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ABSTRACT

In the present study, a power, cooling, and freshwater tri-generation system is proposed to meet the
global requirements sustainably. A Kalina cycle (KC), an absorption refrigeration cycle (AC), and an
organic Rankine cycle (ORC) coupled with reverse osmosis (RO) are integrated to form the proposed
system. The performance of the proposed system is analyzed using thermodynamic and economic
viewpoint. An integrated system combines the refrigerant loop of the water-ammonia absorption
chiller, consisting of an evaporator and throttling valves with KC. The Kalina turbine discharges the
heat and combines with generator to loop the ORC and generate power which drives the RO module.
A portion of the mass flowrate enters the evaporator to generate cooling after being condensed in the
AC unit. The effect of key thermodynamic parameters on system performance is studied using para-
metric analysis. The results show that the system is capable to generate 1,725 kW of power, 665 kW
of cooling, and 3.42 m3/h of freshwater. The parametric analysis results indicate that the flash tank
pressure has an optimum value which should be selected wisely. It is concluded that the parameters
related to the KC are dominant ones because they can affect both the KC and the ORC. The proposed
system is a flexible adapting power, cooling, and freshwater tri-generation demand.

Keywords: Integrated low-temperature cycles; Parametric analysis; Power, cooling, freshwater

tri-generation; Refrigeration; Thermodynamics

1. Introduction

An increase in industrial growth and population high-
lighted the need of supplying sufficient energy demand
and enough freshwater for human activities. In addition,
1% of the world population is dependent on the desalinated
water and it is expected 14% of the world population will be
encountering water scarcity by 2025 [1]. Energy and water
are two critical resources recognized to restrict sustainable
development. Utilization of renewable energy sources is con-
sidered as a sustainable solution for addressing the energy
and freshwater production requirements. Thus, combining
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renewable energy plants and freshwater production unit is
a suitable design for sustainable development [2].
Geothermal energy is one of the renewable energy sources
which gained attention due to its benefits to utilize low-grade
heat source, a low-temperature cycle, such as Kalina cycle
(KC), organic Rankine cycle (ORC), and absorption refriger-
ation cycle (AC) [3]. KC and ORC are two competitive low-
grade heat sources thermodynamic cycles. Many researchers
have studied KC and ORC as well as their operation. Ashouri
et al. [4] studied a Kalina cycle driven by solar energy to pro-
duce power and analyzed the system thermodynamically
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and economically. The authors compared the proposed sys-
tem with a fuel-driven KC to evaluate the economic effect of
solar collectors on the system. The authors concluded that
the ammonia mass fraction is the dominant parameter of the
cycle and can change performance of the system consider-
ably. Sulaiman et al. [5] studied a hybrid system consisting
of solid-oxide fuel cell (SOFC) and an ORC integrated by a
single-stage AC. The results showed that tri-generation sys-
tem’s efficiency can be increased by 22%. Patel et al. [6] stud-
ied the performance of combined ORC and AC for heating,
and cooling production from energy, exergy, and economic
viewpoints.

Dozens of papers have focused on the comparison of
low-temperature thermodynamic cycles to recover waste
heat from systems [7]. Gholamian and Zare [8] investigated
KC in comparison with the ORC for waste-heat recov-
ery from SOFC and gas-turbine hybrid system. Shokati et
al. [9] performed exergoeconomic comparison between a
KC and three types of ORC driven by geothermal energy.
The results showed that the KC has the lowest value of
unit cost of the power produced. According to a compar-
ison of KC and ORC in the topping cycle, the KC with an
ammonia mass fraction can produce 18% more net power
and consume 17.8% less electricity [10]. Yogi Goswami [11]
proposed a new integrated cycle to produce simultaneous
power and cooling using ammonia—water with a single heat
source. After that many researchers studied this cycle from
different viewpoints. The authors modified the proposed
system by rendering the Goswami cycle, which produced a
higher quantity of power by superheating the turbine inlet
[12,13]. Hasan and Goswami [14] carried out exergy analy-
sis on the Goswami cycle to evaluate its performance. Hadi
et al. [15] studied the thermodynamic and thermoeconomic
analysis of integrated KC designed only for power and
cooling production simultaneously and claimed to obtain
thermal efficiency and exergetic efficiency of 20.4% and
16.69%, respectively. Lolos and Rogdakis [16] performed
thermodynamic analysis of KC driven by low-temperature
heat sources. They only focused on power production and
obtained optimum range for the vapor mass fraction on and
operating pressures to optimize the performance of the sys-
tem. Many investigations have been performed to seek the
possible position of the Kalina cycle as bottoming or topping
cycle and new systems for tri-generation of power, cooling,
and heating purposes are considered promising technol-
ogies. Li et al. [17] proposed a novel tri-generation system
focusing on producing cooling, heating, and power produc-
tion. They concluded that heating contribution increases the
exergy efficiency but with limited cooling capacity. Wang et
al. [18] presented a novel system by integration of absorp-
tion cooling cycle and KC utilizing low grade heat sources.
They also conducted energy and exergy analysis of their
proposed cycle and found that increasing the ammonia mass
fraction has a vital role in increasing the thermal and exergy
efficiencies. The aforementioned cycles are only used to pro-
duce cooling, power, and heating only.

Moreover, some regions of the world suffer from severe
water stress and the freshwater necessity is expected to
expand in the next decades [19]. The various technologies
were employed to deal with freshwater scarcity by desalting
sea or brackish water. Membrane-based processes, especially

reverse osmosis (RO), have been widely used for freshwa-
ter production mainly focusing on industrial applications
[20]. Among other available technologies, RO has captured
great attention because of its low energy and cost require-
ments and is viable in the areas facing the low availability of
fresh water. RO-based freshwater production is 65.5 million
m?/d, which is around 69% of desalinated water production
by volume [21]. Seawater RO is expected to play the most
important role in future water supplies especially in coastal
areas that have not needed it in past years. These include
some parts of Europe, South Asia, China, California, and
Texas in USA [22]. The use of renewable energy technologies
especially photovoltaic and the wind is suitable for provid-
ing power to run RO-based plants in remote areas [23]. Few
researchers have proposed that hybrid energy systems are
suitable for small communities in the mainland. The electric-
ity needed to drive high-pressure pumps in RO is provided
by battery storage system coupled with photovoltaic cells
and diesel generators are kept for backup for peak hours
[24]. The use of fossil fuels to drive the desalination process
contributes a lot of pollutants mainly due to the use of die-
sel generators, contributing to climate change [24]. RO is the
most promising desalination technology for the coupling of
geothermal power plants in order to produce freshwater and
electricity. The various combinations of desalination systems
equipped with KC and ORC have been studied. Nafey and
Sharaf [25] analyzed the cost rate, energy, and exergy of a
combined solar ORC with RO system. They concluded that
an ORC is one of the most efficient cycles, which can be
used as a mature bottoming cycle to exploit low-grade heat
sources and run RO module. Hence, recent research efforts
have focused on thermodynamic parametric analysis of KC,
comparing the KC with ORC, application of KC and ORC
as a bottoming cycle, power, and cooling generation using
low-temperature cycles, and integration with desalination
unit. However, combining KC with an ORC, refrigeration
cycle, and desalination unit to generate power, cooling, and
freshwater, simultaneously, as a high efficient system has
been rarely done.

In this study to the best of our knowledge, the first to
propose a novel tri-generation system consists of low-grade
heat source Kalina cycle (KC) to drive an ammonia—water
based absorption cooling cycle (AC) integrated with hydro-
carbon-based ORC, and desalination unit RO for sustainable
production of three useful outputs simultaneously; produc-
tion of power, generation of process cooling, and freshwater.
Concerning the novelty of the proposed tri-generation sys-
tem, a detailed investigation based on exergy analysis which
allows not only quantitative but also qualitative consider-
ation in the energy transformation process is introduced.
A parametric study has also been conducted to ascertain
the effects of changing the operating variables and fluid
thermodynamic properties on the performance parameters
of an investigated system.

This paper consists of three major parts. First, the system
was modeled thermodynamically to evaluate the perfor-
mance via thermal and exergetic efficiency. Second, the total
annual cost (TAC) of the integrated system was analyzed eco-
nomically. Third, parametric analysis investigated the effects
of the main parameters on the system performance and pro-
duction costs.
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2. Materials and methods
2.1. Tri-generation system configuration

A schematic representation of the proposed system is
shown in Fig. 1. The system generates power, cooling, and
freshwater based on the functional principles of a Kalina
cycle (KC), an organic Rankine cycle (ORC) an absorption
refrigeration cycle (AC), and an RO module, respectively. It
works in three pressure levels; the lowest (P, ), the interme-
diate (P,,), and the highest pressure (P, ). The absorber and
evaporator operate in the P for cooling production and
absorbing ammonia—-water with different concentrations.
The flash tank (FT) under P, separates the working fluid
into two streams with high concentration (state-4), and low
concentration (state-13) of ammonia. The hot, high pressure
(P,,) stream passes through the KC turbine and generates
power. The KC turbine exhaust stream (state-11) after giv-
ing fuel to the bottoming ORC, enters the absorber where
a basic mass fraction of ammonia is produced by absorbing
the weak solution from the flash tank. The high concentra-
tion solution (state-4) passed through preheater to preheat
the boiler feed solution (state-8) leading to a decreased heat
load in the condenser. The absorbed solution (state-1) is then
pumped and the cycle is repeated.

In the bottoming cycle, the organic fluid (R245fa) is
pumped to the preheater (FTP-2) in which it is heated up
to approach its critical temperature by utilizing waste heat
of the KC turbine. Then, the organic vapor is expanded in
the ORC turbine. A part of the generated power from ORC
turbine operates the pump of the RO module. The outflow
of the ORC turbine is condensed by exchanging heat with
the RO feed water in the ORC condenser (FTP-3).

2.2. Thermodynamic modeling

The thermodynamic properties of all states of the pro-
posed system should be known for any thermodynamic
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Fig. 1. Schematic representation of the tri-generation system.

analysis. The models developed by Rashidi et al. [3] and
Safder et al. [2] were used considering the following simpli-
fying assumptions.

* The system is under steady-state conditions.

® The heat losses and pressure drops are neglected in pipes
and other components.

e The working fluid in the absorber, boiler, condenser,
and evaporator outlet of the KC and ORC are saturated.

e The refrigerant is saturated in the condenser and
evaporator of the AC.

The energy and mass balance equations of the system’s
components are summarized in Table 1. The thermody-
namic equations of the KC and ORC turbines are given in
Egs. (1) and (2), where i b KC! erb,ORC, Mo Mo, @and b are
the KC turbine power, ORC turbine power, mass flowrate
of the KC turbine, mass flowrate of the ORC turbine, and
specific enthalpy, respectively. The power consumption of
the pumps (Wpum ) is given in Eq. (3), where v is the spe-
cific volume of tfle fluid, n 1is the isentropic efficiency of
the pump, rﬁp is the mass ﬁowrate, and P is the pressure
[26]. The energy balance equation of the absorber is given
in Eq. (4), where Q,,_is the released heat from the absorber.

The energy balance equations of the heat exchanger
(FTP) are presented in Egs. (5) and (6), where AT_, rep-
resents the temperature difference between the inlet and out-
let streams of the cold side. (T)), is the temperature of the
inlet hot streams, and (T), is the temperature of the inlet cold
streams. The boiler and super-heater (SH) are assumed to be
operating similar to a heat exchanger unit, where an external
hot stream is considered to be a heat source. The required
heat can be obtained using Eqs. (7) and (8), respectively. The
heat requirement (QFT) of the flash tank is obtained using
Egs. (9) and (10), where x is the ammonia mass fraction of
fluid. Egs. (11) and (12) show the simplified energy and mass
balance equations of the valves according to the assumed

steady-state condition, where ., is the mass flowrate
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Table 1
Thermodynamic model of the KC, ORC, and AC subsystem

Equations No.
Wooxe = (mkc ) x (hm ~hy, )W:urb,Kc = (e ) x (hm ~hy, ) )
Wi ore = (mom ) X (I = hzt)) @)
o = mVXUXE]I:out_I)in) 3)
Q,,. =1, xh_—1i1, xh_, (4)
AT,
), (1, ”
sgV = (vi,)  ~(ie,) ©)
1ty (hsg = hsy ) =it (hy = ) @
gy (Mg =Py ) = 1t (g =y ) ®)
1L, X = L % X+ 1 x X, ©)
Qpy = tityy x by +1it, x I, —1ity x I, (10)
h, =h, (11
(1 1o = (1) (12)

Table 2
Governing equations of the RO subsystem

passing through the valves. The subscripts ‘in” and ‘out’ rep-
resent inlet and outlet flow.

The RO subsystem is modeled using Egs. (13) through
(25), presented in Table 2. The feed-water mass flowrate (1)
is obtained based on the module recovery ratio (RR) and dis-
tillate mass flowrate (1), which are given in Eq. (13). The
distillate product salt concentration (X) is obtained using
Eq. (14), where X, is the feed-water concentration and REJ is
the salt rejection ratio. The water content and salinity of the
brine stream (X,) are given in Egs. (15) and (16), respectively.

The osmotic pressure of the feed (P), distillate (P)),
brine streams (P ), net osmotic pressure membrane (AIl)
is obtained using Egs. (17) through (20), where AII  is the
average osmotic pressure [27]. The transmembrane pressure
(AP) is calculated using Eq. (21), where TCF, K, AIl, N,
N, FF, and Amemb are temperature correction factor given in
Eq. (23), membrane water permeability is given in Eq. (22),
net transmembrane osmotic pressure, number of membrane
elements, number of pressure vessels, fouling factor and
active area of the membrane, respectively.

The required power (HP) of the module pump and spe-
cific power consumption (SPC) are, respectively, estimated
using Egs. (24) and (25) where o is the density of the feed
water stream and 1, is the pump’s isentropic efficiency.
The properties of the membrane module constructed by
Filmtech with trade name FTSW30HR-380 were used in the
current study [2].

Equations Units No.
o,
wm, = —% ke/h 13
/" RR & (13)
X,= X (1-RE]) g/kg (14)
1it, = 1, kg/h (15)
tix X =i x X+, x X, g/kg (16)
P=7584x X, kPa (17)
P,=7584xX, kPa (18)
P,=75.84 x X, kPa (19)
AIT=AII -P, kPa (20)
AP = ' +ATT KPa @1)
3600xTCFxFFxN,xN xA  xK_
(6.84/10°)(18.6865-(0.177x X, ))
W= L m~2h'bar’ (22)
(T, +273)
1 1
TCF = exp| 2640| | — |- ——— - (23)
298) (273+T,)
(mf xAle,OOO)
_ kW (24)
(3,600xpxm,,,.. )
SPC = Q KkWh/m? (25)

m,
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All thermal systems could be discussed to their major
performance parameters based on the first law of thermody-
namics. These parameters are given in Egs. (26) and (27).

W =W + W,

net turb,KC turb,ORC - (

W, + W, + W, +W,,)

' (26)

V\_rhere Wnct is the net power of the integrated system. va A o

W , and W  are the power consumption of the pumps 14,
P N p

respectively.

2.3. Economic modeling

The economic modeling of the tri-generation system is
developed to assess the TAC. The models reported by Ifaei et
al. [28] and Li [29] were used in this section.

The TAC is calculated using Eq. (27).
TAC = AOC + ACC 27)
where ACC and AOC are the annual capital cost and annual
operating cost, respectively. The ACC is obtained by mul-
tiplying total capital cost (TCC) by an amortization fac-

tor, detailed in reference [30] while AOC is obtained using
Eq. (28).

(28)

m

AOC=0M, +OM,; +OM, +OM,, +OM_,

ix((1+4)°)
((L+1))-1

where AF and OM are the amortization factor and operating
and maintenance cost, respectively. i, Ic, and subscripts I, i,
p, ch, and mem, represent the interest rate, plant life cycle,
labor costs, insurance-maintenance costs, electric power
costs, chemical costs, and annual membrane renewal cost,
respectively.

All of the costs were updated to a much recent year of
2016 using Eq. (30) and chemical engineering plant index
(CI). Required economic constants are presented in Table 3.

AF = (29)

CI
Zk — Zk ( 2016 } (30)
,2016 ,2000 Clzooo
where me is the component cost in 2016, and meJ is the
component cost in 2000. CL,, and CL,, are the chemical

engineering plant cost indexes in the year 2016 and 2000,
respectively [26].

2.4. Exergy analysis

Based on the first and the second law of thermodynam-
ics, the steady-state exergy balance can be expressed as
follows [31]:

1- %

Tix, +Q[ Tj:zgxm W, @

Table 3
Economic modeling constants

Economic constant Values
Clyyyg 541.7
ClLy, 394.1
i, % 5

Ie,y 20

Zrcf, HEX’ Uss$ 12,000
It i ¥ 5
CCemy USS 1,000
If, y! 0.85

where subscripts ‘in” and ‘out’ represent inlet and outlet
specific exergy to the control volume, respectively. Ex,
is the exergy destruction due to system irreversibilities.
The term Ex is given in Eq. (32).

Ex=Bx, +BEx, (32)

Where EXP]1 and Ex, are the physical and chemical exergies,
respectively. The physical and chemical exergy terms are
given in Eqgs. (33) and (34) [32].

Bx,,, = (h=hy) =T (s-s,) (33)
. H Z i b
Ex,, =mix (M‘;lv:uid j X € fluid (34)

The Ex,, of each component is calculated using the exergy
balance equation between the fuel, product, and components
as given in Eq. (35) [28].

EXD,,{ =ExF1k—ExP,k—Exle (35)
where Ex represents the exergy rate and the subscripts D,
F, P, and L indicate the destruction, fuel, product, and loss
streams in the kth components, respectively. The fuel, prod-
uct, and loss terms of the proposed system are summarized
in Table 4. The overall exergy efficiency (1) of the system is

determined by Eq. (36).

B + Wk v W

n — turb, KC turb, ORC
Q.1-| Lo soms
T31

where T, represents the dead state temperature in Celsius
degrees. The dead state is assumed to be the air that rests at
25°C and 1 bar.

(36)

3. Results and discussion
3.1. System performance

The energy, cost, and exergy analyses were conducted
to determine the energy efficiency, performance, generated
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cooling, freshwater production, TAC, exergetic efficiency,
and exergy destruction of the tri-generation system.

The energetic performance of the proposed tri-generation
system was obtained using the thermodynamic properties
and the energetic model presented in Egs. (1) through (26).
The energy analysis results of current reported system and
comparison with studies performed by Zheng et al. [33],
Rashidi et al. [3] and El-Syed et al. [34] are summarized
in Table 5. It is evident from the table that operating the
absorber at 1 bar pressure and slightly increasing the turbine
inlet temperature the authors were able to achieve higher
net power output of 1,725 kW, higher cooling capacity of
665 kW with additional 3.42 m3/h of freshwater. It is also
noticeable that the power generated by the Kalina turbine
is far higher than the generated power by the ORC turbine.
This is because both pressure ratio and mass flow rate of the
Kalina turbine are higher. On the other hand, 8.37 kW power
is consumed by RO pump to produce 3.42 m’/h freshwater.
The seawater enters in RO module in high temperature to
have better performance. In addition, the cooling and heat-
ing capacity of the tri-generation system is 665 and 6,381 kW,
respectively.

Table 4
Fuel-product definition of the tri-generation system components

As can be seen, heating capacity is almost 9.5 times as
the cooling capacity. This is because water before going to
the boiler and super-heater is heated in the pre-heater and
condenser, as a result from its temperature increase. This
pre-heating effect increases mass flow rate of hot solution
and consequently heating capacity of the investigated system
increases considerably. In general, net output power of the
tri-generation system is equal to 1,725 kW, and TAC of the
system is 7.29 x 10° $/y.

Abkari et al. [35] reported a combined cogeneration
system for the production of electric power and freshwa-
ter using Kalina cycle and their reported thermal efficiency
was ranging between 16% and 18.2% but current reported
system is 19.35% energy efficient with additional product of
cooling and same amount of freshwater production. To have
a better insight into the performance of the proposed sys-
tem, exergy analysis was performed using thermodynamic
properties and definitions for fuel and product presented in
Egs. (31)—(36), and Table 4. The exergetic efficiency of the
tri-generation is equal to 23.35%. Fig. 2 presents the exergy
destruction of components in the tri-generation system.
As can be seen, the condenser (COND) exhibited the highest

Component Fuel Product Loss
Boiler (Ex,—Ex,) x m1_, (Exg~Exg) x 11, -
SH (Exg—Ex,y) x 1, (Ex,—Ex,) x 1, -
Kalina turbine (Ex;=Ex ) x 71, me,xc -
FTP1 (Ex,;~Ex,) x 11, (BEx,,~Ex,) x ri,, -
Absorber Ex i1, + Ex g + Ex it ~BEx i, (BEx, —Ex,) x ity -
Pump 1 Wl’l (Ex,~Ex,) x i, -
Pump 2 I/'sz (Ex,~Ex,) x 11, -
Pump 3 3 (Exy=Ex,y) 1l opc -
PH (Ex,~Ex,) x i, (Exg—Ex,) x 11, -
Evap (Ex—Ex ) » 11, (Ex,,~Ex,,) x ni1,, -
FTP2 (Ex,,—Ex,,) x ri1,, (Exz3—Ex22) X e -
ORC turbine (Exp=Exy) * 11 W b ore -
FTP3 (Ex,EX,) X it (Ex,,—Ex,,) x 1t -
Pump 4 W, (Ex,—Ex,) x 11, -
RO membrane Ex, < i1, Exy % 11, Ex,, x 11,
Table 5
Performance indicators of the system and comparison with reported studies
Parameters Current study Ref. [31] Ref. [3] Ref. [32]
Absorber pressure, bar 1.0 0.981 1.7 1.7
Turbine inlet temperature, °C 380 350 280 510
Net power output, kW 1,725 747.7 1,550 1,722
Cooling capacity, kW 665 298 277 -
Power consumed by RO, kW 8.37 - - -
Freshwater production, m*h 3.42 - - -
Energy efficiency, % 19.35 24 15.2 16.1
Total annual cost, $/yr 7.29 x 10° - 5.62 x 10° 6.11 x 10°
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Fig. 2. Exergy destruction of each component.

rate of exergy destruction and it is responsible for 46% of
total exergy destruction. This is because of high tempera-
ture difference between hot and cold streams. The boiler
and flash tank, two other exergy destruction components
ranked second and third after COND with nearly 1,399 and
1,151 kW exergy destruction, respectively. The absorber
(ABS), super-heater (SH), and evaporator (EVAP) could be
attributed to 6.5%, 5.5%, and 3.8%, respectively, of the total
fuel exergy. All the other components have a lower share in
total exergy destruction of the system.

Fig. 3 compares the total energetic and exergetic effi-
ciency of the tri-generation system with some literature. As
can be seen, the power-cooling system studied by Rashidi et
al. [3], and Rashidi and Yoo [32], and stand-alone Kalina cycle
in ref. [3] achieved 18.8%, and 16.1% of energetic efficiency,
while 12.32%, and 11.53% of exergetic efficiency, respectively.
At the same time, the power and refrigeration cycle which
analyzed by Hasan et al. [36] has an energetic efficiency
of around 12.3%. At the same ammonia mass fraction, the
energetic and exergetic efficiency, respectively, are around
19.35%, and 23.35%, which are much higher compared with
literature study. Comparison of literature result with this
study shows that performance of integrated KC, ORC, AC,
and RO system is higher than most of the other proposed
multi-generation systems, which are based on Kalina cycle
using ammonia—water mixture as a working fluid.

3.2. Parametric analysis

In this section, the effect of the key thermodynamic
parameters on the system performance is examined. These
parameters are flash pressure, absorber pressure, ammonia
mass fraction of basic solution, and salinity of RO system
feed water.

3.2.1. Effect of flash tank pressure on the system performance

Fig. 4a shows the effect of the flash pressure on the total
exergy destruction and efficiency of the system. As can be
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Fig. 3. Thermodynamic comparison of the proposed system.

seen, there is an optimum value for both exergetic efficiency
and exergy destruction of the system, but the optimum value
is different for these two indicators. While exergy efficiency
of the system maximizes in flash pressure equal to 434 kPa,
the total exergy destruction of the system minimizes in
510 kPa.

Fig. 4b is presented to realize why there is an optimum
value for exergy analysis. When flash pressure increases,
it affects the generated power and cooling capacity in var-
ious ways. First, the mass flow rate of produced mixture is
reduced, which increases pressure ratio of the turbine. By
this, generated power by KC turbine increases first but then
the effect of mass flow rate dominates and generated power
of turbine decreases. When flash temperature increases, its
outlet temperature increases too. As a result, cooling genera-
tion by the evaporator decreases. In addition, increasing the
flash tank pressure leads to lower total cost with some small
ups and downs.
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3.2.2. Effect of absorber pressure on the system performance

Fig. 5 shows the performance variation of the system
with changes in the absorber pressure. As can be seen in
Fig. 5a, by changing absorber pressure from 100 to 200 kP,
exergetic efficiency goes down to reach the minimum point
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Fig. 4. Effect of the flash tank pressure on (a) exergetic analysis
and (b) performance analysis.
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of 20.08% at 200 kPa. Meanwhile, total exergy destruction
decreases with constant slope. Furthermore, when this
parameter increases, net power generated by the system and
cooling production decreases which decreases the exergetic
efficiency of the system, as shown in Fig. 5b. As the load
on the condenser decreases, which reduces the total exergy
destruction of the system, and TAC of the system decreases.

3.2.3. Effect of ammonia mass fraction of basic solution

Fig. 6 represents the effect of ammonia mass fraction of
basic solution on total system performance. As can be seen
in Fig. 6, increasing ammonia mass fraction from 70% to 80%
can affect the exergetic efficiency, rate of exergy destruc-
tion, TAC, cooling production, and net generated power
of the system. According to Fig. 6a, the exergetic efficiency
increases gradually to reach the peak point, 24.98%, at 80%
of ammonia mass fraction, while total exergy destruction
increases gradually. This is because when ammonia mass
fraction increases, mass flow rate of produced ammonia-
water in heat exchanger decreases. On the other hand, the
mass flow rate of stream 41 increases, which itself results
in higher cooling generation in the evaporator, while net
generated power by the system decreases, as shown in
Fig. 6b. Totally, increase in refrigeration production dom-
inates and leads to increase in exergy efficiency of the
system.

3.2.4. Effect of RO system feed water salinity

Fig. 7 shows the effects of feed water salinity on the
performance of the RO subsystem. The increasing salinity
of the feed water from 30,000 ppm to 65,000 ppm, leads to
slightly higher production of freshwater. It increases power
consumed by RO subsystem, which results in an increment
in SPC of the RO unit, while total exergy destruction of
the tri-generation system remains constant.

4. Conclusion

In this study, an integrated Kalina cycle (KC) with absorp-
tion refrigeration cycle (AC) is used to produce cooling and
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power. An ORC and an RO unit is integrated to the cycle to
increase generated power and freshwater. The main contri-
butions of this work are defined as follows:

Designing a new combination of KC with ORC, AC, and
RO for simultaneously power, cooling, and freshwater
generation.

Using low-temperature heat source as the driving
energy.

Comprehensive analysis of the proposed system from
the energy, economic, and exergy viewpoints.

Through parametric analysis of the key metrics effect
on the proposed system.

The most important conclusion of the study is sum-

marized as follows:

The proposed system has the capacity to produce 1,725
kW power, 665 kW of refrigeration load, and 3.42 m*/h
of freshwater with exergetic efficiency of 23.35%. The

condenser has contributed almost 46% of total exergy
destruction on system performance.

Flash tank pressure has a parameter which has an opti-
mum value, while the other parameters affect the system
linearly. Therefore, best value of this parameter should
be selected to achieve the best performance of the inves-
tigated system. It can boost the exergetic efficiency of the
system up to 0.8%.

The effect of parameters which are related to Kalina
cycle is higher than parameters related to ORC. This
is because more than 90% of total output power of the
system generates in Kalina turbine. Moreover, any
changes in parameters of Kalina cycle somehow changes
the performance of the ORC by changing mass flow
rate of produced ammonia-water mixture in the heat
exchanger.
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