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a b s t r a c t
This paper presents a thermo-economic model of an organic Rankine cycle (ORC) combined with a 
diesel engine and a multi-effect desalination (MED) technology. The heat recovered from the diesel 
engine is used to run the ORC for power production. The outlet vapor flow of the turbine then enters 
the first stage (effect) of the desalination for fresh water production. The system was optimized to 
maximize the total efficiency and minimize the total annual cost (TAC) of the system simultaneously. 
The results of the optimum designs are presented as a set of optimum points using a Pareto front. 
The variations of both objective functions with changes in the design parameters are presented. The 
evaporator pressure and partial load have the highest effect on the objective functions. The final opti-
mal solution was obtained, and the design parameters and objective functions were calculated. The 
thermodynamic and economic optimum points are defined and the MED performance ratio results are 
compared in these two points with the results in the final optimum point. The MED performance ratio 
in the final optimum point was obtained to be 0.7275 and fresh water production has 183% increase in 
the final optimum point as compared with the economic optimum point. In addition, 3.41% increase 
was achieved for the thermal efficiency of the system in the final optimum point as compared with 
the optimum economic point, and the TAC decreases significantly as compared with the optimum 
thermodynamic point. Finally, the effects of the design parameters on the performance ratio, heat 
transfer surface area, and other factors are discussed.
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1. Introduction

Less than 0.5% of available water resources is fresh water, 
which makes desalination a promising technology. One of 
the challenges that many countries are dealing with is the 
steady increase of freshwater demand due to the develop-
ment of industry, agriculture, life standards, and population 
growth. In some areas, salt water is the only source of water, 
so it is economical to use desalination to produce fresh water. 
Desalination technologies are divided into two categories. 
Phase change occurs in processes of the first category, such as 
multi-effect distillation (MED), multi-stage flash distillation 

as well as vapor compression distillation. In the other type 
of desalination, the processes are performed without phase 
change and include reverse osmosis (RO) and electrodial-
ysis (ED). Each desalination technology needs energy for 
freshwater production, which can be supplied by thermal, 
mechanical, or electrical energy.

MED has been used for a long time in industrial distil-
lation. Currently, desalination is often being integrated with 
combined heat and power generation systems. Combined 
production is a process that uses the extra heat produced in 
electricity generation. In desalination, combined production 
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means the production of fresh water from seawater or saltwa-
ter in an integrated unit where a power plant acts as a source 
of energy for fresh water production.

Using the recovered waste heat from different devices, 
the feed water flow does not need to be pre-heated [1]. The 
desalination systems that run by the fossil fuels are more 
expensive than the multi-generation desalination power 
plants [2]. In the thermal analysis of the desalination run 
by solar energy to find a proper configuration of the sys-
tem, more than 25,000 m3 d–1 of fresh water should be 
produced [3].

In the thermal analysis of two scenarios for an organic 
Rankine cycle (ORC) integrated with a humidification–
dehumidification desalination (HDD) to obtain higher value 
of desalinated water, n-octane is considered to be the best 
as compared with isopentane, n-pentane and n-heptane as 
working fluid [4]. In the ORC system combined with HDD 
to investigate the system from a thermo-economic viewpoint 
toluene is found to be better than n-heptane, R600, R245fa 
and isopentane as the working fluid [5]. In the combination 
of an ORC with mechanical vapor compression desalination, 
the fresh water production has a peak value by the increase 
of the turbine inlet pressure [6].

The effects of number of stages used in multi-stage flash 
desalination combined with an ORC using two refrigerants: 
R134a and R245fa are measured by Al-Weshahi et al. [7]. It 
was concluded that R245fa has a better performance than 
R134a for their configuration. Different types of desalination 
including MED and RO systems have been analyzed from the 
exergy tools to minimize the exergy losses [8]. Exergy analy-
sis of the MED-TVC also showed that the exergy destruction 
in the thermal vapor compression (TVC) unit is highest as 
compared with other equipment including the pumps and 
condenser [9]. In the techno-economic analysis of the MED 
and RO desalination with the low enthalpy geothermal 
energy, the feed water quality and desalination operational 
lifetimes are very important in the variation of the results and 
the RO unit is considered to be more cost-effective [10]. In 
another research, the low-cost and low-enthalpy geothermal 
systems for the fresh water purpose were compared with con-
ventional system by Bundschuh et al. [11] to deliver energy 
efficient. Nihill et al. [12] combined a thermal water pump 
with a desalination unit to produce1.27 L h–1 of fresh water 
in the heat source of 86°C by the total energy of 165 MJ m–3.

From the literatures, it can be found that most of the stud-
ies have been carried out in the aspect of thermal analysis, 
and in some cases, researchers have tried to enhance the ther-
mal performance of the system. However, some researchers 
focus on the economic status of the combined ORC integrated 
with MED, but it was, for example, the comparison of the two 
systems cost, and not considering the lowest possible price 
for each system. In fact, by considering the thermal efficiency 
of the system or the fresh water production as the single 
function, the results are not cost-effective, because the param-
eters would be selected in the way that makes a significant 
increase in the system cost. As a result, a thermos-economic 
analysis of the system integrated with the MED is necessary 
to optimize both the thermal performance of the system as 
well as the system cost simultaneously.

In this study, the waste heat recovered from a diesel engine 
is used to run an ORC–MED with three stages to produce heat, 

power, and fresh water. The cost and thermal efficiency of the 
system are optimized as the two simultaneous objective func-
tions. In fact, the total annual cost (TAC) of the system and 
system efficiency are considered two objective functions. As 
it was mentioned just the thermal analysis of the system can-
not be enough. Just as an example if the system is supposed 
to maximize the fresh water production without considering 
the system cost, as a result more heat from the prime mover 
(PM) would be rejected to increase the ORC efficiency and con-
sequently the fresh water production. Therefore, in the fixed 
value of the power delivered by the power plant, the PM capac-
ity size would be selected higher to compensate the reduction 
of the power caused by the waste heat rejection increment. 
Hence, the system annual cost would be selected very high.

To avoid this problem, the TAC of the system is minimized 
as well as the system efficiency is maximized simultaneously. 
For this reason, turbine and condenser pressures, ORC mass 
flow rate, diesel engine capacity, and diesel engine partial 
load have been selected as the five decision parameters, 
which can be varied in their upper and lower bounds of vari-
ation. Fast and elitism non-dominated sorting approach has 
been applied on the simulation results to obtain the optimum 
solution and the programming code is written in MATLAB 
R2014b. Thus, the design parameters in the case of opti-
mum solution are introduced as the best configuration for 
the presented system from the thermo-economic viewpoint. 
In addition, the most effective parameters are introduced by 
evaluation of the design parameters distribution vs. their 
indexes. Finally, the effects of design parameters including 
the inlet pressure of the turbine and ORC mass flow rate on 
the produced freshwater and other MED specifications are 
investigated.

2. Thermal analysis

2.1. Diesel engine

A diagram of the combined diesel ORC integrated with 
MED is shown in Fig. 1. The diesel engine generates power as 
well as some heat that is released in the form of exhaust gas, 
jacket water, radiation, etc. This wasted heat can be applied 
to run other thermodynamic systems for the power and heat 
generation in which only the exhaust and jacket water can be 
recovered and used. The equations related to the produced 
power and recovered heat by the diesel engine (received 
in the evaporator) are achieved from the curve fitting and 
presented below [13]:





Q
m

w

f fLHV
PL PL= − ( )( ) + ( )( )24 01 0 0248 15 35 0 002822. exp . . exp .  (1)

where ṁ f, LHVf, and PL are the fuel mass flow rate, the lower 
heat value of fuel, and the partial load, respectively.

The power generated by the PM is defined as follows [13]:





W
m

D

f fLHV
PL PL= − ( )( ) − − ( )( )1 07 0 0005736 1 259 0 05367. exp . . exp . ηDD ,nom  

 (2)

where ηD, nom is the nominal efficiency of the diesel engine. 
The mass flow rate of the fuel from the diesel engine with the 
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nominal efficiency of 35% can be expressed as a function of 
the partial load as follows [13]:





m
m

f

f ,

. exp . . exp .
nom

PL PL= ( )( ) + ( )( )0 02836 0 03254 0 02556 0 01912
  

 (3)

where ṁf, nom is the consumed fuel in the nominal capacity of 
diesel engine as follows:




m
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f
D

D f
,

,
nom

nomLHV
=
η

 (4)

2.2. Turbine

Vapor enters the turbine at point 1 as it can be seen in 
Fig. 1. The power generated in the turbine is equal to:

 W WT T T s= η ,  (5)

The turbine efficiency can be obtained by:

ηT
s

h h
h h

=
−
−

1 2

1 2,

 (6)

2.3. Pump

The real pump power in steady-state condition is obtained 
below by neglecting the heat loss and using the definition of 
isentropic efficiency:




W
W

P
P s

P

= ,

η
 (7)

ηP
sh h

h h
=

−

−
4 5

4 5

,  (8)

The pump outlet properties can be obtained using the 
inlet properties, isentropic efficiency, and pump outlet 
pressure.

2.4. MED

Desalination is used to purify seawater for drinking 
purposes. Generally, a desalination system divides saline 
water into two streams: pure water with a very small per-
centage of salt and another stream that contains the residual 
salt which is called brine. In MED, the outlet stream from 
the power plant first enters the first stage of desalination. In 
fact, the vapor from the turbine enters the first stage as the 
hot stream. The feed water is sprayed over the tubes con-
taining the hot stream. Therefore, a part of the feed water 
is converted to the vapor and used as the hot stream for 
the second stage. The remaining of the feed water (brine 
produced in the first stage) enters the second stage as the 
secondary feed water flow, and the process is repeated for 
each stage.

By considering the mass balance for the MED, we have:

    m m m m mf v v v P= + + +1 2 3  (9)

where ṁf, ṁv, and ṁP are the mass flow rate of the feed 
water, the vapor mass flow rate from each stage, and the 
concentrated product (the brine produced in the last stage) 
mass flow rate, respectively. The subscripts 1, 2, and 3 are 
represented for each stage of MED in the all equations of this 
section. The mass balance can be expressed as follows:

x m x mf f P P =  (10)

xf and xP are the salt fractions in the feed stream and concen-
trated product stream, respectively. The enthalpy balance for 
each stage of MED is calculated as follows:

    

  

m H m H m H m H m H
m H m H m H
f f s vs v v f f s cs

f f v v v v

+ = + +

+ =
1 1 1 1

1 1 1 1 2 2 ++ +

+ = + +

 

    

m H m H
m H m H m H m H m H

f f v cs

f f v v v v P P v cs

2 2 1 1

2 2 2 2 3 3 3 2 2
 (11)

where Hvs, Hv, Hf, and Hcs are the enthalpy of the saturated 
steam (which can be obtained from a steam table), the 
enthalpy of the vapor from each stage, the enthalpy of the 
concentrated product stream leaving each stage, and the con-
densate’s stream enthalpy, respectively. The mass balance, 
solid balance, and enthalpy balance equations give us five 

 
Fig. 1. Diagram of the ORC integrated with MED.



151Z. Hajabdollahi, K.C. Kim / Desalination and Water Treatment 152 (2019) 148–160

equations that are solved simultaneously. The temperature 
difference between the two stages is [14]:

∆T T T= −1 2  (12)

Here it should be mentioned that the subscripts 1 and 2 
are related to the MED part not ORC. The brine temperature 
for each stage can be obtained as follows [14,15]:

T Ti vi= + BPE  (13)

Tvi is the temperature of the vapor produced in stage i, and 
BPE is the boiling point elevation [16]:

BPE = A B Cx + +( )x x2  (14)

where x is the solid fraction, and the coefficients A, B, and C 
are calculated as follows [17]:

A = × + × + ×( )− − −8 325 10 1 883 10 4 02 102 4 6 2. . .T T  (15)

B = − × + × − ×( )− − −7 625 10 9 02 10 5 2 104 5 7 2. . .T T  (16)

C = × − × − ×( )− − −1 522 10 3 10 3 104 6 8 2. T T  (17)

For the heat transferred in each stage, we have:

q U A T T m H m H

q U A T T m H m H
s s vs s cs

v v v s v

1 1 1 1

2 2 2 1 2 1 1 1

= −( ) = −

= −( ) = −

 

  ccs

v v v s v csq U A T T m H m H
1

3 3 3 2 3 2 2 2 2= −( ) = −   (18)

U, A, and T are the overall heat transfer coefficients, heat 
transfer area of each stage, and the temperature of each stage. 
Subscripts s, v, and cs are related to the hot vapor stream 
coming to the stage, vapor produced in each stage and 
concentrated stream produced in each stage.

The proportion of fresh water produced with respect to 
the vapor (or steam in the case of water) consumed is the 
thermal performance ratio of desalination:

PR =
m
m
D

s

 (19)

mD is the fresh water produced in the all stages which is the 
sum of vapor produced in each stage (or desalinated mass 
flow rate). ms is the mass flow rate of the hot stream which 
enters to each stage which is considered to be the vapor of 
R245fa in the first stage and is the steam in the second and 
third stages.

2.5. Total cycle

The total power obtained from the cycle including the 
ORC and the diesel engine is expressed as follows:

  W W Wtot PM net,ORC= +  (20)

where ẆPM is the power obtained by the diesel engine, and 
Ẇnet,ORC is the total power achieved by the ORC, which is the 
difference in power consumed by the pump (ẆP) and power 
generated by turbine (ẆT).

  W W WT Pnet,ORC = −  (21)

The total efficiency of the system is defined as:

ηtot
tot

PLLHV
=

−





W
mf

 (22)

where ṁf–PL is the fuel required for the diesel engine, and 
LHV is the lower heat value of the fuel.

3. Economic modeling of the system

The TAC of the system is considered to be one of the 
objective functions, which should be minimized. The TAC 
includes the investment cost of the system, fuel cost, and cost 
related to the system emission:

TAC
year inv fuel em
$







 = + +αβC C C  (23)

α is the annual factor, and β is the maintenance factor, which 
is defined as follows:

α =
− +( )−
i

i
n

1 1
 (24)

i is the interest rate of the system and n is the life time.
In Eq. (25), the investment cost includes the cost of each 

equipment used in the system. The equipment is included in 
the price of the diesel engine, turbine, evaporator, MED, and 
pump.

C C C C C

C a W a A
T D P

T
b

inv inv inv MED inv inv

inv ev M

= + + + +

= +
, , , ,

, ( ) (1 2
1

EED ev) ( ) ( ) ( )b
D
b

P
b ba W a W a A2 3 4 5

3 4 5+ + +    
 (25)

AMED is the total heat transfer area of the desalination stages. 
The coefficients a1–a5 and b1–b5 are used to consider local costs.

The fuel cost in the equation above is expressed as 
follows:

C m Nf D ffuel = ×( ) , ,3 600 φ  (26)

The emission cost is:

C m Nem CO em= ×( )
2

3 600, ψ  (27)

where N, φf, mCO2
, and ψem are the operational hours of 

the system in a year, the unit price of fuel, fuel mass flow 
rate, and the penalty cost for the produced emission ($ kg–1), 
respectively.
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4. Objective functions, design parameters, and constraints

The selected objective functions to be optimized are the 
TAC of the system and system efficiency (PM and ORC). 
The TAC of the system is minimized, and the efficiency is 
maximized simultaneously. Five design parameters are used 
in the optimization: the nominal capacity of the diesel engine, 
partial load, evaporator pressure, condenser pressure, and 
ORC mass flow rate. The design parameters and their ranges 
of variation are listed in Table 1.

The constraints considered for the optimization algorithm 
are the following:

• The inlet temperature of the condenser should be higher 
than 45°C to keep the condenser temperature above the 
ambient temperature.

• The vapor quality of the turbine outlet should be higher 
than 0.95% to prevent the turbine blade from corroding.

• The evaporator pressure should be higher than the 
condenser pressure (P1 > P2).

Subscripts 1 and 2 are presented for the ORC system. 
Usually, two or more functions that are typically in con-
flict with each other are optimized simultaneously in 
multi-objective optimization problems [13]. It means when 
one objective is improved, the other objective is ruined. 
Therefore, a set of conflicting optimum solutions is selected 
as a Pareto optimal front. The multi-objective optimization is 
defined as follows:

Find X X i Ni= ( ) ∀ = 1 2, ,..., dp

where fj(X) is the objective function to be optimized 
∀ =j 1 2, ,...,Mobj

by considering the two constraints as follows:

g x k Kk ( ) = ∀ =0 1 2, ,...,  (28)

h x z Zz ( ) ≤ ∀ =0 1 2, ,...,  (29)

In these equations X, f, g, and h are the decision variables, 
objective functions, and equal and unequal constraints, 
respectively. Ndp, Mobj, K, and Z are the number of decision 
variables, number of objective functions, number of equal 
constraints, and number of unequal constraints, respectively. 
Deb’s definition is used for the solution ranking [18]. A set 
of non-dominated points is considered to create the Pareto 

front solutions. When the two objective functions are in con-
flict, the Pareto front has the form of two-dimensional lines, 
and when there are three conflicting objectives, the form is 
a surface [19].

5. Case study

R245fa has been selected as the working fluid for this 
study since its critical temperature (154°C) is higher as com-
pared with the cases of most other common working fluids 
including R123, R22 R134a, etc. From the other hand, the 
evaporator temperature is higher than the critical tempera-
ture of mentioned common working fluid except R245fa. 
The design parameters are considered to be for a place with 
ambient temperature of 25°C. The equations governed on 
the system have been solved by a code written in MATLAB 
2014b. The depreciation time, interest rate as well as the 
pollution cost of CO2 are assumed to be 20 years, 0.12, and 
0.02098 $ kg–1, respectively. The power plant is supposed 
to deliver 200 kW and operate for 6,000 h year–1. The other 
parameters considered for the case study are listed in Table 2. 
Since the cost of evaporator is included in the diesel engine 
cost, thus the constants a5 and b5 are not required.

The validation of the results in the current study are 
compared with the results presented in the previous litera-
ture [20] in which the temperature and salt concentration in 
the stages 1, 2, and 3 are 92.6°C, 84.96°C, 76.84°C and 45,079, 
48,612, 52,705 ppm, respectively. Khalilzadeh and Nezhad 
[20] applied the wind turbine as the prime mover. Since the 
diesel engine has been considered as the prime mover in the 
present study and wind turbine in the reference, as a result 
the associate waste heats in two different wind speeds of 8 
and 9 m s–1 are considered in Table 3 which are equal to 122 
and 155 kW, respectively. In fact, just the vapor production 
in the three stages of the MED can be enough for our vali-
dation, since the other features of MED are dependent on 
the vapor mass flow rate production. As a result, the calcu-
lation of the vapor produced in the three stages of MED are 
compared. The overall heat transfect coefficient for the first 
stage is considered to be 2.4 kW/m–2°C by the temperature 
difference of 60°C between the first and last stages of the 
MED unit. In addition, the seawater temperature and inlet 
pressure were considered to be 25°C and 200 kPa, respec-
tively, for the validation. By looking at the results listed 
in the table, the accuracy of the present simulation can be 
approved.

Table 1
Design parameters and their lower and upper bounds of 
variation

Variables Lower bound Upper bound

P1 (kPa) 100 2,000
P2 (kPa) 50 2,000
ORC mass flow rate (kg s–1) 0.1 5
Partial load (%) 0 50
Nominal capacity (kW) 100 200

Table 2
Input parameter

Parameters Values

Isentropic efficiency of the pump 0.9
Isentropic efficiency of the turbine 0.9
Nominal efficiency of the diesel engine 35%
Diesel fuel cost ($ kg–1) 0.168
a1, a2, a3, a4 1,763, 4,750, 150, 3,500
b1, b2, b3, b4 0.95, 0.75, 0.8, 0.47,
φ 1.05
Evaporator pressure drop 5%



153Z. Hajabdollahi, K.C. Kim / Desalination and Water Treatment 152 (2019) 148–160

6. Results and discussion

Fig. 2 shows the variation of TAC vs. the total efficiency 
of the system. As the efficiency increases, the TAC increases, 
which is not desired. When improving one objective, the 
other objective suffers. As a result of the conflict between 
the two objective functions, a multi-objective optimization is 
required to maximize the total efficiency of the system and 
minimize the TAC simultaneously. The Pareto front is a set 
of solutions from which a designer can select a final answer. 
The ideal point in the diagram is where the total efficiency 
is highest and the TAC is lowest (the thermo-economic 
optimum point).

The Pareto front is divided into different parts by five 
points, as shown in Fig. 2. In fact, it the points are selected 
from various range of efficiency and TAC, in which the 
points between A and B have the highest efficiency and TAC, 
the points between B and D have the mediocre magnitude 
of the two objectives and finally the points between D and 
E have the low magnitude of both efficiency and TAC. If the 
system were being optimized from only a thermodynamic 
point of view, point A can be the solution. In contrast, point 

E represents the lowest cost and the lowest efficiency and 
can be chosen from an economic point of view. However the 
efficiencies at the points selected between B and C are lower 
than the points between A and B, but a considerable decrease 
can be seen in the TAC as compared with the points between 
A and B. The associated objective functions as well as the 
design parameters for these five selected points on the Pareto 
front are listed in Tables 4 and 5. Although 9.92% increase can 
be obtained in the optimum thermodynamic point (A), but 
the increase of the TAC should be taken into account which 
is significantly very high in comparison with the optimum 
economic point. Therefore, none of these points (optimum 
thermodynamic and economic points) can be considered as 
the final solution. By selection of point C in the mediocre 
range of the TAC vs. the thermal efficiency, a 0.99% decrease 
and 8.85% increase can be seen in the thermal efficiency as 
compared with the optimum thermodynamic and economic 
points, respectively. As a result, a significant increase of ther-
mal efficiency can be obtained in the point C as compared 
with the optimum economic point. However, the TAC in the 
case of point C is higher than the optimum economic point 
TAC, but it is not that much high in comparison with the 
optimum thermodynamic point TAC. Therefore, the final 
optimum answer can be found as a point in the neighbor of 
point C in which is calculated in details in the section 7.

Fig. 3 shows the distribution of each design parameter vs. 
their index in the population through the lower and upper 
bounds of variation for the optimum points. The upper and 
lower bounds of variation for each design parameter are rep-
resented by dotted lines. There is an equal distribution of the 
optimum points in the case of the evaporator pressure and 
partial load through the upper and lower bounds of varia-
tion, as shown in Figs. 3(a) and (d). In the allowable range of 
variations for the ORC mass flow rate and condenser pres-
sure, a semi-scattering distribution is obtained, as shown in 
Figs. 3(b) and (c).

The evaporator pressure and partial load have greater 
effects in the conflict between the two objective functions at 
the optimum points. The mass flow rate of the ORC cycle has 
been selected to be lower than 2 kg s–1. At higher ORC mass 
flow rates, the condenser temperature can be reduced, so the 
constraints in Section 4 will not be satisfied (Fig. 3(b)). In the Fig. 2. Objective function Pareto front.

Table 3
Comparison of the present study results with reference [15]

Present study Reference [15] Present study Reference [15]

Waste heat of 122 kW Waste heat of 122 kW Waste heat of 155 kW Waste heat of 155 kW

Vapor production in stage 1 (kg s–1) 0.0354 0.0373 0.0466 0.0474
Vapor production in stage 2 (kg s–1) 0.0341 0.0364 0.0437 0.0463
Vapor production in stage 3 (kg s–1) 0.0335 0.0356 0.0426 0.0452

Table 4
Values of the objective functions at the selected points of the Pareto front

A B C D E

Efficiency (%) 0.4808 0.4799 0.4761 0.4619 0.4374
TAC ($ year–1) 3.602e+05 1.324e+05 0.752e+05 0.476e+05 0.431e+05
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case of the diesel engine capacity, a semi-intensive distribu-
tion can be seen in the selected range of variation, as shown 
in Fig. 3(e). When increasing the diesel capacity, the power 
produced by the engine increases, which leads to a decrease 
in the heat recovered by the ORC and the ORC efficiency.

In contrast, when decreasing the diesel capacity, the 
rejected heat increases since the engine efficiency decreases, 
which causes an increase in the ORC efficiency. As a result, 
the diesel engine capacity should be selected in the range in 
which the constraints in Section 4 are satisfied, and a higher 
total system efficiency can be achieved. An optimal value 
can be obtained for the diesel engine where both the highest 
diesel engine and highest ORC efficiency are calculated.

Fig. 4 shows the effects of the design parameters on the 
TAC and total efficiency of the system at five particular opti-
mum design points. The first point in the diagrams is where 
the Pareto related to point A dominates over the other Pareto 
points in the higher range of efficiency. This means at higher 
efficiency, the points selected on Pareto front A have lower 
TAC at a fixed efficiency. In addition, at lower efficiency (less 
than 0.462), Pareto front E dominates, which means the points 
selected on this Pareto front have the lowest TAC compared 
with other Pareto fronts at a fixed value of efficiency.

TAC and the system efficiency are increased as the evap-
orator pressure increases, as shown in Fig. 4(a). However, 
as the evaporator pressure increases, the turbine inlet and 
outlet enthalpy decrease, but the total difference between 
them increases due to the enhancement of the turbine power. 
Moreover, when the evaporator pressure increases, the power 
required for the pump increases. Because the turbine gen-
erated power is dominant, the system efficiency improves. 
Furthermore, the investment cost of the turbine, pump, and 
MED increases with the increase of the evaporator pressure, 
which causes an increase in TAC.

With the increase of the mass flow rate, both the sys-
tem efficiency and TAC increase because higher power can 
be generated by the turbine, which leads to an increase in 
efficiency (Fig. 4(b)). With an increase in the ORC mass flow 
rate, the investment cost increases due to the increase of the 
equipment cost for the turbine, pump, and desalination. This 

occurs because the increase of the mass flow rate results 
in the requirement of a higher heat transfer surface area in 
the desalination stages with a fixed amount of desalinated 
products.

With an increase of the turbine outlet pressure, the total 
system efficiency and TAC decreased, as shown in Fig. 4(c). 
The useful energy produced from the pressure difference in 
the turbine is reduced, and thus, at a fixed value of the diesel 
engine power, the total efficiency of the system is decreased. 
In contrast, the TAC decreases when there is a decrease of the 
power in the turbine and pump and the MED heat transfer 
area. Because of the higher temperature of the flow to the 
MED, a lower surface area is needed for each stage.

With an increase of the partial load, the efficiency and 
TAC decrease at all selected optimal design points, as shown 
in Fig. 4(d). The mass flow rate of the fuel from the diesel 
engine increases due to the increase of the partial load, and 
consequently, the total system efficiency decreases. However, 
the fuel cost and pollution cost increase, but the increase of 
the heat source temperature causes a decrease in the heat 
transfer area of the MED, and the total cost of the system 
decreases.

With an increase of the diesel capacity, the total efficiency 
of the system decreases, as shown in Fig. 4(e). The fuel con-
sumed by the diesel engine is increased by the increase of 
the diesel capacity, which has a negative effect on the sys-
tem efficiency. The TAC is first decreased and then increased 
by the variation of the diesel capacity. The heat transfer area 
decreases due to the decrease in the cost because of the high 
temperature of the inlet vapor to the first stage of the MED.

With an increase of the diesel capacity, the fuel cost and 
the pollution cost increased and dominated over the cost of 
the MED heat transfer area. As a result, an optimal point can 
be found for the capacity of the diesel engine at which the 
TAC is lowest and is obtained around 100. This is the rea-
son for the semi-intensive distribution in the vicinity of the 
optimal capacity (Fig. 3(e)).

Fig. 5 shows the effects of the evaporator pressure on the 
different parameters of the MED. The variation of the evap-
orator pressure on the solid mass fraction in the third stage 

Table 5
Values of the design and desalination parameters at five selected points on the Pareto front

Design parameters Point A Point B Point C Point D Point E

P1 (kPa) 974.12 974.08 99.83 1,156.67 879.1
P2 (kPa) 295.1 305.4 339.64 103.2 103.6
ORC mass flow rate (kg s–1) 1.81 1.85 1.47 0.4 0.41
Partial load (%) 95.8 95.56 70.00 56.40 50.12
Nominal capacity (kW) 100.00 100.02 100.02 100.00 100.05
Performance ratio 0.0022 0.0024 2.3625 1.102 0.5321
Vapor production in the stage 3 (kg h–1) 5.4450e+03 5.5587e+03 4.2437e+03 818.2494 705
Vapor production in the stage 2 (kg h–1) 5.4061e+03 5.5208e+03 4.1592e+03 566.7906 216
Vapor production in the stage 1 (kg h–1) 5.3344e+03 5.4492e+03 4.1579e+03 371.0721 143
Mass fraction in the stage 1 (%) 0.3931 0.3956 0.3659 0.3049 0.2981
Mass fraction in the stage 2 (%) 0.5680 0.5788 0.4695 0.3128 0.3009
Mass fraction in the stage 3 (%) 0.6825 0.692 0.6547 0.3248 0.3105
Performance ratio 2.4819 2.4805 2.3625 1.1017 0.5321
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is shown in Fig. 5(a). With the increase of the evaporator 
pressure, the inlet temperature to the first stage of the MED 
decreases, which causes an increase in the value of the vapor-
ized product. This means that more feed water is vaporized, 

and the ratio of the solid fraction to the feed water increases 
(or mass concentration (ppm) × 10–6).

Point A in the Pareto front has the highest efficiency and 
thus the lowest condenser temperature, which leads to a 

(a) (b)

(c) (d)

(e)

Fig. 3. Distribution of design parameters in their range of variation vs. the population index. (a) Evaporator pressure, (b) ORC mass 
flow rate, (c) condenser pressure, (d) partial load, and (e) diesel engine capacity.
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higher vapor production and solid mass fraction than at other 
points. As a result, at a fixed value of the ORC mass flow rate, 
the performance ratio is increased and has the highest value 
in the Pareto front related to point A, as shown in Fig. 5(b). 

There is an opposite trend in the case of brine water produc-
tion produced in each stage, as shown in Fig. 5(c). This occurs 
because with the increase of vapor production, a lower 
amount of the heat remains for the production of brine water.

(a) (b)

(c)
(d)

(e)

Fig. 4. TAC Pareto front vs. the total efficiency at five particular points shown in Fig. 2 for different design parameters. (a) Evaporator 
pressure, (b) ORC mass flow rate, (c) condenser pressure, (d) partial load, and (e) diesel engine capacity.
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As mentioned, the vapor production increases with the 
increase of the evaporator pressure. Therefore, at a fixed 
value of the ORC mass flow rate, the performance ratio is 
enhanced. With a decrease of the inlet temperature in the first 
stage of the MED (because of the increase in the evaporator 
pressure), a higher heat transfer surface area is needed for 
each stage, as shown in Fig. 5(d).

Fig. 6 shows the variation of the desalinated mass flow 
rate vs. the ORC mass flow rate. With the increase of the 
ORC mass flow rate, the flow temperature in the condenser 
is reduced, which increases the vapor production in the three 
stages. The Pareto front regarding point A has a higher mass 
flow rate and lower temperature, followed by Pareto fronts 
B, C, D, and E. As a result, the highest desalinated mass flow 
rate can be seen in Pareto front A.

7. Selection of final optimum point

This section presents the definition of the final optimum 
point. The closest point to the ideal point (Fig. 2) on the 
Pareto front can be introduced as the final solution. The 

(a)
(b)

(c) (d)

Fig. 5. Effects of evaporator pressure and ORC mass flow rate on the different parameters of MED for the five particular points 
shown in Fig. 2. (a) Solid fraction, (b) performance ratio, (c) brine water, and (d) average area of the stages.

Fig. 6. Fresh water variation vs. the ORC mass flow rate at the 
five particular points selected in Fig. 2.
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distance of the points on the Pareto front to the ideal point 
can be calculated by the LINMAP method as follows [21,22]:

d F Fi ij
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2

1
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In this relation, i is the index of each point on the Pareto 
front, j is the objective function index, and n is the total 
number of points in the Pareto front.

Fig. 2 shows the final optimum solution on the Pareto 
front and its properties are listed in Table 6. In Fig. 7, the 
variation of each MED stage vs. the performance ratio is 

graphed in the final optimum point. When the performance 
ratio increases with a fixed rate of fresh water production, 
the inlet mass flow rate to the MED (the ORC mass flow rate) 
decreases, which causes a lower production of vapor in each 
stage. To maintain a constant rate of fresh water production, 
more water should be evaporated through the stages. As a 
result, a larger surface area is required.

Fig. 8 shows the variation of the vapor production in each 
stage vs. the evaporator pressure to find the final optimal 
point. The vapor production (the distillate product) in the 
third stage is the highest, followed by stage 2 and stage 3. 
The reason is that more heat is required to heat the feed water 
flow (seawater) in the first effect, and by passing through the 
stages, the water flow becomes warmer. In the third stage, a 
lower amount of heat is needed to increase the water tem-
perature. Therefore, a higher amount of received heat is used 
for the water vaporization in the third stage. The performance 
ratio in the final optimum point is obtained to be 0.7275. 
It is worth mentioning that the fresh water production has 
183% increase in the final optimum point as compared with 
the economic optimum point. In addition, 3.41% increase is 
shown for the system thermal efficiency in the final optimal 
point in comparison with the optimal economic point while 
only 1.63% increment happens for the TAC in this point 
as compared with the optimal economic point. Although 
6.3% increment can be seen in the thermal efficiency of the 
system in the optimal thermodynamic point, but the TAC 
increases dramatically in this case as compared with the final 
optimal point.

8. Conclusion

This study presented the design and modeling of a diesel 
engine combined with an ORC. MED was used for the fresh 
water production. Multi-objective optimization was applied 
to maximize the efficiency and fresh water production while 
the TAC of the system was simultaneously minimized. Five 
design parameters were selected: the evaporator pressure, 

Table 6
Design parameters, objective functions and performance ratio at 
the final optimum point

Parameters Value

Diesel capacity (kW) 100.00
Partial load (%) 50.00
Turbine inlet pressure (kPa) 1,000.30
Turbine outlet pressure (kPa) 103.20
ORC mass flow rate (kg s–1) 0.40
Total efficiency (%) 45.23
TAC ($ year–1) 43,801
Performance ratio 0.7275

Fig. 7. Trend of heat transfer area of the three stages vs. the 
performance ratio with changing evaporator pressure at the final 
optimum point.

Fig. 8. Distilled product variation vs. the evaporator pressure at 
the final optimum point.
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ORC mass flow rate, partial load, nominal capacity of the 
diesel engine, and the inlet pressure of the vapor to the first 
stage of MED. The following conclusions can be inferred 
from the study:

• Both TAC and the total efficiency increased with the 
increase of the evaporator pressure and the ORC mass 
flow rate.

• The TAC decreased while the total efficiency decreased 
with the increase of the outlet pressure of the turbine, 
partial load, and diesel engine capacity.

• The increase of the evaporator pressure improves the 
total efficiency of the system and the performance ratio 
of the MED, which caused an increase in the amount of 
fresh water.

• The ORC mass flow rate had a positive effect on the fresh 
water production where the increase of the ORC mass 
flow rate increased the vapor production in each stage.

With the increase of the evaporator pressure, the TAC 
increased. For this reason, a final optimum point was pre-
sented where the TAC decreased about 72.2% in comparison 
with the best thermodynamically optimized point (A). In 
comparison with the best economically optimized point (E), 
the ideal point showed a 3.88% increase in the total efficiency 
and a 1.1% increase in the TAC. Performance ratio of the MED 
increased 192% as compared with the economic optimum 
point (E). Although the performance ratio was lower in com-
parison with the thermodynamic optimum point (A), TAC 
dramatically decreased in the case of final optimum point.

Symbols

A — Heat transfer surface area, m2

BPE — Boiling point elevation
Cmin — Minimum of total heat capacity, kJ kg–1K–1

Cinv — Investment cost, $
Cfuel — Fuel cost, $ year–1

Cem — Emission cost, $ year–1

H — Enthalpy
h — Specific enthalpy, kJ kg–1

ir — Interest rate
LHV — Lower heating value, kJ kg–1

ṁ — Stream flow rate, kg s–1

n — System life time
P — Pressure, bar
PM — Prime mover
Q  — Heat transfer rate, kW

T — Temperature, K
U — Overall heat transfer coefficient
Ẇ — Power, kW
x — Solid or salt fraction
TAC — Total annual cost, $ year–1

Greek

α — Transfer coefficient/annualized factor
β — Maintenance factor
ψem — Penalty price for emission, $ kg–1

ε — Effectiveness
φf — Unit price of fuel, $ kg–1

ΔP — Pressure drop, Pa
η — Efficiency or effectiveness

Subscripts

c — Cold
cs — Condensate
D — Distilled, diesel engine
e — Exit condition
f — Fuel, feed
i, j — Counter
in — Inlet condition
net — Total net power
nom — Nominal 
° — Reference ambient condition
out — Outlet condition
P — Pump and product or concentrated
reg — Regenerator
s — Steam state
v — Vapor state
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