ex. valve in the combined sys-
tem can provide the following advantages. Expander can 
produce a part of the power required for the compressor. 
It has also less exergy destruction than the ex. valve. More-
over, it has no effect on the refrigerant temperature leaving 
the compressor, so the fresh water flow rate will not reduce. 
In addition, Table 7 provides a comparison between three 
methods:

Method 1: One-stage compression using ex. valve
Method 2: two-stage compression using ex. valve
Method 3: One-stage compression using expander

With respect to Table 7, method 3 has the highest COP 
and second law efficiency, but a slightly lower recovery ratio 
compared to method 1. Fig. 19 shows the lost exergy of the 
various components in these three methods. As shown in 
Table 5, the COP and second law efficiency increase 22.2% 

Table 4
Polynomial equations for responses; COP, recovery ratio and 
exergy efficiency with respects to operating parameters

Polynomial equations R2

COP P E P E P Pcom com com com( ) = − − − + −8 10 3 5 0 028 99 343 2. . . . . R2 = 0.986

COP T E T Teva eva eva( ) = − + +0 9 4 0 0521 1 84232. . . . . R2 = 0.997

COP T E T E Tamb amb amb( ) = − − − − +1 3 4 1 89 3 2 4232. . . . . R2 = 0.998

RR P E P E P Pcom com com com( ) = − − + − − +2 9 5 4 0 516 1805 13 2. . . . . R2 = 0.99

RR T E T E T Teva eva eva eva( ) = − − − − − +8 4 1 7 2 0 433 14 6573 2. . . . . . R2 = 0.998

RR T E T E Tamb amb amb( ) = − − − +2 66 3 1 731 2 30 7932. . . . . R2 = 0.995

RR TBT E TBT TBT( ) = − − − +1 74 3 1 507 110 412. . . . . R2 = 0.999

eta P E P E P Pexe com com com com( ) . . . . .= − − − + −7 11 2 6 0 023 8 243 2 R2 = 0.998

eta T E T E Texe eva eva eva( ) = − − − − +0 83 5 6 5 0 16392. . . . R2 = 0.998

eta T E T E T Texe amb amb amb amb( ) = − − + − − +1 5 0 6 3 0 91 0 1393 2. . . . . R2 = 0.995

eta TBT E TBT E TBTexe ( ) = − − + − −0 1 5 8 4 3 0 0682. . . . . R2 = 0.998

Table 5
Derivative functions of polynomial equation with sensitivity 
values

Derivative function of polynomial equations Sensitivity 
value

dCOP
dP

E P E P
com

com com= − − − +2 48 9 6 5 0 0282. . . . 0.0004

dCOP
dT

E T
eva

eva= − +1 8 4 0 0521. . . 0.00018

dCOP
dT

E
amb

= − − +2 6 4 0 0189. . –0.00026

dRR
dP

E P E P
com

com com= − − + − −6 9 1 3 0 5162. . . –0.00277

dRR
dT

E T E T
eva

eva eva= − − − − −2 4 3 3 4 2 0 4332. . . . . –0.0034

dRR
dT

E T E
amb

amb= − − −5 32 3 1 731 2. . . 0.00532

dRR
dTBT

E TBT= − − −3 48 3 1 507. . . –0.00348

d eta
dP

E P E Pexe

com
com com

( )
. .? . .= − − −2 1 10 4 6 0 0232

0.000041

d eta

dT
E T Eexe

eva
eva

( )
= − − − −0 166 4 6 5. . 0.0000166

d eta

dT
E T E Texe

amb
amb amb

( )
= − − + − −3 5 1 2 3 0 912 . . . –0.0000094

d eta

dTBT
E TBT Eexe( )

= − − + −0 2 5 8 4 3. . . –0.000002
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and 18%, respectively, and the recovery ratio decreases only 
2.8%, in method 3 compare to method 1. While, in method 
2, the COP and exergy efficiency increase 5.1% and 2.9% 
respectively, and the recovery ratio decreases 32.7% com-
pared to method 1.

It should be noted that in method 2, the first effect is 
considered as an inter-cooler, and the refrigerant leaves 
the second compressor with the same pressure of the sin-
gle-stage compression system. Then the hot refrigerant 
enters the booster module of MED system. Moreover, the 
intermediate pressure is optimized, so the refrigeration sys-
tem would reach the highest COP.

Fig. 18. Sensitivity values (×104) for the Boosted-MED-CO2Re-
frigeration system parameters: (a) recovery ratio (b) COP (c) 
second law efficiency.

Table 6
Exergy destruction for different components of the combined 
MED-Boosted and MED-PHs systems  (Teva = –2°C, Tamb = 35°C, 
Pcom = 10570 KPa)

MED Type

System components Boosted model Pre-heaters model

Evaporator 4.42 4.42
Compressor 70.62 70.62
GAC2 2.83 7.02
Ex. valve 27.52 27.56
Effect 1 5.7 5.17
Effect2 1.55 1.036
Effect 3 1.325 1.129
Effect 4 1.139 1.211
Effect 5 1.01 1.325
Effect 6 1.348 1.325
Booster module 2.9 –
Pre-heaters(n = 5) – 2.43
MED-condenser 3.95 2.24
Pumps 0.37 0.38
EDTotal 121.78 126.01
EDGAC stand-alone CO2 refrigeration(GAC1) = 28.2 kJ/kg

Tamb = 35°C, Pamb = 10352 KPa, S0 = 46.5 g/kg

Table 7
Comparison of COP, recovery ratio and second law efficiency in 
three methods

Parameter Method

1:1Com 
+Ex.V

2:2com 
+Ex.V

3:1Com 
+Exp 

COP 1.69 1.79 2.076
Recovery ratio (η) (%) 28.7 19.1 27.88
Second law efficiency 0.1638 0.1695 0.1932

Teva = –2°C, Tamb = 35°C, Pout comp = 10570 kPa

Fig. 19. Comparison of the exergy destruction in different parts 
for three methods.
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4. Conclusion

A combination of transcritical CO2 refrigeration system 
with two kinds of MED systems, Boosted-MED and MED-
PHs, are studied and compared based on energetic and exe-
getic analyzes. The effect of some key parameters has been 
investigated on system performance. The results suggest 
that by variation of the evaporator and ambient tempera-
ture, the COP and recovery ratio change in a contrary way. 
So, the second law efficiency has a maximum value for a 
specific evaporator and ambient temperature. Moreover, in 
order to propose the best state of the hybrid system, genetic 
algorithm optimization is used. The significant upgrade 
in the combined system performance is associated to the 
exergy efficiency which increases up to 400% compared to 
the stand-alone system. On the other hand, Boosted-MED 
is able to produce more fresh water (14%) compared to 
MED-PHs. Furthermore, the following concluding notes 
are extracted from this study.

By increasing the compressor outlet pressure after 
the optimum point (highest exergy efficieny), the COP 
and second law efficiency reduce a little; 5.8% and 0.9%, 
respectively, while, the recovery ratio increases up to 86%. 
Therefore, the operation of proposed system after to its 
optimum pressure value could be suggested. 

The decrease in the TBT results in an increase of the 
fresh water production, it increases the exergy destruc-
tion in first effect and Booster module, as well. But in gen-
eral, the exergy dissipation of the whole replaced system 
reduces. Consequently, the second law efficiency increases 
consistently. Therefore, reducing TBT to a minimum allow-
able point at which the booster module still is effective, can 
upgrade the system performances. 

The compressor and expansion valve are the most 
destructive components. So, by using the expander, in addi-
tion to enhances the second law efficiency (about 18%), 
there would be no effect on the compressor outlet tempera-
ture (in contrast to two-stage compression method). This 
causes that the fresh water production will not consider-
ably decrease. Thus, regardless of economic considerations, 
replacing ex. valve with expander is recommended. 

The sensitive analysis results showed that the compres-
sor outlet pressure has the highest value of sensitivity on the 
COP and exergy efficiency, which indicates that it is the most 
effective parameter. On the other hand, the ambient tempera-
ture has the highest additive effect on the recovery ratio.

Symbols

BPE — Boiling point elevation (°C)
COP — Coefficient of performance
Cp — Specific heat (kJ/kg/K)
D — Distillate production rate (kg/s)
dp — Pressure drop per length (Kpa/m)
e — Specific exergy (kJ/kg)
EES — Equation engineering solver
E  — Exergy rate (kW)
ED  — Exergy destruction rate (kW)
h — Specific enthalpy (kJ/kg)
hfg — Latent heat (kJ/kg)
m  — Mass flow rate (kg/s)

P — Pressure (KPa)
PH(s) — Pre-Heater (s)

Q  — Net heat transfer rate (kW)
RR — Recovery Ratio (η (%))
s — Specific entropy (kJ/kgK)
T — Temperature (°C)
TBT  — Top Brine Temperature (°C)
v — Specific volume (m3/kg)
W  — Net consumed power (kW)

w — Salinity (gr/kg)
x  — Vapor quality

Subscripts

0 — Reference state
amb — Ambient
B — Booster
CO2 — Carbon dioxide
com — Compressor
cw — Cooling water
cv — Controle volume
eva — Evaporator
elec — Electrical
Ex. value — Expansion valve 
Exp — Expander
f — Feed seawater
GAC — Gas-Cooler
i — Effect number
in — Inlet
m  — Mass flow rate (kg/s)

mec  — Mechanical
out — Outlet
Pcom — Compressor outlet pressure
Ref — Refrigeration
supply — Supplied to the system
sw — Seawater
vs — Vapor saturation
w — Water

Greek

ε  — Heat exchanger effectiveness 
η — Recovery ratio (%)
ηex — Second law efficiency (exergy efficiency)
ηmec — Mechanical efficiency
ηelec — Electrical efficiency
μ — Chemical potential
∆t —  Temperature differential over the effects (°C)
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Appendixes

Appendix A. Correlations for Thermodynamic proper-
ties calculation: 

A.1. Pure water enthalpy

The enthalpy of pure water states involving saturated 
water and saturated vapor can be calculated through Eqs. 
(A.1)–(A.15) [6] and [26,27].

A.1.1. The enthalpy of saturated water is calculated by  
Eq. (A.1) which is valid for 5 ≤ T ≤ 200°C [26–32]

h . . . T . T . Tw = + ⋅ − ⋅ + ⋅0 001 141 355 4202 070 0 535 0 0042 3.( )  (A.1)

A.1.2. The enthalpy of saturated vapor can be calculated by 
Eq. (A.2) [35]

h h hv w fg= +
 (A.2)

A.1.3. hfg is latent heat of evaporation calculated by (A.3) 
which is valid for 0 ≤ T ≤ 200°C [26–32]

h T Tfg = × − +

−

−0 001 2 0501 10 2 369 10 2 678 10

8 103 10

6 3 1 2

3

. ( . . . . . . . .

. . .TT T3 5 42 079 10− −. . . )
 (A.3)

A.2. Seawater

Correlations of seawater thermodynamic properties 
such as specific enthalpy, specific volume, specific entropy, 
and chemical potentials to be used in exergy analysis calcu-
lations are given.

A.2.1. Specific enthalpy

The enthalpy of seawater is calculated by (A.4), [26–32] 
which is valid for 0 ≤ ws ≤ 0.12 kg/kg and 10 ≤ T ≤ 120°C:

h h . w b b w b w b w b T b T

b T b

sw w s s s s= − ⋅ ⋅ + ⋅ + ⋅ + ⋅ + ⋅ + ⋅

+ ⋅ +

0 001 1 2 3
2

4
3

5 6
2

7
3

(

88 9
2

10
2⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅T w b w T b w Ts s s ) (A.4)

b . b . b . b . b1
4

2
5

3
6

4
7

52 348 10 3 152 10 2 803 10 1 446 10

7

= − ⋅ = ⋅ = ⋅ = − ⋅

=

, , , ,

.. b .826 10 4 417 103
6

1⋅ = − ⋅,

b . b .7
1

8
42 139 10 1 991 10= ⋅ = − ⋅− ,

b . b .9
4

10
12 778 10 9 728 10= ⋅ = ⋅,

A.2.2. Specific volume

In order to take into account the effect of pressure in 
estimate of seawater enthalpy, Eq. (A.5) can be used to cal-
culation the specific enthalpy of seawater at different pres-
sures:

h T P w h T P w P Psw s sw s( , , ) ( , , ) .( )= + −0 0ν  (A.5) 

where h T P wsw s( , , )  is the specific enthalpy of seawater at 
atmospheric pressure calculated from Eq. (A.4) and v is the 
specific volume of seawater calculated from Eq. (A.6).

ν ρ= 1/  (A.6)

ρ ρsw w sw a T a T a T a w T
s

= + ⋅ ⋅ + ⋅ + ⋅ + ⋅ ⋅( )
2 3

2

4

3

5

2  (A.7)

ρw . . T . T . T

.

= ⋅ + ⋅ − ⋅ ⋅ + ⋅ ⋅

−

− − −9 999 10 2 034 10 6 162 10 2 261 10

4 657

2 2 3 2 5 3

⋅⋅ ⋅−10 8 4T
 (A.8)

A.2.3. Specific entropy

The entropy of seawater is calculated by Eq. (A.9), 
(A.10), [26] which is valid for 0 ≤ ws ≤ 0.12 kg/kg 10 ≤ T ≤ 
120°C:

s s . w c w c w c w c T c T

c T c T

sw w s s s s= − ⋅ ⋅ ⋅ + ⋅ + ⋅ + ⋅ + ⋅

+ ⋅ + ⋅

0 001 2 3
2
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3

5 6
2

7
3

8

(

⋅⋅ + ⋅ ⋅ + ⋅ ⋅w c w T c w Ts s s9
2

10
2 )

 (A.9)

s . . . T . T

. T .

w = ⋅ + ⋅ − ⋅ ⋅

+ ⋅ ⋅ −

−

−

0 001 0 1543 15 383 2 996 10
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2 2

5 3

(

00 10 7 4⋅ ⋅− T )
 (A.10)

c . c . c .1
2

2
4

3
44 23 10 1 463 10 9 880 10= − ⋅ = ⋅ = − ⋅, ,

c . c .4
5

5
13 095 10 2 56 10= ⋅ = ⋅,

A.2.4. Chemical potential

The chemical potentials of water in seawater and salts 
in seawater are resolute by differentiating the total Gibbs 
energy function with respect to the composition:

µ
δ
δs sw s

sw

s

g w
g

w
= + − ⋅( )1  (A.11)

µ
δ
δw sw s

sw

s

g w
g

w
= − ⋅( )  (A.12)

where µs and µs are chemical potential of salts and water in 
seawater, and gsw is the specific Gibbs energy of seawater 
calculated by Eq. (A.13).

g h T . ssw sw, p sw= − + ⋅( )0 273 15  (A.13)

where hsw,p, and ssw can be resoluted by Eqs. (A.5) and (A.9), 
respectively.

The differentiation of the specific Gibbs energy with 
respect to seawater salinity is determined by Eq. (A.14) [26]:

δ
δ

δ
δ

δ
δ

g

w

h

w
T .

s

w
sw

s

sw

s

sw

s

= − + ⋅( )0 273 15  (A.14)

where δ
δ
h

w
sw

s

 and δ
δ
s

w
sw

s

 can be resoluted by differentiating the 

specific enthalpy and entropy of seawater with respect to 

sweater concentration as follows:
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 (A.16)

where a and b are acquired from Eqs. (A.8) and (A.8), 
respectively.

Appendix B. BPE in MED

The raise in the boiling temperature at a given pressure 
due to dissolved salts in the water is called the boiling point 
elevation (BPE). The following formula is used to calculate 
the BPE , [22,36].

BPE AX BX CX= + +2 3  (B.1)

A T T

B

= × + × × + × ×

= − × + ×

− − −

−

8 325 10 1 883 10 4 02 10

7 625 10 9 02

2 4 6 2

4

. . .

. .

,

110 5 2 10

1 522 10 3 10 3 10

5 7 2

4 6 8 2

− −

− − −

× − × ×

= × − × × − × ×

T T

C T T

.

.

,

Fig B.1. T-S diagram of two improved methods; two-stage com-
pression with ex. valve and one compression with expander.


