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Abstract

The pace of implementing solar thermal power plants is increasing all around the world. In many cases, solar plants are
installed in arid areas with severe demand for potable water despite the large availability of seawater. Thus, the solar thermal
power plant is combined with a thermal desalination unit for the cogeneration of electricity and sweat water. Iran is a country
with a very strong potential for solar projects, and of course, under an intense crisis of water. Shiraz plant is one of the solar
thermal power plants in operation in Iran. The plant has recently gone under an expansion project to be combined with a
gas-fired boiler, aiming to double its capacity yet smoothening its power output. This study investigates the feasibility of the
co-production of electricity—water in this case study based on a number of innovative methods in conventional and modified
configurations. All the proposed scenarios are designed, thermodynamically modeled, and analyzed. The different configura-
tions are compared in terms of energy efficiency and production rate. The results indicate that the combined cycle with heat
supply through the condenser of the power block, as well as the heat recovery unit allocated for the gas boiler, outperforms
all the other possible configurations. In this case, the average efficiency is 10.76%, and a daily freshwater production as high
as 852.32 Tonne per day is possible for a 500 kW power plant.
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List of symbols LHV Lower heating value of fuel
MED  Multi-effect distillation GOR Gain ratio
TVC Thermal vapor compression BPE Boiling point elevation
0 Heat transfer rate CR Compression ratio
W Work rate ER Expansion ratio
1 Mass flow rate LMTD Logarithmic mean temperature difference
h Enthalpy NEA Non-equilibrium allowance
P Pressure A Heat transfer area
T Temperature D Distilled water
U, Overall heat transfer coefficient .
.. Subscripts
X Salinity .
. t Turbine

n Efficiency

: Isentropic efficiency P Pump
s . . wf Working fluid
/. Mechanical efficiency .

. . cwW Cooling water
R, Entrainment ratio o Steam
F Feed seawater
Introduction

P4 A. Arabkoohsar

ahm@et.aau.dk
Today, there is a continuously upgrading trend towards the
use of more and more renewable energy technologies [1].
This has even recently become a concern of the largest oil
and gas exporter countries such as Iran, Qatar, and Saudi
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Arabia which are investing much in renewable energy sys-
tems such as solar thermal and power technologies, wind tur-
bines, and geothermal systems [2]. One of the most popular
renewable sources is solar energy, which may come into ser-
vice for heat, cold, and power supply via different medium
technologies [3].

Regardless of the source of energy, there is a general
agreement that among all the energy sectors, the electric-
ity sector is of higher importance not only due to the larger
spot price of electricity compared to the heat and cold but
also due to the fact advanced yet large-scale electrical heat
and cold suppliers are getting more cost-effective every day
paving the route for dominating electricity grids among all
the energy distribution systems, e.g., gas networks, district
heating, and cooling [4]. That is why renewable power pro-
duction technologies have also been of much interest to
the researchers and companies working in this area. This
includes both solar photovoltaic and solar thermal power
plants, wind farms, etc. [5]. Evidently, solar power plants
are more appropriate for locations with higher solar irra-
diation potential, such as arid areas. These areas, most of
the time, have challenges to have access to the resources of
potable water. As solar desalination techniques have reached
a mature state-of-practice, it is a wise idea to make a com-
bined solar plant for the co-production of electricity and
water [6]. This will certainly result in much better cost-effec-
tiveness compared to the cases of either a solar electricity
plant or a solar desalination plant working individually [7].

The combination of photovoltaic farms with reverse
osmosis water desalination units and solar thermal plants
with multi-effect desalination (MED) systems are the two
main approaches making this happen [8]. There are several
references in the literature studying such solar co-produc-
tion plants in different aspects, including feasibility studies,
optimization approaches, control system development of the
plants, etc. [9]. Kabeel et al. [10] experimentally evaluated
the integration of PV and solar still desalination for continu-
ous water desalination. The review article presented by Khan
et al. [11] gives detailed information about the methods and
state of the art of photovoltaic plants combined with reverse
osmosis desalination units. The main focus of this study is,
however, on the hybridization of a solar thermal power plant
with a thermal desalination system. There is a quite rich
literature for this technology as well.

Mohammadi et al. [12] have presented a thorough review
of solar concentrating power plants hybridized with thermal
desalination systems. They discuss different ways of making
this combination happen and address the gaps in this field
to make such combined technologies broadly commercial-
ized. Sahoo et al. [13] discussed hybrid solar—biomass power
plants capable of polygeneration of cold, heat, power, and
desalinated water with the case study of India. They found
such a hybrid configuration much efficient for overcoming
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the challenge of dispatching the changeable energy output
of the solar part, to decrease the cost of power supply and to
contribute to reducing the level of greenhouse gas emissions
in India. Sankar et al. [14] investigated techno-economically
the combination of solar concentrating power plants with
MED systems. They concluded that the cost of production
of the hybrid system could be reduced with better use of
the turbine and the generator of the power block, found
the MED unit not only extremely efficient and much suit-
able for the production of seawater and salt but also very
effective in reducing the capital cost of the plant. Ghenai
et al. [15] studied the optimized design of a grid-connected
solar power plant used for cogeneration of electricity and
desalinated water and found the combined system eco-
nomical and, of course, with much potential for emission
reduction. Sorgulu et al. [16] analyzed the integration of a
solar tower with thermal energy storage for the cogeneration
of power and water. They studied the usage of molten salt
as the thermal energy storage material and MED and RO
unit for desalination of seawater and performed energy and
exergy analysis to evaluate the performance of the plant.
Palenzuela et al. [17] investigated a wide range of possi-
ble configurations for hybrid solar parabolic-trough plants
with thermal desalination systems for arid lands and found a
low-temperature MED supplied via the condenser and steam
extraction from the low-pressure turbine of the solar con-
centrating plant quite efficient compared to other solutions.
Farsi et al. [18] evaluated the performance of an integrated
MED/membrane desalination system for multigeneration
in a geothermal power plant to use the waste heat of the
plant for the production of freshwater. The results show
that the condenser in the MED system and the membrane
module have the most irreversibility in the desalination unit.
Trieb et al. [19] assessed the feasibility of combined solar
thermal electricity-desalinated water production plants for
the Mediterranean and presented instruments for enhanced
project assessment using remote sensing technologies and
geographic information systems. Safari et al. [20] com-
bined a multi-effect desalination system and PEM electro-
lyzer with a biomass-driven power generation system for
the multigeneration of electricity, freshwater, heating, and
hydrogen. The performance of their proposed cycle regard-
ing the energy and exergy efficiencies was 63% and 40%,
respectively. Hasan et al. [21] modeled an IGCC power plant
using waste tires as fuel for the multigeneration of power,
hydrogen, and desalination. They used a Brayton and Rank-
ine cycle for the generation of electricity and a MED unit
for the desalination of water. The net power output of their
proposed cycle was 7.6 MW and 6.9 MW for Brayton and
Rankine cycle, and the desalination rate was 1 kg s~'. Gha-
semiasl et al. [22] investigated and optimized the exergetic
and economic of a solar-based power and water cogeneration
system. The result of their work shows a growth of 1.74%
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increase in the exergy efficiency of the cycle after optimi-
zation. Hajibashi et al. [23] proposed a new procedure for
the optimization of a solar-driven gas and steam combined
power plant in terms of energy, exergy, and risk analysis.
The thermal, exergy, and risk performance of their system
is improved by 10.7%, 10.2%, and 1.21%, respectively, after
the optimization. Lorente et al. [24] discussed the general
tradeoffs that underpin the design of solar thermal power-
water production and distribution plants and concluded that
the larger the solar power-desalination plant is, the more
efficient and cost-effective it can be. Mehrpooya et al. [25]
presented a thermodynamic and economic analysis of an
innovative hybrid multigeneration solar thermal system
for the trigeneration of power, cold, and desalinated water.
Their hybrid system at peak load produced about 4630 kW
power, 820 kW cold, and 23 kg s~! water at an overall exergy
efficiency of approximately 66%. Torres et al. [26] investi-
gated the feasibility of solar thermal power-water production
plants based on the conditions of the two case studies of
Venezuela and Chile and showed that such a combined plant
with a capacity of 50 MWe could generate enough electric-
ity and freshwater to feed over 85,000 people. Coppiters
et al. [27] studied the feasibility of a cogeneration system
including a solar hybrid micro gas turbine and multi-effect
desalination unit and analyzed different design strategies of
the desalination unit. The results of their work show that the
cost per produced freshwater ranges from 1.78 $ to 1.92$
per cubic meter of distilled water per day which is lower
than solar-powered desalination plants. Casimiro et al. [28]
presented an analysis of a hybrid MED system coupled with
a concentrating solar power plant in TRNSYS.

In this study, the feasibility of using the waste heat of
small-scale power plants for the production of freshwater is
investigated and the Shiraz power plant is analyzed as a case
study for evaluation of different configurations of cogenera-
tion. Shiraz Solar thermal power plant is a small-scale plant
(only 250 kW) in operation in Iran. This Rankine-based
plant works using the heat supplied via a field of parabolic
trough solar collectors. This plant has recently gone under
an expansion project via adding a gas-fired boiler to not only
make the power output of the solar plant uniform (and con-
sequently dispatchable) but also double its capacity. Con-
sidering the fact that Iran is experiencing a severe water
crisis at the moment, this work proposes the hybridization
of this combined gas—solar thermal power plant with a mul-
tistage seawater desalination unit for cogeneration of power
and freshwater. Although the case study is on a small-scale,
the positive outcomes of this investigation will be a reliable
proof for the justification of such hybrid systems in large-
scale for the utilization of the huge solar irradiation potential
of the country as well as addressing its water crisis. The
article investigates a wide range of possible cogeneration
configurations of the plant in its conventional design and

the new planned scheme. These hybridization scenarios for
cogeneration of power and water include using the waste
heat in the condenser, recovering the waste heat of both con-
denser and the auxiliary burner, and using only the waste
heat of the auxiliary burner in the desalination unit. A thor-
ough thermodynamic analysis of all the possible layouts is
presented, and the different scenarios are compared in terms
of efficiency and production rates and at the end, the best
scenario of waste heat recovery and hybridizing the solar
power plant with the desalination unit is selected and opti-
mized using a multi-objective approach.

System description and different scenarios

As mentioned, the objective of this work is to investigate the
feasibility of making Shiraz solar power plant a water—elec-
tricity cogeneration plant via the use of waste heat flows of
the plant for driving a MED with thermal vapor compression
(MED-TVC) unit. For this, a number of different scenarios
are considered, the mathematical formulations of each of the
cases are developed, the simulations are carried out, and the
results are compared in terms of power generation efficiency,
the amount of desalinated water, and the gain ratio of the
desalination unit. This section gives information about the
case study power plant and the various scenarios taken into
account.

The case study

Shiraz solar power plant, located in Iran, includes a steam
Rankine cycle powered by 48 parabolic solar collectors
and an auxiliary boiler. The solar only configuration of the
plant is capable of generating 250 kW of electricity, which
is increased to 500 kW by adding the auxiliary boiler. This
power plant uses both parabolic solar collectors and auxiliary
burner for steam generation. This steam is then expanded in
the steam turbine for the production of electricity. The outlet
stream of the steam turbine is separated into two flows. The
first flow goes to the condenser to be condensed and then
enter the deaerator with the second flow to remove oxygen
and other dissolved gases from the condensed water before
being pressurized to 2120 kPa by the pump. Then, the stream
gets separated again, one going to the auxiliary boiler to
generate steam directly, and the other to be preheated first in
the economizer and then be evaporated/superheated. Finally,
the two streams are mixed to create a constant flow with
2100 kPa pressure and 532.15 K temperature at the inlet of
the steam turbine. Figure 1 illustrates the schematic of the
plant. The specifications of parabolic trough collectors used
in the Shiraz power plant are presented in Table 1 [29, 30].

The design parameters of the plant are summarized in
Table 2 [31].

@ Springer



E.Rafat et al.

Fig. 1 Schematic of the Shiraz
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Tablg 1 Splar collectors’ Parameter Value Parameter Value
specifications
Length 25 m Reflectivity of mirror 0.873
Width 34m Transmissivity of cover 0.96
Aperture 3.1m Emissivity of cover 0.25
Focal length 88 cm Absorptivity of receiver 0.94
Outer diameter of the receiver 7 cm Emissivity of the receiver at 300 °C 0.14
Outer diameter of cover 12.5cm Intercept factor 0.93
Collector heat removal factor 0.98 Maximum optical efficiency 0.78
Concentration ratio 14 Rim angle 90°

Table 2 Shiraz power plant thermodynamic parameters

Parameter Value
Power generation 500 kW
Steam turbine inlet temperature 532.15K
Steam turbine inlet pressure 2100 kPa
Steam turbine outlet pressure 130 kPa
Outlet temperature of solar collector 5384 K
Turbine isentropic efficiency 58%
Condensate pump isentropic efficiency 30%

The hybrid configurations

For accomplishing the feasibility study of hybridizing the
Shiraz solar power plant with a desalination unit in this
work, five different scenarios (or configurations) are consid-
ered to be analyzed to find the best possible solution. First,
the base case without the desalination unit is investigated to
examine the performance of the conventional cycle (Fig. 1).

Shiraz power plant has a turbine outlet pressure of
130 kPa which makes it suitable to be used directly as the
motive steam in the MED unit. This situation is studied as
the second scenario (case 2) to recover the heat wasted in
the condenser for water desalination (Fig. 2).
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In case 3, waste heat from both the turbine outlet stream
and the auxiliary boiler is used to generate the motive steam
used in the MED unit (Fig. 3).

The fourth configuration (case 4) investigates the condi-
tion where only the heat from the auxiliary boiler exhaust
gas is used in the MED unit (Fig. 4). This case is analyzed in
order to understand the possibility of producing freshwater
using only the exhaust of the boiler, in case recovering the
waste heat of the condenser was not accessible.

Finally, as the last scenario (case 5), the possibility of
desalination in the solar only plant, when there is no auxil-
iary boiler, is assessed (Fig. 5).

Mathematical model

In this section, a mathematical model is provided for the
thermodynamic analysis of the proposed power plant and
solar power-MED plant.

Power plant

A control volume is considered around each component to

develop energy equations for the thermodynamic modeling
of the system. Neglecting the potential and kinetic terms,
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Fig.2 Schematic of the Shiraz
power plant hybrid with a
desalination unit (case 2)

Fig.3 Both waste heat of

the condenser and that of the
auxiliary boiler are used in the
desalination unit (case 3)

Fig.4 Only the heat from
exhaust gases is used to gener-
ate the motive steam used in the
MED unit (case 4)
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Fig.5 Schematic of the solar-
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the energy balance of any open control volume will be as
follows [32]:

Qnet,in - Wnet,out = Z rith — Z mh + (m2u2 - mlul)syslem
out in
ey
where h and u are the specific enthalpy and the internal
energy, m and 7 are mass of the control volume and mass
flow rate, and Q and W are the heat transfer rate and net

output work rate, respectively.
The mass balance of each component is as [33]:

my —my = Z 1y, + Z L (2)

Considering the general mass and energy balance equa-

tions above, Table 3 lists the required correlations for energy
analysis of the entire system.

The energy efficiency of the plant is calculated from [35]:

W,

net,out

= 7ty x LHV + Qg

®

where Wnemut is the net power generation of the plant, 7,
and LHV are the mass flow rate and the lower heating value

Table 3 Energy balance equations of the power plant components [34]

Component Equation
i i ; . W, 1
Steam turbine W, = rin(hiy = how )l Mis, = e (1
Pum 5 1(how =iy ) . Wi, 2
p Wp = —nm,, Misp = W_pp )

Heat exchangers mwf(hwf,oul - hwf,in) = moil (hoil,in - hoil,uul) (3)

Condenser mwf(hwf,in - hwf,out) = mcw (hcw,r)ut - hcw,in) (4)
Deaerator mwhw,in + mshs,in = (mw + ms)hw,out (5)
Auxiliary boiler Oroiter = m(hs’oul - hw,in) 6)
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of the fuel used in the auxiliary boiler, and Qg,, is the heat
absorbed by the fluid in the parabolic trough collectors.

Multi-effect desalination unit

The schematic of a MED-TVC system is illustrated in Fig. 6
. Energy balance equations are applied to vapor effects,
TVC, flash chambers, and the condenser for modeling the
system. The input parameters of the modeling include the
temperature of the top brine, boiling temperature of the last
effect, total feed flow rate, motive steam flow rate, cooling
water temperature, the temperature of the inlet seawater,
salinity of the inlet, motive steam pressure, and the number
of effects [36].

The temperature difference along the effects (i.e., desali-
nation stages) is assumed to be equal, which is calculated as
below, where T, and T, are the temperature in the first and
last effects and n is the number of effects [37]:

T,-T

AT = L (10

n—1

The compressed steam temperature can be calculated as
follows:

T,=T + AT (11)

The temperature of the vapor in the last effect is obtained
from:

Iy =T,—-BPE (12)

Boiling point elevation (BPE) is the increase in the boil-
ing temperature of the water because of the dissolved salts
and is calculated by [38]:

BPE = Xb X (B + (C x Xb)) x 1073 (13)

where
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Fig.6 Schematic of a MED-
TVC system
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The following equation is used to obtain the heat capacity
of water:

Cp=(a+bXT+cxT*+dxT?) x 107 (14)

In which,

a =4206.8 — 6.6197 x S + 1.2288 x 5% x 1072
b=-1.1262+54178 x Sx 1072 = 2.2719 x §* x 107*
c=12026x 1072 = 5.3566 X S x 10~* + 1.8906 x S? x 107°
d=68777x1077 +1.517x S x 107° — 4.4268 x S? x 107°

And,
S=X;x1073

Compressed steam pressure (P,) and entrained steam
pressure (P,,) can be calculated from the correlation pro-
posed by Ettouney and El-Dessouky as [39]:

—3892.7 4195
T, +273.15-42.6776

P, = 10% x exp < (15)

~3892.7
T, +273.15- 426776 9'5> (16)

P, =10° xexp<

Compression ratio (CR) and expansion ratio (ER) are,
respectively, given by:

Pm
ER = -2
P

ev

a7

CR=—

P (18)

ev
where P, P, and P, represent the motive steam tempera-
ture, compressed vapor pressure, and the entrained vapor
pressure, respectively.

The following equation can be used to evaluate the entrain-
ment ratio (R,) and the amount of entrained vapor (D,,) [40]:

P1A19
R, = 0.235<Pj'04) x ER%0P (19
ev
Dm
Dev = R_ (20)

The temperature of vapor and brine in the ith effect may
be calculated by:

TVi =T,—BPE 1)

T, =T, — AT

(22)

As the feed seawater (F) is equally distributed, the feed flow
rate in all the effects is the same and equal to:

F
F. ==
i=7 23)
The brine leaving each effect can be obtained from:
By =F,-D, (24)
B,=F,+B,_, —-D;; i>2 (25)
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The salinity of the brine leaving each effect is calculated
as:

Fl
Xby = 2= X X; (26)
1
Fi Bi—l .
Xbi=E><Xf+ ) XXi_;; 122 27)

1 1

The vapor in each effect is obtained as below:

D, = (D + Dey ) A ;FICP(Tl ~Ty) (28)
1

DA = F,G (T, = Ty) + B Co (T, — T»)

2= P 29

(Di-lii-l +D:_1>ii-1 _Ficp(Ti - Tf) _Bi—]CP(Ti—] - Ti)
D =
7

ciz3 (30)

where 4 is the latent heat of evaporation and is obtained as
follows:

A =2589.583 +0.9156 X T; — 4.834 x 107> x T 3D

And D’ is the amount of vapor generated because of the
flashing inside flash boxes

D= Di—ICP(Tv,i—l - T,’)

32
P (32)
T, =T, —BPE (33)
T =T, —NEA; (34)
0.55
(Ti—l - i)
NEA, =33 x ——~ (35)

v,i

In the last effect, the vapor is divided into two parts, one
going to the condenser (D( and the other is entrained by
the TVC (D).

DC=Dn_Dev (36)

The amount of total distilled water is the sum of distillate
in each effect

D =)D 37
i=1

The overall heat transfer coefficient can be calculated as
below [41]:

@ Springer

U, = (1939.4 4 1.40562 x T, — 0.0207525 X T}
3 -3
+0.0023186 X T7') x 10 (38)

Heat transfer area of the multi-effect evaporator unit is
given by:

(Dg + D,,) X A

A= ————— (39)
'ou(rn-T)
A Dij'i )
. = B l_
1 Ui(TCi _ Tl) (40)
n
A= DA 1)

The heat transfer area of the condenser section is calcu-
lated as:

DC )'n

B T, —T
€7 U, x LMTD,

cwW

hl(f@—nw> (42)
T.-T;

The overall heat transfer coefficient of the condenser is:

; where LMTD, =

U, =1.7194+3.2063 x T, x 107> - 1.5971 x T+ x 107
+1.9918 x T x 1077
(43)
Specific heat transfer area is the total heat transfer area
per unit distilled water:
_A+A
4= 7D,

44)

The gain ratio is calculated to evaluate MED-TVC per-
formance [42]:

Dt
GOR = D (45)

m

Multi-objective optimization procedure

In this paper, after the determination of the best scenario
for cogeneration, an optimization process is applied to find
the optimum parameters of the plant. For this purpose, a
robust optimization algorithm, multi-objective genetic algo-
rithm optimization, is employed to maximize the efficiency
of the cycle as well as the freshwater distillation. In multi-
objective optimization, two or more objectives are attempted
to be minimized (or maximized) simultaneously within the
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decision variables constraints. Figure 7 illustrates the flow-
chart of optimization using Genetic Algorithm.

Since the results of a multi-objective optimization is not a
single optimum point and is a collection of optimum points,
a decision-making process is needed for the selection of the
final optimum point. In this paper, a LINMAP decision-
making method is implemented for this purpose. In this
method, first, all objectives points in the Pareto Frontier are
normalized to become Euclidean non-dimensional values,
then using the following equation, the point with the least
distance to the ideal point is selected as the final optimum
point. [43]

n

2

k=1

The objective functions, decision variables, and the range
of each variable are described in Table 4.

Results and discussion

The results of the modeling and simulations of the different
considered scenarios are presented in this section.

Before presenting the results, the model used for dif-
ferent parts of the hybrid plant should be validated. This
power plant mainly includes the solar collectors’ field, the

Fig. 7 Optimization procedure
[ Initialize population

|

[ Rank population

1
1

Table 4 Decision variables and objective functions in the optimiza-
tion

Range [44]

Decision variables
X1: Collector’s outlet temperature 532-573 K
X2: Steam turbine inlet pressure 1500-3000 kPa
X3: Steam turbine outlet pressure 80-200 kPa
X4: Steam turbine inlet temperature 500-700 K
X5: Heat exchangers minimum approach tempera-  5-30 K

ture
Objective functions
Y1: Energy efficiency %
Y2: Distilled water /kgs™!

desalination system, and the power block. Apart from the
model of the power block, which is based on the well-known
and simple thermodynamic models, the models developed
for the solar collectors and the desalination unit should be
validated. The validation processes are performed compar-
ing the results given by the developed models of this work
and the experimental results available in the literature.

For the solar power plant, the validation is carried out by
comparing the results associated with the collectors’ field
outlet temperature and steam temperature generated by the
solar working fluid with those reported in Ref. [45] for the
same power plant and the same operation conditions on the
22nd of June 2009 [45]. As can be seen in Fig. 8 , there is a

Input parameters ](_[

Start

[ Final population

( A
Thermodynamic Calculate objective
analysis functions
\ 7
( l A
Selection
\ 7
P ¢ ~
Crossover
\ 7
( ¢ N
Termination Mutati
criteria? utation
\ 7
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Fig.8 Comparison of the experimental results and the modeling: a collector’s outlet temperature and, b steam temperature

Table 5 Results of MED-TVC

o Parameters Modeling results Reference [46] Difference /%
validation
Distillate production (kg/s) 50.2 524 42
Gain ratio 7.8 8.3 6.1
Cooling water flow rate (kg/s) 261.9 258.3 1.4
145 T T T T T T T T T T 700 T T T T T T T T T T
140d —=— 7=500 (k) | |
’ \v —e— T=530 (k) 650 - i
13.54 —A— 7=560 (k) |
\ T=590 (k) 5
X 13.0 1 = B 2 600 -
% \ —v— 7'=620 (k) a
g 1251 . 2
5 S 550 1 .
E12.04 B =]
= g,
11.54 s < 500 - 4
Z
11.0 1 5
450 .
10.5 1 5
10.0 T T T T 400 T T T

T T T T T T
60 70 80 90 100 110 120 130 140 150
Turbine outlet pressure/kpa

Fig.9 Effect of turbine outlet pressure on the efficiency of the cycle
with different turbine inlet temperature

good agreement between the model and experimental meas-
urements as the average difference is less than 3%.

The model for the multi-effect desalination unit is also
validated with the data of the Qeshm distillation plant. The
validation result of the employed mathematical model for
simulating the desalination unit is presented in Table 5.

Figure 9 investigates the effects of turbine inlet tempera-
ture and outlet pressure on the efficiency of the Rankine-
based power block of the case study solar power plant.
According to the figure, and expectedly, by decreasing the
outlet pressure, the pressure ratio of the turbine increases,
which results in an increase in power production and,
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Fig. 10 Effect of turbine outlet pressure on the produced power with
different turbine inlet temperatures

consequently, the efficiency of the cycle. Here, by decreas-
ing the turbine outlet pressure to 60 kPa and increasing the
inlet turbine temperature to 620 K (from the current state
of 130 kPa and 530 K), an efficiency as high as 14% can be
achieved.

Figure 10 assesses the effects of the same parameters in
the case study on the rate of the power output of the plant.
Naturally, the same trend as that seen in the previous figure
is expected here. This is due to the fact that the power gen-
eration in the turbine has a direct relationship to its pressure
ratio, and by decreasing the outlet pressure, thus increas-
ing the pressure ratio of the turbine, the power generation
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increases as well. As seen, in the base case (T=530 K),
by decreasing the outlet pressure to 60 kPa, about 110 kW
more power can be generated in the steam turbine, which is
a considerable number. By increasing the inlet temperature
to 620 K, electricity as much as 670 kW can be achievable.

Figure 11 studies the effect of minimum approach tem-
perature of heat exchangers on the efficiency of the power
plant. A rise in this temperature difference leads to a drop in
the performance of the cycle since when the heat exchanger
pinch temperature increases, the temperature of the flow
leaving the superheater decreases too. To overcome this tem-
perature drop and to maintain the properties of the turbine
inlet flow, the outlet temperature of the boiler needs to be
increased, thus increasing the amount of fuel burned in the
boiler. As a result, increasing the approach temperature of
heat exchangers from 5 to 30 can decrease the efficiency of
the cycle from 13.5 to a low of only 9.5.

The impact of turbine outlet pressure on the performance
of the desalination unit is investigated in Fig. 12. As seen
from the figure, raising the turbine outlet pressure has a
mildly negative effect on the performance of the MED-TVC
unit in cases 2 and 5. This is because the outlet stream of the
turbine is directly used as the motive steam in these configu-
rations. Increasing the motive steam pressure leads to a rise
in the entrained vapor pressure and the expansion ratio of
the system. The rise in the expansion ratio causes a growth
in the entrainment ratio and also lowers the entrained vapor
flow rate. This decrease in the flow rate also decreases the
amount of produced desalinated water in the first effect, thus
lowering the gain ratio of the MED-TVC. Since in case 3 the
waste heat from the turbine outlet stream is used to generate
the motive steam and the turbine outlet stream is not used
directly in the desalination unit, by increasing the turbine
outlet pressure, the outlet temperature increases too, and thus
the amount of available heat which can be used to generate
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Fig. 11 Effect of heat exchangers minimum approach temperature on
the performance of the cycle
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Fig. 12 Effect of the turbine outlet pressure on the gain ratio of the
desalination unit

the motive steam increases too, hence increasing the motive
steam mass flow which leads to an increase in the amount of
distilled water and the GOR. Changes in the turbine outlet
pressure do not affect the performance of case 4 as only the
waste heat from the boiler is used in this configuration.
The relations between the top brine temperature, num-
ber of effects, and GOR are shown in Fig. 13. Increasing
the temperature of the brine results in a fall in the GOR of
the desalination unit. This is due to the fact that by raising
the brine temperature, a higher pressure ratio is needed in
the ejector, thus requiring more motive steam. However, the
brine temperature affects the consumed heat in the unit and
the heat transfer area, and the increase of the brine tempera-
ture, due to the temperature difference, has a positive effect
on lowering the needed heat transfer area. The results show
that by decreasing the top brine temperature, the GOR value
increases gradually, as by decreasing the temperature from

Top brine temperature/C

Fig. 13 Impact of the top brine temperature on the GOR in terms of
different number of effects
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75 to 55 °C, the GOR rises from 11.8 to 24.6. Furthermore,
at a particular temperature, increasing the number of effects
causes an improvement in the gain ratio. For instance, with
a top brine temperature of 65 °C, doubling the number of
effects from 4 to 8, leads to a ten-point increase in the GOR
value. This is because by increasing the number of effects,
the possibility of transferring heat between flows increases.

Figure 14 illustrates the relation between the number
of effects in the MED system and the gain ratio as well as
the specific heat transfer area. According to the figure, by
increasing the number of effects, more heat is recovered
in effects, and consequently, the gain ratio increases. On
the other hand, more desalination stages (effects) mean an
increased specific heat transfer area, which is, indeed, to an
increase in the cost of the system. By doubling the number
of effects from 4 to 8, the gain ratio of the desalination plant
rises from 5.32 to 12.46. By adding the 9th effect, however,
the GOR only increases by 1.38 to reach 13.85, while the
specific heat area continues its exponential increase. Look-
ing at the figure, the most significant gap between gain ratio
and specific heat transfer area happens at the case when we
have eight effects, making it a considerable choice.

Table 6 shows the results of the steady-state analysis of
each scenario and compares the performance of each case in
terms of energy efficiency, generated steam, distilled water,
and gain ratio. The DNI is assumed to be 800 W m~2 in these
calculations. The results of the steady-state analysis show
that the second scenario, using the MED as the condenser
has the highest performance in terms of water desalination.
However, since the performance of the solar power plant
changes under different solar irradiation values, an analysis
considering the weather condition is needed for the selection
of the best configuration.

For doing the simulations under real fluctuating avail-
able energy source for the plant, the local solar irradiation

1200 T T T T T T T
- - - Specific heat transfer area
— QGain ratio

1000
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600

Gain ratio

400

Specific heat transfer area

200

Number of effects

Fig. 14 Impact of the number of effects on gain ratio and heat transfer
area
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intensity over a 15-day period of the year from August 27
to September 10 (2019) is considered. Figure 15 presents
the hourly average direct normal irradiation (DNI) in Shiraz
during these days. As seen, the maximum DNI during the
day is expected to be about 850 W m~2. In addition, accord-
ing to the figure, Shiraz has been quite rich in terms of solar
energy availability during the sample period, as very little
fluctuations are seen in the daily profiles of the DNI.

Figure 16 illustrates the fluctuations of the auxiliary
boiler’s fuel mass flow rate during the period of the study.
Here, it is supposed that the power output of the plant at any
given condition should be kept at a constant rate of 500 kW.
For achieving this, as seen, during the day, with the increase
of solar irradiation and as a result, the delivered heat by
solar collectors, the fuel consumption in the auxiliary boiler
decreases to the low point of 0.04 kg s~!, and at night, when
there is no available solar energy, the fuel flow rate reaches
to the peak point of 0.9 kg s~'.

Naturally, the plant efficiency, besides the several techni-
cal factors, is a function of solar energy availability too. The
changes in the power plant efficiency as the DNI varies are
shown in Fig. 17. Overall, it can be seen that the efficiency
of the plant rises as solar irradiation grows, except the peak
solar irradiation points at which there are small reductions
in the efficiency values which are because of the oil mass
flow rate in collectors reaching its maximum value, thus

Table 6 Results of the steady-state analysis

Case no Energy effi-  Generated Distilled GOR
ciency/% steam/kg s~ water/kg s~!
Case 1 11.126 - - -
Case 2 11.122 1.5358 8.7879 6.722
Case 3 11.01 0.7858 4.8504 6.1722
Case 4 11.01 0.3238 1.8347 5.6669
Case 5 10.65 0.8568 5.4503 6.3615
1000 i
800 g
E 600 -
s
Z 400 -
200 u
04
5I0 160 lSIO 260 25IO 360 35I0
Time/hour

Fig. 15 Solar irradiation on a horizontal surface in the case study
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Fig. 17 Plant efficiency during the period of study

decreasing the percentage of heat recovered in the collec-
tors. This, however, is not of significant importance as the
maximum efficiency of the plant is about 11% when solar
irradiation is at the highest level while the efficiency is at
the minimum value of 10.6% when the solar irradiation level
approaches the dead point of zero.

The relation between solar irradiation, auxiliary boiler
fuel mass flow rate, and the power generation efficiency is
illustrated in Fig. 18. As the solar irradiation level increases,
the heat absorbed by the thermal oil in the solar collectors
increases, and more steam is generated in the evaporator.
Thus, less steam needs to be provided, resulting in a reduc-
tion in the fuel mass flow rate since the power output of the
plant is considered to be constant, which results in a rise in
the efficiency of the cycle. It can be seen that while DNI
fluctuates between 0 and 850 W m~2, the efficiency changes
between 10.65 and 11.05%, and the fuel rate varies between
0.035 and 0.09 kg s~

The amount of distilled water in different configura-
tions of the hybrid power plant is illustrated in Fig. 19. In
case 2, the MED unit is set to be after the turbine and in
the condensing section. Since the production of the plant
is controlled to be fixed at 500 kW, when solar irradiation
decreases, fuel mass flow increases in the auxiliary boiler,
so the properties of the fluid at the inlet of the turbine do not
change. As a result, the turbine outlet properties and the heat
transferred to the desalination unit remain the same, so the
production of desalinated water remains constant too. Case
2 represents the situation where both heat from the turbine
outlet stream and auxiliary boiler exhaust gases are used for
the generation of motive steam in the desalination unit. In
this case, with the decrease of solar share, the shortage of
heat in the plant will be resolved in the auxiliary boiler by
increasing the fuel flow rate, which results in an increase
in the exhaust flow rate. In this way, the heat transferred
to the MED unit increases, thus increasing the production
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Fig. 18 Comparison of
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Fig. 19 Amount of distillation in different cases

of distillate water. In case 4, only the waste heat from the
auxiliary boiler is used to produce desalinated water. Similar
to case 2, by the increase of fuel mass flow rate, the water
production increases too but is generally lower than case
2, as can be expected. The hybridization of the desalina-
tion unit with the solar only cycle is presented in case 5. In
this case, the properties of the turbine inlet stream change
during the day, as there is no auxiliary boiler to control the
temperature by increasing the fuel flow rate. Thus, the pro-
duction of desalination changes too, peaking at noon and
being zero at night.

Figure 20 shows the fluctuations of the gain ratio in the
desalination unit of different cases. Gain ratio (GOR) is the
amount of seawater desalinated per unit motive steam used
in the process, which represents how efficient the desali-
nation unit is working. The higher this index is, the more
efficient the system is. Changes in the motive steam mass
flow are the main reason for this fluctuating behavior during
the period in case 3 to 5. In case 2, since a constant flow is
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supplied from the turbine outlet stream as the motive steam,
no changes in the gain ratio have happened.

The total distillation during the studied fifteen days is pre-
sented in Fig. 21. As expected, case 3, where both the heat
from the turbine outlet stream and auxiliary burner exhaust
gases is used to produce the motive steam used in the desali-
nation unit, has the best performance in terms of desalinated
water production. The second-best configuration is case 2,
where the outlet turbine stream is directly used as the motive
steam. Case 4, where only the waste heat from the auxil-
iary boiler is used to generate the motive steam used in the
MED unit, has a considerably lower performance than the
two other mentioned cases showing the heat wasted in the
condenser is greater than the burner. And the last configura-
tion, case 5, where the plants are assumed to be solar-only,
produced the least amount of desalinated water during the
15-day period of study, which is predictable since no seawa-
ter is desalinated at night when there is no solar irradiation.
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Table 7 Results of different scenarios for fifteen days of study

Caseno Average Total fuel ~ Total CO, Total water
effi- used/Tonne produced/ desalinated/
ciency/% Tonne Tonne

Casel  10.758 97.335 268.028 -

Case2 10.754 97.335 268.028 11,389.083

Case3  10.758 97.335 268.028 12,784.816

Case4 10.758 97.335 268.028 4844.342

Case5 11.084 - - 2439.753

Finally, Table 7 details the performance of the five dif-
ferent cases of the plant in terms of average efficiency,
total fuel consumption, total emission, and the total water
desalinated during the 15 consecutive days of the opera-
tion of the plant. According to the table, cases 2, 3, and
4 display similar performance to the base power plant
(case 1) in terms of efficiency, total fuel consumed, and

the amount of CO, produced since only the waste heat is
used for the addition of the desalination unit and the con-
figuration of the system quite untouched. Case 5 shows
higher efficiency compared to other cases because the irre-
versibility in the auxiliary boiler has a negative impact
on the efficiency of the cycle, which is not relevant for
case 5 since the system is power by only solar irradia-
tion. In terms of the amount of distillate, case 2 shown the
best performance, among others, with the average pro-
duction of 9.864 kg s™! desalinated water. The second-
best configuration is when only using the heat wasted in
the condenser (case3), which produced 8.787 kg s7!of
water averagely and case 4, when only the heat from boiler
exhaust gases is used to generate the motive steam used in
the desalination unit, has the lowest water production with
only 3.737 kg s~! of seawater desalination on average. In
case 5, about 1.882 kg s~! of distillate is produced, which
shows the possibility of power-water cogeneration even in
the solar-only configuration.

After the selection of the most efficient configuration for
the heat recovery in the hybrid solar plant, an optimization
process is applied to the selected scenario to find the opti-
mum parameters of the plant. Thereby, case 3, which has the
highest efficiency and distillation product, is optimized using
the procedure described in Sect. 3.3. The aim of the two-
objective optimization is maximizing the water distillation
and energy efficiency of the power cycle. However, it is not
possible to increase both of these objectives since increasing
the energy efficiency results in less heat being wasted, thus
decreasing the amount of generating motive steam and dis-
tilled water. As a result, the final optimum point is selected
from the Pareto Frontier illustrated in Fig. 22.

The results of the two-objective optimization are summa-
rized in Table 8. The results show that most of the improve-
ment is in the distilled water (Y2), which is improved by
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Table 8 Results of the two-objective optimization

Base values Multi-objective Improvement
optimization

Decision variables

X1 5384 K 555.427

X2 2100 kPa 1842.191

X3 130 kPa 147.502

X4 532.15K 643.882

X5 30K 26.925

Objective functions

Y1 10.8811% 10.890 0.08%
Y2 5.8550 kg s~ 6.332 8.14%

8.14%. The energy efficiency (Y1) of the plant is improved
by 0.08% after applying the multi-objective optimization.

Conclusions

In this study, the Shiraz solar power plant has been
analyzed as well as four different configurations of the
hybridization of the plant with a desalination unit for
cogeneration of power and water. A MED-TVC system is
considered as the desalination unit, which has been imple-
mented in different configurations to use the waste heat of
the system to produce fresh water. This work investigated
five different scenarios: first, the solar power plant without
the desalination unit, second, using the desalination unit
after the steam turbine to recover the waste heat from the
turbine outlet stream, third, using both the waste heat in
the condenser and exhaust gases of the boiler to generate
the motive steam used in the MED-TVC unit, forth, using
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only the waste heat from the boiler’s exhaust gases, and
fifth, recovering the turbine outlet waste heat where the
power plant is solar only, and there is no auxiliary boiler.

The results of the thermodynamic analysis show that
all configurations have approximately similar efficiency of
power generation, which is expectable since only the waste
heat is used in the desalination unit. But the performance
of the configurations differs in terms of freshwater pro-
duction. case 3 ranks best in terms of water desalination
with an average of 9.87 kg s™! of distillation and 6.82 of
gain ratio. The second best configuration is case 2, with
8.79 kg s~! and 6.72 of freshwater production and GOR.
Case 4 and 5 have the worst performance with only 3.74
and 1.88 kg s~! of average production rate and 6.66 and
6.04 gain ratio.

The sensitivity analysis of the cycle shows that an electric
efficiency of 14% can be achieved by increasing the turbine
inlet temperature to 620 k and decreasing the turbine outlet
pressure to 60 kPa. However, increasing the turbine outlet
pressure had improved the performance of the desalination
unit in case 3 since it increased the waste heat used in the
MED-TVC unit while it had a negative impact on the water
production in case 2 and 5 as it can cause a decrease in
the entrained flow rate while increasing this pressure. The
results show that changes in this pressure did not impact the
water production performance in case 4 since only the waste
heat from the boiler was used in this scenario.

The relation of gain ratio with the changes in top brine
temperature and the number of effects is also investigated.
The results show that by decreasing the top brine tempera-
ture and increasing the number of effects, higher gain ratios
can be achieved. However, it should be considered that
increasing the number of effects increases the specific heat
transfer area too, which will increase the cost of the plant.

Also, each cycle is studied over a fifteen-day period to
evaluate the performance of them under real conditions.
While case 2 had the most stable performance in terms of
the freshwater production and gain ratio, case 3 had the best
average energy efficiency and distilled water between the
investigated scenarios. The water production in case 3 dur-
ing this time period was 12,784.816 tonne and 852.321 tonne
per day on average. The CO, production of all cases is simi-
lar to each other and equal to 17.868 tonne per day. The total
fuel used during this fifteen-day period is 97.335 tonne.

Finally, the selected scenario, case 3, which has the high-
est distillation and efficiency, is optimized using the genetic
algorithm and a multi-objective approach. The results of
the optimization show a 0.08% increase in energy effi-
ciency while most of the improvement is in the freshwa-
ter production, increasing from 5.85 to 6.33 kg s~! (8.14%
improvement).

The results of this work show the possibility of recover-
ing the waste heat of a small-scale solar power plant using
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the desalination unit and improving the overall performance
of the plant.
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