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a b s t r a c t
Multi-generation system driven by alternative energies provides a promising solution for meeting 
the challenges of energy and fresh water with the rapid development of economy. In this paper, 
an innovative combined cooling, desalination and power (CCDP) cycle is proposed, which inte-
grates multi-effect distillation (MED) and ejector refrigeration cycle with organic Rankine cycle. 
The surface warm seawater further heated by the solar energy and the deep cold seawater are 
taken as the heating and cooling sources, respectively. Mathematical model of the combined cycle 
is developed to evaluate the thermodynamic and economic performances. The effects of genera-
tion temperature, condensing temperature and evaporating temperature are investigated, and com-
parative analysis of five working fluids is conducted as well. The results indicate that the CCDP 
system with lower condensing temperature and generation temperature is conducive to obtaining 
higher exergy efficiency ηex, but leads to the increase of total cost rate (TCR). Furthermore, for the 
trade-off between thermodynamic and economic performances, a multi-objective optimization is 
conducted in terms of ηex and TCR as objective functions. The Pareto optimal solutions (POS) for 
the five working fluids are determined based on a fast and elitist non-dominated sorting genetic 
algorithm (NSGA-II) and decision-making technique. According to the results of POS, R601 has the 
best performance with 6.51 × 104 $/y of TCR and 31.62% of exergy efficiency, followed by R245fa, 
R600a, R236ea and R152a. The percentage of initial investment and the distribution of exergy 
flow for the POS of R601 are obtained as well.

Keywords:  Combined cooling; Desalination and power system; Organic Rankine cycle; Multi-effect 
distillation; Ejector refrigeration; Ocean thermal energy; Multi-objective optimization

1. Introduction

With the population explosion and the rapid develop-
ment of economy, energy and fresh water have become the 
two greatest challenges of the 21st century [1]. Seawater 
desalination has been proved to be an effective means to 
alleviate the shortage of fresh water resources. It is of great 
practical significance for the coastal regions to make full 

use of the geographical advantage to develop desalination 
industry. Currently, the available desalination technologies 
are mainly categorized into thermal (phase change) and 
membrane (non-phase change) processes. However, as an 
energy-intensive industry, the high energy consumption of 
desalination has become the main bottleneck restricting its 
promotion and application. The specific energy consump-
tion of thermal desalination, such as multi-stage flash (MSF)  
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and multi-effect distillation (MED), is up to 20–27 and 
14–21 kWh/m3[2], respectively. Even the most widely used 
membrane process, namely reverse osmosis (RO), has a spe-
cific energy consumption of 3–4 kWh/m3 [3]. Meanwhile, as 
the environmental problem is worsening due to the use of 
fossil fuel, the low-grade waste heat and alternative energy 
have been paid more and more attentions for improving 
the energy utilization efficiency and reducing pollution. 
Therefore, the process integration with desalination for 
energy saving and environment friendly has a promising 
development prospect [2].

The thermal desalination processes, such as MSF, MED, 
humidification and dehumidification (HDH) [4] and spray 
flash evaporation [5,6], usually have lower operating tem-
perature and thus are attractive in the field of low-grade 
thermal energy utilization. Various configurations of sys-
tem integration have been emerging, and the correspond-
ing researches have been focusing on the performance study 
and parametric analysis of the novel system. Chen et al. [7] 
performed a thermodynamic analysis on the multi-stage 
spray flash desalination system, and the result found that 
the energetic efficiency can be promoted at higher numbers 
of operating stages. Moreover, Chen et al. [8] also integrated 
the ejector with the multi-stage spray-assisted desalination 
system in order to match the high-temperature heat source, 
and the production ratio was found to be greatly improved 
by 35%. Al-Weshahi et al. [9] developed a combined desali-
nation and power system, where the generated vapor in 
each stage of MSF is extracted as the heat source of organic 
Rankine cycle (ORC). The results indicated that higher evap-
orating temperature and lower cooling water temperature 
are beneficial for getting higher exergy efficiency. Baccioli et 
al. [10] analyzed the thermal and economic performances of 
the cogeneration system integrating MED with ORC. Results 
showed that the second law efficiency can be improved espe-
cially at smaller scale of the distillate production, and the 
integration with ORC also cuts down the payback time in 
most cases. Aguilar-Jiménez et al. [11] investigated the ther-
mal performance of ORC-MED system driven by waste heat. 
The results showed that the system integration contributes to 
the improvement of energy efficiency and fresh water pro-
duction while only requiring a small increase in heat transfer 
area. Calise et al. [12] analyzed the economic performance of 
a combined cooling, heating and power (CCHP), and desali-
nation system under different time bases, which is driven 
by solar and geothermal energy. The subsystems of gener-
ation, refrigeration and desalination adopted ORC, absorp-
tion chiller and MED, respectively. The results indicated 
that the proposed system has high efficiency and flexibility, 
and the capital cost should deserve sufficient considerations 
for the optimization of design and operation. You et al. [13] 
also proposed a CCHP and desalination system with a gas 
turbine as the prime mover, which includes ORC, ejection 
refrigeration cycle (ERC) and MED. Performance analy-
sis revealed that the exergy and overall energy efficien-
cies of the proposed system can reach 41.26% and 46.70%, 
respectively. He et al. [14] investigated a novel HDH-ORC 
cycle where the extracted vapor from turbine is used to 
further heat the seawater from the dehumidifier. They 
found that the extraction ratio of turbine has the opposite 
impacts on the power output and fresh water production.

In addition, as one of the renewable energies, ocean 
thermal energy is a kind of solar energy collected in the 
form of the temperature difference between the deep cold 
seawater and the surface warm seawater. Due to the charac-
teristics of large reserves and stability, ocean thermal energy 
is expected to provide energy supply for low latitudes. 
Nowadays, the ocean thermal energy conversion (OTEC) 
cycle has been divided into three main types: open, closed 
and hybrid. However, due to the small available tempera-
ture difference, even the most efficient closed cycle has an 
energy efficiency of less than 5% [15]. For further improving 
the efficiency of energy utilization of OTEC, the previous 
studies have been carried out mainly focusing on the opti-
mal selection of working fluid [16], improvement of cycle 
configuration [17], enhancement of available temperature 
difference [18] and system integration based on the energy 
cascade principle [19]. Compared with the ORC-based 
OTEC system, the Kalina, Uehara and GUO HAI cycles have 
been proved to be more efficient taking the ammonia-water 
mixture as working fluid, but the cycle configurations are 
more complex and the corresponding investment cost gets 
higher. Moreover, the solar-assisted OTEC cycle shows the 
potential to improve the thermal efficiency by enhancing 
the temperature difference between the heat sources [20]. 
In addition to the improvement of OTEC itself, it is also 
an attractive way to establish a multi-generation system 
based on the process integration method. Both Yuan et al. 
[19] and Bian et al. [21] conducted performance analysis of 
the solar-assisted hybrid OTEC system based on the Kalina 
cycle and ERC. The results indicated that the proposed sys-
tems can obtain higher energy efficiency than the separate 
Kalina cycle.

It should be noted that for the multi-generation system, 
while the thermodynamic performance is greatly improved, 
the economic performance must be considered as well in 
order to evaluate the economic feasibility of the system. 
Therefore, the multi-objective optimization of multi-gen-
eration system is quite necessary for the trade-off between 
thermodynamic and economic performances. Ahmadi 
et al. [22] conducted the multi-objective optimization of 
exergy and exergoeconomic performances for a combined 
power, cooling, fresh water and hydrogen system based 
on solar-assisted OTEC technology. Alirahmi et al. [23] car-
ried out the multi-objective optimization of multi-genera-
tion system driven by geothermal and solar energy, which 
included an ORC cycle, a polymer electrolysis membrane 
electrolyzer, an absorption chiller, and an RO desalination 
unit. The objective functions were minimizing the total cost 
rate (TCR) and maximizing the exergy efficiency, and the 
non-dominated sorting genetic algorithm (NSGA-II) was 
adopted to obtain the Pareto optimal solution (POS) set. 
Rostamzadeh et al. [24] presented a comparative study of 
two combined cooling, heating and power (CCHP) sys-
tems, which took the ORC and Kalina cycle as the top cycle, 
respectively. The cooling and heating subsystems were ERC 
and vapor compression heat pump. The multi-objective 
optimization results indicated that the Kalina-based CCHP 
system has higher optimal thermal efficiency and total unit 
cost of product.

It can be found from the literature review that the 
multi-generation system driven by alternative energy provides 
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a promising solution for improving energy efficiency and 
reducing energy consumption of desalination and green-
house gas emissions. Therefore, facing the actual demand 
of remote islands at low latitudes, a novel combined cool-
ing, desalination and power (CCDP) system integrating 
ORC-based OTEC cycle with ERC and MED is proposed in 
this study, which has not been reported yet in the previous 
researches to the best of our knowledge. The contributions of 
the present study are identifying the effects of design param-
eters and various working fluids on the thermodynamic 
and economic performances of the proposed CCDP system, 
and conducting multi-objective optimization study based 
on NSGA-II for determining the optimal design solution. 
The rest of this paper is organized as follows:

• The configuration of the proposed CCDP system will 
be described in section 2.

• Thermodynamic, economic and optimization models 
adopted in this study will be provided in section 3.

• In section 4, parametric study will be carried out to 
investigate the effects of key design parameters on per-
formances of the proposed system with five working 
fluids. Furthermore, the multi-objective optimization 
in terms of the TCR and exergy efficiency will be con-
ducted, and the Pareto optimal frontier for five working 
fluids and the corresponding optimal design solutions 
will be determined.

• The conclusions will be drawn in section 5.

2. System description

Schematic diagram of the proposed CCDP system is 
illustrated in Fig. 1, and the corresponding T-s diagram 

using dry working fluid is plotted in Fig. 2. The CCDP cycle 
is composed of generator, turbine, MED, ejector, evapo-
rator, condenser, throttle valve, mixer and working fluid 
pumps. According to the previous research on the advan-
tageous effect of solar assisting [18], it is assumed that 
the surface warm seawater goes through a solar-assisted 
module before entering the generator, and its temperature 
is raised to T14 (state point 14). In the present work, the 
temperature and mass flow rate of surface warm seawater 
at state point 14 keep constant, and thus the control vol-
ume in the chain-dotted line is selected to investigate the 
effects of design parameters and various working fluids for 
simplifying the simulation. In the generator, the working 
fluid is heated by the warm seawater and then gets to the 
state of superheated vapor (state point 3). Whereafter, the 
superheated vapor expands in the turbine, and a portion 
of it (state point 12) is extracted to the condenser I, namely 
the first effect of MED. The remaining expands to the state 
point 4 and then enters the ejector as the motive steam. 
In the ejector, the lower pressure vapor from the evaporator 
(state point 9) is extracted and mixed with the motive steam. 
Afterwards, the discharged vapor of the ejector (state point 5) 
flows into the condenser II, where it is condensed by the 
deep cold seawater. A part of the condensate (state point 7) 
returns the evaporator via an expansion valve, and the rest 
(state point 10) is pumped to the mixer, where it is mixed 
with the working fluid from the condenser I (state point 13). 
Finally, the working fluid is delivered back to the generator.

As displayed in Fig. 3, the MED desalination system 
mainly comprises horizontal-tube falling-film evapora-
tors, flashing boxes of distillate and an end condenser. 
In addition, vacuum system is needed because the top 
brine temperature of MED is no more than 70°C. The 

Fig. 1. Schematic diagram of the CCDP cycle.
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seawater is first introduced to the end condenser for cool-
ing generated vapor of the last effect and then part of it is 
rejected as cooling seawater. The rest as the feed seawater 
is equally sprayed on the surface of heat transfer tube in 
each effect of evaporator, and then flows from the top row 
to the bottom. In the meantime, a small amount of vapor 
is formed from the feed seawater due to the heat supply 
from condensation of the steam inside the tube. After that, 
the generated vapor enters the tube pass of next effect for 
realizing the utilization of latent heat because of the pres-
sure difference between the adjacent effects. Moreover, the 
brine at the bottom of evaporator or the condensate inside 
the tube flows into the bottom of next effect or the corre-
sponding flashing box for heat recovery. Then the vapor 
formed by flashing will be combined with the vapor gener-
ated on the surface of heat transfer tube as the heat source 
of next effect. The process described above is repeated until 
the final evaporator. At the end, the distillate as product 
is collected and the cumulative brine is discharged. 

3. Mathematical modeling

Detailed thermodynamic and economic model of the 
proposed CCDP cycle is carried out in this section based on 
the assumptions and characteristics as follows:

• The proposed cycle runs under steady-state conditions.
• All liquids are incompressible.
• There are no pressure drop in pipes and heat losses to 

the environment, but the thermodynamic losses in MED 
are taken into account, including boiling point eleva-
tion and the pressure drops of vapor flowing between 
adjacent effects [25].

• There is no leakage of working fluid in the combined 
cycle. 

• The power consumption of seawater pumps and 
MED unit is considered.

3.1. Mass, energy and exergy balances

The balances of mass, salinity and energy of each com-
ponent in MED unit are given in Table 1 [26], and Table 2 
lists the thermodynamic equations for the other compo-
nents of the CCDP cycle. Wherein, m, x, Q, h, λ, W, η and 
μ denote mass flow rate, salinity, heat transfer rate, specific 
enthalpy, latent heat, power, efficiency, and the entrainment 
ratio, respectively. The subscripts of f, d, bf, df, b, c, cI, w1, 
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b’, d’, g, hs, cw, w, tur, cII, e and mix stand for feed seawa-
ter, generated vapor in the evaporator, vapor flashed off 
from the brine and the distillate, brine, vapor condensed, 
condenser I, extraction vapor, accumulated brine and dis-
tillate, generator, pre-heated warm seawater, deep cold 
seawater, working fluid in generator, turbine, condenser II, 
evaporator and mixer, respectively.

In Table 2, the mass flow rate of working fluid in gen-
erator mw can be obtained by Eqs. (24) and (25) based on 
the pinch point temperature difference. The T-H diagram 
of heat transfer process for generator is shown in Fig. 4. 

m
m h h

h hw=
hs hs,pinch

pinch

14

3

−( )
−( )

 (24)

T T Tghs,pinch = + ∆ min  (25)

The turbine outlet pressure p4 can be obtained by divid-
ing the generation pressure Pg by the expansion ratio β:

p
pg

4 = β
 (26)

The extraction ratio Ret is defined as the ratio of mass 
flow rate of the extracted and inlet working fluids of 
turbine as follows:

R
m
m
w

w
et

1=  (27)

The exergy destruction equations of main components 
of the CCDP cycle are listed in Table 3, where I stands for 
exergy destruction, and the exergy of each state point 
can be obtained by Eq. (28).

Table 1
Conservation equations for MED

Component Mass, salinity and energy balance equations No.

Condenser I  
 (the first effect)

mf,1 = md,1 + mb,1 (1)
mf,1xf,1 = mb,1xb,1 (2)
QcI = mw1 (h12 – h13) = mf,1 (hb,1 – hf,1) + md,1λd,1 (3)

The ith effect of  
 evaporator

mf,i = md,i + mb,i (4)
mf,ixf,i = mb,ixb,i (5)
md,i–1λd,i–1 + mdf,i–1λdf,i–1 + mbf,i–1λbf,i–1 = mf,i (hb,i – hf,i) + md,iλd,i (6)
mbf,iλbf,i = mb’,i–1 (hb,i–1 – hbf,i), i = 2,…,n (7)

Flashing box of distillate mdf,iλdf,i = md’,i–1 (hc,i–1 – hdf,i), i = 2,…,n (8)
Condenser md,nλd,n + mbf,nλbf,n + mdf,nλdf,n = m20 (h24 – h20) (9)

Table 2
Mass and energy balance equations applied to the other components of the CCDP cycle

Component Mass and energy balance equations No.

Generator mhs = m14 = m15, mw = m2 = m3 (10)
Qg = mhs (h14 – h15) = mw(h3 – h2) (11)

Turbine Wtur = mw (h3 – h12)ηtur + (mw – mw1)(h12 – h4)ηtur (12)
ηis,tur = (h3 – h12)/(h3 – h12,is) = (h12 – h4)/(h12 – h4,is) (13)

Ejector [27] m5 = m4 + m9 (14)
(1 + μ)h5 = h4 + μh9 (15)

µ η η η= −( ) −( ) −( ) −m m m h h h hw w n m d n n d m9 1 pf, 1 pf, 2,is mf, ,is mf,=/ / 1 (16)

Evaporator me = m8 = m9, m18 = m19 (17)
Qc = me (h9 – h8) = mcold (h19 – h18) (18)

Valve m7 = m8, h7 = h8 (19)
Condenser II m5 = m6, m16 = m17 (20)

QcII = m5 (h5 – h6) = mcw (h17 – h16) (21)
Mixer m1 = m11 + m13 (22)

Qmix = mwh1 = wm1h13 + (mw – mw1)h11 (23)
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E m h h T s s= −( ) − −( ) 0 00  (28)

3.2. Pumping power consumption

In the proposed system, power consumption of the 
pumps should be noticeable in order to predict the net power 
output more accurately.

Working fluid pumps:

W
m h h

p
w

I
2,is

is,pump pump

=
−( )

( )
1

η η
 (39)

W
m m h h

p
w w

II
1 11,is

is,pump pump

=
−( ) −( )
( )

10

η η
 (40)

where ηis,pump and ηpump represent the isentropic efficiency 
of working fluid pumps and the efficiency of pump motor, 
respectively.

Seawater pumps [16]:

W
m P

hs(cw)
hs(cw) hs(cw)

hs(cw) swp motor,swp

=
∆

( )ρ η η
 (41)

∆ =
( )

P
f L V

dhs(cw)
hs(cw) hs(cw) hs(cw) hs(cw)

hs(cw)

ρ 2

2
 (42)

where ΔP stands for the pressure drop of seawater pipelines 
and f is the friction factor [28]. ηmotor,swp and ηswp are the motor 
efficiency and seawater pumps efficiency. V, d and L stand 
for flow velocity, diameter and length of the seawater pipe-
line, respectively. The length of pipeline L can be determined 
by the relationship between depth and seawater tempera-
ture as shown in Fig. 5, where the data are obtained from 
Wu et al. [29]. According to the piping design specifications, 
the flow velocity V in the pipeline ranges from 1.0 to 2.0 m/s, 
and 1.0 m/s is chosen in this work to calculate the dhs(cw) [30]:

d
m

Vhs(cw)
hs(cw)

hs(cw)

=
( )
4

πρ
 (43)

where ρ is the density of seawater.
In this work, the power consumption of the pumps in 

MED unit, including intake seawater pump (Pump III), dis-
tillate extraction pump (Pump IV), brine blowdown pump 
(Pump V) and vacuum pump, is taken into account [31]:

W
P V P V P V P P Vc N

MED

pf pf pb pf pd pd 0 pv

pump,MED mot

=
+ + + −( )∆ ∆ ∆   

,

η η oor,MED

 (44)

Table 3
Exergy destruction of each component of CCDP system 

Component Exergy destruction equations No.

Generator Ig = T0 [mw (s3 – s2) + mhs (s16 – s15)] (29)
Turbine Itur = T0 [mw1 (s12 – s3) + (mw – mw1)(s4 – s3)] (30)
Ejector Ieje = T0 (mw – mw1)[(1 + μ) s5 – (s4 + μs9)] (31)
Evaporator Ie = T0 [me (s9 – s8) + m19 (s19 – s18)] (32)
Valve Iv = T0 (mw – mw1)μ (s8 – s7) (33)
Condenser II IcII = (mw – mw1)(1 + μ)[(h5 – h6) – T0 (s5 – s6)] (34)
Mixer Imix = T0 [mws1 – (mw1s13 + (mw – mw1)s11)] (35)
Pumps IpI = T0mw (s2 – s1) (36)

IpI = T0 (mw – mw1)(s11 – s10) (37)
MED IMED = mw1 [(h12 – h13) – T0(s12 – s13)] + E20 – EX,D – E21 – E23 (38)

Table 4
Equipment costs of the MED unit

Equipment Equation No.

Evaporators [34] Z Ai
i

N

evaporators = ×
=
∑240

1
(45)

Condenser [34] Zcondenser = 240 × A (46)

Distillate flashing box [35] Z Md i
i

n

flash ', 1
=2

= 40 745
0 3

,
.

× ( )−∑ (47)

Pumps of MED unit [35]
ZMED,pumps = 3,516 × (WMED)0.65, WMED ≤ 224 kW
ZMED,pumps = 50,000 + 234.5 × WMED, WMED > 224 kW

(48)
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where ΔP and V̇ are the pressure difference and volumet-
ric flow rate in pumps, respectively. ηpump,MED and ηmotor,MED 
stand for the pump and motor efficiencies. The subscripts 
of pf, pb, pd and pv denote intake seawater pump, brine 
blowdown pump, distillate extraction pump and vacuum 
pump, respectively. The value of ΔPpf, ΔPpb and ΔPpd is 
generally set as 150, 200 and 200 kPa in MED desalination 
plant [32]. The mass flowrate of the non-condensable gas 
in the desalination system is estimated as 1% of the vapor 
flowrate in the last effect [33].

3.3. Economic model

The cost equations of MED and other components of 
the proposed CCDP system are listed in Tables 4 and 5, 
respectively.

In the present work, plate heat exchanger is chosen 
for the generator, evaporator and condenser II, the heat 
transfer area A of which is calculated by the following 
equation:

A Q
U T

=
∆ ln

 (56)

where U stands for the overall heat transfer coefficient 
and ΔTln represents the logarithmic mean temperature 
difference. In addition, the horizontal-tube falling-film 
evaporator and shell-and-tube condenser are adopted in 
MED, the heat transfer coefficients of which are calculated 
according to our previous work [26]. 

Ż is the investment rate, which can be altered from 
the initial investment Z:

Z Z= CRFδ  (57)

δ with the value of 1.05 stands for the factor of the 
operating and maintenance costs [40]. CRF is the capital 
recovery factor, which is expressed as [41]:

CRF =
+( )

+( ) −

j j

j

n

n

1

1 1
 (58)

where j with the value of 0.062 stands for the discount 
rate [42]. n refers to plant lifetime of the proposed cycle, 
which is taken as 20 y [43].

3.4. Performance criteria

The system performances can be evaluated by the exergy 
efficiency ηex and total cost rate (TCR) from the thermody-
namic and economic points of view.

The exergy efficiency for the CCDP cycle can be 
expressed by:

ηex
, ,ref ,D

,in

=
+ +E E E
E

X w X X

X

 (59)

where the net power output EX,w can be obtained by the 
turbine output Wtur minus the power consumption of 
MED unit, working fluid pumps and seawater pumps.

E W W W W W WX x p p, tur I II hs cw MED= − − − − −  (60)

The refrigeration exergy EX,ref: 

E m h h T s sX e,ref 8 0 8= −( ) − −( ) 9 9  (61)

Table 5
Purchasing costs of the other major equipment for the CCDP system

Component Purchase cost function No.

Generator [36] logZgen = 4.6656 – 0.1557logA + 0.1547 × (log A)2 (49)
Turbine [37] logZtur = 2.6259 + 1.4398logW – 0.1776 × (log W)2 (50)

Ejector [38] Z m
T
p

peje = ×










−16 14 989 5
9

9

0 05

5
0 75.

.

. (51)

Evaporator [37] logZeva = 130 (A/0.093)0.78 (52)
Condenser II [36] logZcII = 4.6656 – 0.1557logA + 0.1547 × (logA)2 (53) 
Working fluid pumps [39] logZpump = 3.8696 + 0.3161logW + 0.122 × (logW)2 (54)
Seawater pumps [36] logZseawater pump = 3.3892 + 0.0536logW + 0.1538 × (logW)2 (55)
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The exergy of distillate EX,D [44]:

E D h h T s s EX D D D D, ,out 0 ,out
ch= −( ) − −( )



 +0 0  (62)

where ED
ch is the chemical exergy of fresh water.

The exergy input EX,in:

E m h h T s sX ,in hs 14 15 0 14= −( ) − −( ) 15  (63)

The ambient conditions are: T0 = 25°C, P0 = 101.3 kPa 
and x0 = 32 g/kg.

The TCR for the CCDP cycle is defined as [45]: 

TCR =∑ Zk  (64)

In addition, to further understand the influence of each 
decision variable on the three subsystems of ORC, ERC 
and MED, power efficiency ηnet, coefficient of performance 
(COP) and performance ratio (PR) are also selected as 
performance indicators, respectively.

The power efficiency ηnet is expressed as:

ηnet =
E
Q
X x

g

,  (65)

The COP for the refrigeration cycle is defined as follows:

COP
et 4 II

=
−( ) −( ) +

Q
m R h h W

e

w p1 10

 (66)

The PR of MED can be calculated as follows [46]:

PR
I

= ( )
D

Qc / ,2 330  (67)

3.5. Model validation

Based on the mathematical model, a corresponding 
simu lation program is compiled under the MATLAB 
platform and the thermodynamic properties of the work-
ing fluids are obtained by REFPROP 9.0, and the solving 
framework of which is shown in Fig. 6. The developed 
model for ORC-ERC subsystem and the seawater desali-
nation subsystem are validated separately with the data 
from the study by Dai et al. [47] and Bigham et al. [48], and 
the simulation results are shown in Tables 6 and 7, respec-
tively. The simulation results obtained by the currently 
used model show excellent accordance with the data in 
the references, where the maximum deviation is below 2.2%.

3.6. Optimization model

In the present article, the multi-objective optimization 
of CCDP cycle aims to maximize the exergy efficiency and 
minimize the total cost rate simultaneously, which can 
be described as follows:

Max
Min TCR

netη




 (68)

The design parameters, including generation tem-
perature Tg, condensing temperature TcI and TcII, and evap-
orating temperature Te, are taken as the decision variables, 
the boundaries of which are listed in Table 8.

Genetic algorithms (GA) are intelligent optimization 
algorithms based on Darwin’s natural selection law, which 
randomly searches for the optimal solution by simulating 
the natural evolution process. GA has been promoted and 
applied in many fields because of the characteristics of 
strong adaptability and good globalization. According to 
the number of objective functions, GA can be divided into 
two types: single-objective optimization and multi-objective 

Fig. 6. Solving framework of the CCDP cycle.
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optimization. For multi-objective optimization, as a result 
of the trade-off between objective functions, there is often 
no unique global optimal solution, but an optimal solu-
tion set called Pareto frontier set. Non-dominated sort-
ing genetic algorithm with an elite strategy (NSGA-II) 
has been proved one of the most effective multi-objective 
optimization algorithms, which can reduce the computa-
tional complexity of the algorithm and find better solutions 
than the other evolution strategies [49].

Based on the established mathematical model, NSGA-II 
is introduced to solve the multi-objective optimization 
problem of the proposed CCDP cycle, the algorithm 

flow chart of which is presented in Fig. 7. Accordingly, a 
MATLAB program based on NSGA-II is implemented for 
obtaining the Pareto frontier and the optimal solution set. 
The number of maximum generations is set as 100, using 
a search population size of 100 individuals. 

4. Results and discussion

In the present study, based on the critical temperature 
and pressure of working fluid, five working fluids with 
zero ozone depletion potential are selected and investi-
gated involving dry (R601, R600a and R236ea), wet (R152a) 
and isentropic (R245fa), which have different slopes of the 
saturated steam line as shown in Fig. 8. The properties 
of five working fluids are displayed in Table 9. 

In order to investigate the effects of main operating 
parameters on the thermal performance and introduce the 
multi-objective optimization, the operation conditions of 
CCDP are specified as shown in Tables 10 and 11. 

4.1. Parametric study

Effects of the generation temperature Tg (with the con-
stant expansion ratio of the turbine) on the performances 
of CCDP cycle are shown in Fig. 9. It can be seen from 
Fig. 9a that as the Tg increases, the net power output EX,w 
gets diminished for the five working fluids and the EX,w for 
R600a and R152a is higher than the other three. According 
to the properties of working fluids, the specific enthalpy 
difference (h3–h4) of expansion process in turbine for R152a 
decreases by 6.99% and that for the others almost remain 
the same (no more than 2%) with Tg varying from 90°C to 
102°C, based on a constant expansion ratio. Meanwhile, 

Table 6
Comparison between simulation results and data from the study by Dai et al. [47]

State Temperature (°C) Pressure (kPa) Dryness (–) Mass flow rate (kg/s)

Present Ref. Present Ref. Present Ref. Present Ref.
2 20.45 20.45 800 800 0 0 4.92 4.92 
3 140 140 800 800 1 1 4.92 4.92 
4 101.65 101.65 200 200 1 1 4.92 4.92 
5 92.08 92.08 75.60 75.60 1 1 5.31 5.31 
6 20 20 75.60 75.60 0 0 5.31 5.31 
7 20 20 75.60 75.60 0 0 0.39 0.39 
8 –10 –10 20.20 20.20 0.16 0.16 0.39 0.39 
9 –9.90 –10 20.20 20.20 1 1 0.39 0.39 
10 20 20 75.60 75.60 0 0 4.92 4.92 

Table 7
Comparison between simulation results and data from the study 
by Bigham et al. [48]

Parameter Unit Actual Present

Number of effects (–) 4 4
Distillate production (t/d) 1,536 1,536
Motive steam pressure (MPa) 1.68 1.68
Salinity of feed seawater (g/kg) N/A 32
Concentration ratio (–) N/A 1.42
Heat steam temperature (°C) 65 65
Evaporating temperature in 

the last effect
(°C) 45.7 45.7

Feed seawater temperature (°C) 45 45
Surface seawater temperature (°C) 29 29
Gained output ratio (–) 6.67 6.80
Specific heat transfer area (m2 s/kg) 216 220.6

Table 8
Decision variables and their boundaries

Decision variables Unit Lower bound Upper bound Base case

Generation temperature, Tg (°C) 90 102 100
Condensing temperature of condenser I, TcI (°C) 62 75 70
Evaporating temperature, Te (°C) –10 10 10
Condensing temperature of condenser II, TcII (°C) 20 36 30
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according to Eqs. (24) and (25), the rise of Tg leads to the 
decreasing mass flow rate mw of working fluid in generator. 
As a result, the EX,w decreases. At the same Tg, the latent heat 
of evaporation of R601 is the highest, followed by R600a, 
R152a, R245fa and R236ea. Correspondingly, the mass flow 
rate mw presents an opposite order. Furthermore, the larg-
est specific enthalpy difference (h3–h4) belongs to R600a, 
followed by R601, R152a, R245fa and R236ea. Because mw 
and (h3–h4) vary at different paces, the EX,w for the five work-
ing fluids show the tendency as described above. On the 
premise of constant pinch temperature difference of gen-
erator, the increase of Tg leads to a higher outlet tempera-
ture of warm seawater, and thus the heat transfer capacity 
Qg in generator decreases according to Eq. (11) (Fig. 9d). 
Differing from the trends for the other working fluids, 
the power efficiency ηnet for R600a and R152a descends 
because the decreasing rate in EX,w is greater than that of Qg.

As shown in Figs. 9b and c, the cooling capacity Qe and 
refrigeration exergy EX,ref of R601, R245fa and R236ea decrease 
with the increase of Tg, and the Qe and EX,ref of R600a and 
R245fa increase first and then decrease. The maximum Qe is 

Fig. 7. Algorithm flow chart of NSGA-II.
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about 605.25 and 776.85 kW obtained at Tg of 92°C for R600a 
and R245fa, respectively. Since the expansion ratio of turbine 
is set constant, the temperature T4 of turbine outlet, namely 
the temperature of motive steam for ejector, climbs with the 

rising Tg, resulting in an increase in entrainment ratio μ of ejec-
tor. This is why the Qe and EX,ref of R600a and R245fa increase 
at first. In the meantime, the extraction ratio Ret of turbine 
increases with the decreasing mass flow rate mw of working 
fluid, due to the constant distillate production D. Therefore, 
the mass flow rate (mw–mw1) of turbine outlet reduces, the 
decreasing rate of which is higher than the increasing rate of 
μ. As a result, both Qe and EX,ref go down at higher Tg because 
of less working fluid used to refrigerate. Moreover, COP also 
increases with Tg due to the increasing entrainment ratio.

Regarding to Fig. 9c, with the increase of Tg, the 
exergy efficiency ηex is decreased for all the working flu-
ids. The highest ηex belongs to R600a, which reaches 27.41% 
when Tg is 90°C, and as Tg goes up from 90°C to 102°C, 
it drops by 12.22%. The reason is that the decrement of 
EX,w and EX,ref is greater than that of total exergy input. 
For R600a and R152a, ηex decreases sharply than the other 

Table 9
Properties of working fluids for the CCDP cycle

Working  
fluids

Chemical  
formula

Critical  
temperature (°C)

Critical  
pressure (MPa)

Remark

R601 C5H12-1 196.50 3.36 Dry
R600a C4H10-2 134.65 3.63 Dry
R236ea C3H2F6 139.23 3.41 Dry
R152a C2H4F2 113.30 4.52 Wet
R245fa C3H3F5-D1 154.00 3.65 Isentropic

Table 10
Specifications of CCDP cycle

Parameter Unit Value

Mass flow rate of warm seawater, m14 (kg/s) 65
Inlet temperature of the warm seawater, T14 (°C) 120
Inlet temperature of the deep cold seawater, T16 (°C) 4.5
Outlet temperature of the deep cold seawater, T17 (°C) 13
Degree of supercooling in the condenser II, ΔTcon (°C) 1
Minimum temperature difference in generator, ΔTmin (°C) 5
Degree of superheat in the generator, ΔTgen (°C) 3
Expansion ratio of the turbine, β (–) 2.6
Degree of superheat in the evaporator, ΔTeva (°C) 1
Length of warm seawater pipeline, Lhw (m) 100
Length of deep cold seawater pipeline, Lcw (m) 1,000
Salinity of dead state, x0 (g/kg) 32
Environment pressure, P0 (MPa) 0.1
Environment temperature, T0 (°C)  
Overall heat transfer coefficient for the evaporator, Ueva (kW/m2 K) 4
Overall heat transfer coefficient for the generator, Ugen (kW/m2 K) 4
Overall heat transfer coefficient for the condenser II, Ucon (kW/m2 K) 2
Nozzle, mixing and diffuser efficiency of ejector, ηn, ηm, ηd (%) 95, 90, 88
Mechanical and isentropic efficiency of turbine, ηtur, ηtur,is (%) 96, 85
Isentropic and efficiency of working fluid pumps, ηpump,is, ηpump (%) 80, 78
Pump and motor efficiency of seawater pumps, ηswp, ηmotor,swp (%) 85, 95
Pump and motor efficiency for MED ηpump,MED, ηmotor,MED (%) 70, 90

Table 11
Specifications of MED

Parameter Unit Value

Salinity of feed seawater, xf (g/kg) 32
Evaporating temperature in the last effect, Td,N (°C) 40
Concentration ratio (–) 1.5
Number of effects, N (–) 5
Surface seawater temperature, T20 (°C) 25
Distillate production, D (t/d) 500
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working fluids, which is mainly caused by the more signifi-
cant decreasing rates of EX,w (Fig. 9a).

As described in Fig. 9d, it can be found that TCR 
decrease with Tg for all the five working fluids, and the 
TCR for R601 is the lowest. As Tg rises from 90°C to 102°C, 
TCR drops by 18.53%. With Tg increasing, the reduction of 
heat loads of generator, evaporator and condenser cuts 
down the required heat transfer areas, and less amounts 
of working fluids passing though the turbine and ejec-
tor bring about smaller device sizes. Therefore, the TCR 
goes down because of the decline of initial capital costs.

Effects of the condensing temperature of condenser I  
TcI, namely the temperature of heating steam for the first 
effect of MED, on the performances of CCDP cycle are illus-
trated in Fig. 10. As seen in Fig. 10a, PR of MED decreases 
with the increase of TcI. For MED unit, since the evapora-
tion temperature of last effect (the 5th effect) keeps con-
stant, all the evaporation temperatures of 1st to 4th effects 
increase with the increase of TcI, which leads to more heat 
consumption for preheating the feed seawater to the satu-
ration temperature. Meanwhile, according to the physical 
properties of saturated steam, with the increase of TcI, the 

latent heat of saturated steam decreases. As a result, both 
the mass flow rate of extracted vapor mw1 and the extraction 
ratio Ret increase. The mw1 for five working fluids are 
inversely related to the latent heat. 

As shown in Figs. 10b and c, it can be found that higher 
TcI leads to smaller net power output and lower cooling 
capacity, and R152a always has the highest EX,w and Qe 
among the five working fluids. As TcI increases from 
62°C to 75°C, EX,w and Qe of R152a decrease by 36.37% 
and 30.65%, respectively. The reason for the decline of 
EX,w is the enhancement in Ret and the decrease in the spe-
cific enthalpy difference (h3–h12) between turbine inlet and 
extraction for MED. Additionally, the decreasing mass 
flow rate of working fluid entering the ejector leads to 
the reduction in Qe.

Raising TcI can also lead to an increase in the specific 
enthalpy h2 of generator inlet, so energy consumption of 
the proposed cycle Qg has a decrease (Fig. 10e). However, 
the effect of decreasing EX,w is more dominated than that of 
Qg, which results in the decline in power efficiency. At the 
same time, there is an imperceptible effect of TcI on COP, 
owing to the constant entrainment ratio.
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Fig. 9. Effects of the generation temperature on the performances of CCDP cycle: (a) EX,w and ηnet, (b) Qe and COP, (c) EX,ref and ηex, 
and (d) Qg and TCR.
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Fig. 10d indicates that the exergy efficiency ηex for the 
five working fluids have similar variations. The ηex decreases 
with the rising TcI, which is mainly caused by the higher 
exergy destruction of MED as a result of larger tempera-
ture difference in each effect. When TcI varies from 62°C 
to 75°C, the exergy efficiency of R601 decreases by 30.99%.

Fig. 10e demonstrates the variation of TCR with TcI. 
It can be seen that the increase in TcI contributes to the 
reduction of TCR. It is mostly attributed to the great 
decline in capital cost of MED ŻMED. The rise of TcI boosts 
the growth of temperature difference for heat transfer in 
each effect, and thus the required heat transfer area of MED 
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falls. Moreover, the capital costs of other components also 
decrease with TcI as a result of the decreasing heat loads.

Fig. 11 shows the variations of performances of CCDP 
cycle with the evaporating temperature Te. It can be found 
that effects of Te on Qe, EX,ref and COP of the refrigera-
tion subsystem are significant, while EX,w, ηnet, Qg, ηex and 
TCR are not quite sensitive to Te. The increase of Te aug-
ments the entrainment ratio μ of ejector, which leads to 
the rise of mass flow rate of working fluid and the decline 
of enthalpy difference between the inlet and outlet of con-
denser II. Consequently, the power consumption by the 
cold seawater pumps Wcw slightly goes up due to a higher 
cooling load of condenser. Therefore, the net power out-
put EX,w mildly decreases. What’s more, as a result of the 
increasing μ, both Qe and COP get raised (Fig. 9b). R152a 
always has a higher Qe than the other four working fluids.

Furthermore, as illustrated in Fig. 11c, there is an 
imperceptible interaction of Te on exergy efficiency under 
the combined effect of increasing EX,ref and decreasing EX,w. 
The highest ηex is still obtained by R601, followed by R600a, 
R245fa, R152a, and R236ea.

As shown in Fig. 11d, TCR for the five working fluids 
gets raised with the rising Te, and the trend is more obvi-
ous at higher Te. With Te increasing, larger heat transfer area 
is needed due to the increasing heat loads in condenser II 
and evaporator and the decreasing temperature difference 
in evaporator, which results in the variation of TCR.

Effects of the condensing temperature of condenser II 
TcII on the performances of CCDP cycle are demonstrated 
in Fig. 12. It can be seen that the increase of TcII promotes 
the growth of net power output EX,w, but leads to the 
decrease of cooling capacity Qe. Among all the five work-
ing fluids, R152a always has the highest EX,w and Qe. When 
TcII increases from 20°C to 36°C for R152a, EX,w has a rise 
of 2.17%, while Qe descends by 86.63%. The increase in 
EX,w is attributed to the reduction of pump work for the 
deep cold seawater and working fluid which is caused by 
the decrease of both the entrainment ratio and the spe-
cific enthalpy difference in condenser II. Moreover, the 
mass flow rate of working fluid in evaporator descends 
due to the decrease of μ, which results in a drop in both 
Qe and COP as presented in Fig. 12b. As TcII increases, the 
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enthalpy of generator inlet (point 2) rises, which leads to 
a slight decrease in Qg (Fig. 12c). Therefore, ηnet goes up 
because of the increase of EX,w and the reduction of Qg.

As can be observed in Figs. 12c and d, both ηex and 
TCR show declining tendencies with the increasing TcII. 
Taking R601 as an example, when TcII increases from 20°C 
to 36°C, TCR and ηex decrease by 6.25% and 8.51%, respec-
tively. The main reason for the drop of ηex is that the exergy 
destruction of condenser II gets raised by larger tempera-
ture difference of heat transfer. Meanwhile, the heat transfer 
area of condenser II is reduced. In addition, the heat trans-
fer area of evaporator diminishes due to the decreasing 
of Qe. As a result, a lower TCR is obtained by the rising TcII.

4.2. Multi-objective optimization

The Pareto frontier set for the CCDP system with 
five different working fluids is depicted in Fig. 13, which 
clearly reveals the conflict between exergy efficiency ηex 
and TCR. Unlike single-objective optimization, the result 
of multi- objective optimization is a solution set (that is, 

the Pareto frontier set), and each point on the Pareto fron-
tier curve stands for the potential solution in the search 
space. Therefore, it is necessary to ascertain the best 
desired solution point, named POS. Generally, there are 
three most accepted and ordinary methods to determine 
the POS, including Shannon’s entropy technique, linear 
programming technique for multi-dimensional analysis of 
preference (LINMAP) and technique for order preference 
by similarity to ideal situation [50]. In the present article, 
LINMAP method is selected for decision-making, which 
introduces the final desired optimal solution by comparing 
the geometric distances between each solution in Pareto 
frontier set and the unreachable ideal solution (Eq. (69)), 
and the point with the shortest distance u is defined as POS 
marked in Fig. 13. What’s more, the sensitivity of Pareto 
frontier set regarding to different distillate production 
loads D is demonstrated in Fig. 13. It can be seen that the 
tendencies of Pareto frontier set for various D are almost 
the same: on the left side of POS, with the ηex increasing, the 
TCR rises slowly; on the right side of POS, further improv-
ing the ηex leads to a sharp increase of TCR. Meanwhile, 
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Fig. 12. Effects of the condensing temperature of condenser II on the performances of CCDP cycle: (a) EX,w and ηnet, (b) Qe and COP, 
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larger distillate production load needs higher TCR for the 
same exergy efficiency.

ED +
ideal

u uv v
v

n

f f= −( )
=
∑

2

1
 (69)

u iPOS += arg EDmin ( )  (70)

where fv
ideal stands for the ideal solution of vth objective 

in a single-objective optimization, and u represents the 
number of each solution in Pareto frontier set.

The optimization results of POS, maximum ηex and 
minimum TCR for five working fluids with D = 500 t/d are 
listed in Table 12. As observed in the table, both the net 
power and cooling output of the single-objective optimiza-
tion for maximizing ηex are higher than that for minimiz-
ing TCR, while the POS of multi-objective optimization are 
situated between them. According to the objective function 
values of POS, the tested working fluids in this paper are 
ranked. R601 has the highest exergy efficiency (31.62%) and 
the lowest TCR (6.51 × 104 $/y), and thus it is first recom-
mended. In addition, R245fa takes the second place with 
higher ηex (31.09%) and lower TCR (6.89 × 104 $/y) than the 
other three working fluids, followed by R600a and R236ea. 
Among all the tested working fluids, the value of POS for 
R152a is the worst in terms of both TCR and ηex, although it 
shows good performance on net power and cooling output.

For the Pareto optimal solution of CCDP cycle with 
R601, the percentage of initial investment for main com-
ponents and the exergy flows are obtained as shown in 
Figs. 14 and 15, respectively. It can be seen from Fig. 14 
that MED unit is the most expensive with 51.55% of the 
TCR. Followed by turbine, generator, condenser and 
pumps, each account for 20.09%, 13.60%, 9.33% and 4.69%, 
respectively. As displayed in Fig. 15, the exergy flows are 

divided into three main directions: useful exergy output, 
exergy destruction and loss. The largest exergy destruc-
tion occurs in the MED, which makes up 26.24% of the 
total exergy input. The exergy destruction in the genera-
tor takes the second place due to the insufficient matching 
of energy grades between the preheated warm seawater 
and the working fluid. The exergy destruction in ejector 
is 7.98% as a result of the friction losses and the non-ideal 
adiabatic expansion. The exergy loss is mainly caused by 
the discharged non-products and the power consump-
tion of pumps. Almost 7% of total exergy input is lost by 
rejecting the cooling seawater, brine and cold seawater. 
Additionally, the exergy loss by pump work is more than 
6% of the total exergy input, which makes the net power 
output significantly lower than the turbine output.

The application background of the proposed CCDP 
system is providing power, cooling and fresh water for 
remote islands at low latitudes where both ocean ther-
mal energy and solar energy are abundant. Based on the 
detailed mathematical models in the present work, the 
thermodynamic and economic performances of the CCDP 
system with various distillate productions could be pre-
dicted. The multi-objective optimization results can also 
provide references for making more reasonable design 
solutions and selection of working fluids.

5. Conclusion

In the present article, a combined cooling, desalina-
tion and power system driven by ocean thermal energy 
has been proposed. Based on the developed mathematical 
model, a comprehensive study has been carried out from 
thermodynamic and economic viewpoints. The effects of 
five different working fluids on the system performance 
of CCDP cycle under different operating parameters are 
investigated. Finally, multi-objective optimization for the 

Table 12
Optimization results for five working fluids with D = 500t/d

Working 
fluid

Condition Design variables Pareto optimization EX,w  

(kW)
Ee (kW)

Tg (°C) TcI (°C) Te (°C) TcII (°C) ηex (°C) TCR (×104 $/y)

R601 ηex max 90 62 10 20 34.19 9.08 445.84 153.21
TCRmin 102 75 –7.77 21.63 20.19 5.37 159.94 1.59
POS 102 62.04 4.52 20.32 31.62 6.51 276.90 21.65

R600a ηex max 90 62 10 20 35.19 9.97 526.09 155.46
TCRmin 102 75 –10 36 19.00 5.96 173.58 0.47
POS 102 62.04 3.96 20.51 30.31 7.37 297.04 41.28

R236ea ηex max 90 62 10 20 33.46 9.90 475.49 179.58
TCRmin 102 75 –10 36 19.04 5.81 171.92 2.07
POS 102 62.03 1.55 20.04 29.87 7.19 289.16 45.53

R152a ηex max 90 62 10 20. 34.98 10.59 505.05 184.63
TCRmin 102 75 –7.20 36 17.98 6.52 178.80 3.09
POS 102 62.36 2.80 20.06 29.55 8.10 295.33 71.02

R245fa ηex max 90 62 10 20 33.90 9.54 453.55 171.35
TCRmin 102 75 –10 36 19.61 5.88 165.00 1.41
POS 102 62.04 4.60 20 31.09 6.89 282.48 35.26
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CCDP cycle with various working fluids and distillate pro-
ductions has been conducted based on NSGA-II algorithm. 
The exergy efficiency ηex and TCR are taken as objective 
functions, and the decision variables include generation 
temperature, condensing temperatures of condenser I 
and condenser II and evaporating temperature. The main 
conclusions are summarized as follows: 

• The increase of generation temperature Tg has a pos-
itive influence on TCR, but leads to a decrease of ηex 
with constant expansion ratio. The rise of condensing 
temperatures of condenser I and condenser II results in 
the decrease of both ηex and TCR. The rising evaporat-
ing temperature Te has little effect on ηex, while it brings 
about a slight increase of TCR. 

• Among the five tested working fluids, R152a is supe-
rior to the others in terms of net power and cooling 
output. R601 always has the lowest TCR, and the high-
est one belongs to R152a. However, the working fluid 
corresponding to the highest ηex varies with operating 
temperature.

• The largest exergy destruction of 26.24% occurs in the 
MED, followed by the generator and ejector account-
ing for 16.27% and 5.16%, respectively. The exergy loss 
by pump work is more than 6% of the total exergy input.

• The POS of the CCDP system has been determined 
from the Pareto frontier set using LINMAP method. 
According to the results of POS (with the distillate pro-
duction of 500t/d), the ranking of five tested working 
fluids based on exergy efficiency and TCR is as follows: 

Fig. 14. Percentage of initial investment for main components of CCDP system.

Fig. 15. Exergy flows of CCDP system.
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R601 (31.62% and 6.51 × 104 $/y) has the best perfor-
mance, followed by R245fa (31.09% and 6.89 × 104 $/y), 
R600a (30.31% and 7.37 × 104 $/y), R236ea (29.87% and 
7.19 × 104 $/y) and R152a (29.55% and 8.10 × 104 $/y).

Symbols

A — Heat transfer area, m2

D — Distillate product, t/d
d — Diameter of pipeline, m
E — Exergy, kW
f — Friction factor
h — Specific enthalpy, kJ/kg
I — Exergy destruction, kW
j — Discount rate
L — Length of pipeline, m
m — Mass slow rate, kg/s
n — Plant lifetime, y
P — Pressure, kPa
Q — Heat load, kW
R — Extraction ratio
s — Specific entropy, kJ kg–1 K–1

T — Temperature, °C
U — Overall heat transfer coefficient, kW/m2 K
V — Flow velocity, m/s
V̇ — Volumetric flow rate, m3/s
W — Power, kW
x — Salinity, g/kg
Z — Initial investment, $
Ż	 —	 Investment rate, $/y

Subscripts

0 — Dead state
b — Brine
bf — Vapor flashed off from the brine
c — Condensing
cI — Condenser I
cII — Condenser II
cw — Deep cold seawater
D — Distillate
df —  Produced vapor in the flashing box of 

distillate
e — Evaporator
et — Extraction
ex — Exerey efficiency
f — Feed water
flash — Distillate flashing box
g — Generator
hs — Warm seawater
i — Effect number of MED
in — Input
is — Isentropic
ln — Logarithmic mean temperature difference
mix — Mixer
pb — Brine blowdown pump
pd — Distillate extraction pump 
pf — Intake seawater pump
pI — Pump I
pII — Pump II
pv — Vacuum pump

ref — Refrigeration
sw — Surface warm seawater
swp — Seawater pump
tur — Turbine
w — Working fluid

Superscripts

ch — Chemical 

Greek

β — Expansion ratio
δ —  Factor of the operating and maintenance 

costs
ΔP — Pressure difference, kPa
ΔT — Temperature difference, °C
η — Efficiency
λ — Latent heat, kJ/kg
μ — Entrainment ratio
ρ — Density, kg/m3

Abbreviations

BPE — Boiling point elevation
CCDP — Combined cooling, desalination and power
CCHP — Combined cooling, heating and power
COP — Coefficient of performance
CRF — Capital recovery factor
ERC — Ejector refrigeration cycle
HDH — Humidification and dehumidification 
MED — Multi-effect distillation
MSF — Multi-stage flash 
NSGA-II —  Non-dominated sorting genetic algorithm
ORC — Organic Rankine cycle
OTEC — Ocean thermal energy conversion
POS — Pareto optimal solution
PR — Performance ratio
RO — Reverse osmosis 
TCR — Total cost rate 
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