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� Suggesting a novel system to produce freshwater, electricity, and cooling.

� Thermodynamic analysis of the proposed novel tri-generation system.

� Having energy and exergy efficiencies of 60% and 55%, respectively.

� Parametric study considering the changes in the SOFC's current density.
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The lack of freshwater in many countries pushes authorities to utilize desalination units.

Solid Oxide Fuel Cells (SOFC) have shown promising results to provide the power to

establish a multi-generation system using hydrogen as a renewable source. In this article,

to better improve the efficiency of the suggested integrated system, the waste heat of the

SOFC is recovered through the application of a Kalina power cycle and Humidification-

dehumidification (HDH) desalination unit. Liquefied Natural Gas (LNG) cold stream also

utilizes the waste heat of the Kalina cycle (KC) to provide cooling and power simulta-

neously. As all the considered cycles of Kalina, LNG cold stream, and SOFC can produce

power and as this amount of electricity would be higher than the grid's demand, a further

Reverse Osmosis (RO) desalination unit is utilized to increase the output amount of

freshwater in the proposed system. The main focus of this study is to perform the ther-

modynamic analysis of this tri-generation system, which can generate power, cooling, and

freshwater. Results indicate that the exergy and energy efficiencies of the current sug-

gested system when the current density of the SOFC is 550 (A/m2), is around 55% and 60%,

respectively.

© 2021 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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have proved to be efficient compared to conventional fossil

fuel integrated systems [6].

Fuel cells that use renewable fuels have shown promising

results to be a suitable replacement for fossil fuel-based de-

vices [7]. A fuel cell is capable to generate electrical power

through an electrochemical reaction [8]. Due to its superior

advantages including high efficiency, low emission, and flex-

ibility in fuel consumption, this technology has become a

source of competitive power generation compared to con-

ventional and well-established primemovers such as engines

and turbines [9]. Considering the operating temperature, fuel

cells are in two main categories of high- and low-temperature

[10e12].

Solid oxide fuel cells (SOFC) have been widely developed

due to its significant potentials such as high efficiency and

flexibility in using different fuels at high temperatures, which

makes them suitable for multi-generation purposes [13,14].

Using a novel system, Yang et al. [15] could propose a system

with a near-zero CO2 emission. The exergy efficiency, CO2

capture rate, and energy efficiency were 64.7%, 98.7%, and

54.4%, respectively. Comparing the operation of a single gas

turbine (GT) unit with a hybrid SOFC-GT system, Haseli et al.

[16] showed 26.6% and 27.8% improvement in the energy and

exergy efficiencies, respectively, when a hybrid system is

being used. Saebea et al. [17] analyzed different renewable

fuels as the input of the SOFC and concluded that glycerol is

the best option for SOFC-Hþ integrated system. Paulson et al.

[18] verified the higher performance of a SOFC-GT hybrid

system with a sensitivity analysis. The results of this study

showed that a lower pressure ratio leads to an electrical effi-

ciency of more than 65%. Despite the recovery of SOFC's
exhaust by GT, the SOFC-GT output stream is still at a high

temperature, which can be used to integrate technologies that

operate with low- and medium-grade heat sources.

Among the developed technologies, the Kalina Cycle (KC)

and Organic Rankine Cycle (ORC) that use a mixture of

ammonia-water and organic fluid as the working fluid,

respectively, are viable alternatives for converting low- and

medium-temperature heat sources into electrical power. The

evaporation of the water-ammonia mixture decreases the ir-

reversibilities [19] and results in a better performance of the KC

compared to an ORC [20,21]. Ma et al. [22] suggested a hybrid

system that the dissipated heat of SOFC-GT is introduced to a

KC to generate surplus electricity and reach a system efficiency

of more than 80%. The results demonstrated that a higher fuel

flow rate enhances the overall conversion efficiency,while high

pressure ratio leads to improved electrical efficiency and con-

version efficiency. Soltani et al. [23] evaluated different types of

working fluids for different types of ORC and KC and concluded

that R290 can be the best possible option as theworking fluid, to

enhance the waste heat recovery and to increase the produc-

tion capacity by 2.47%.

Although the KC can recoverwaste heat sources efficiently,

the waste heat from the KC by itself becomes considerable on

some occasions, and devising an approach to obviate this

problem is valuable. Integration of this cycle with cooling

cycles such as an absorption refrigeration cycle [24,25], ejector

refrigeration [26], and cold sources of energy such as an LNG

cold stream [27,28] has been successful to increase the effi-

ciency of a multi-generation system. In this regard, a cooling
Please cite this article as: Abbasi HR et al., Thermodynamic analysis o
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capacity would be produced, which can be used for domestic

usage [29], and the generated electricity by the LNG turbine

can be utilized to run a RO unit.

Reverse osmosis (RO) desalination units [30] have been

commercialized due to their industrial capabilities (low capi-

tal investment cost and energy use). These units, which

consume electricity, have been vastly utilized in the Middle-

East to meet water demands. Chitgar et al. [31] investigated

the possibility of integrating SOFC, GT, and KC-TEG into a

combined cycle using a RO desalination unit to produce

freshwater. Results indicated that the exergy efficiency and

the total cost rate are 54% and 36.8 $/hr, respectively, in

optimal conditions. Mokhtari et al. [32] suggested a hybrid

system using Multi-Effect Desalination (MED) and RO units to

provide the water demand of 10304.3 m3

dayin a city close to the

Persian Gulf. Sadri et al. [33] also evaluated a similar integra-

tion of MED-RO using the irreversibility concept. The devel-

oped research by Eshoul et al. [34] indicated that a higher

recovery ratio of a RO unit results in lower exergy de-

structions, hence higher efficiencies. Altmann et al. [35]

compared 48 different types of cogeneration systems to pro-

duce freshwater and electricity simultaneously and

concluded that RO desalination is the most energy-efficient

system. Although RO units can provide freshwater using

electricity [36], finding another desalination system to recover

waste heat would be needed in some applications.

Herein, the application of a RO unit together with a

humidification-dehumidification (HDH) [37,38] desalination

unit, which is driven by heat, can completely provide the

needs of freshwater in different applications. Low mainte-

nance cost, and simple manufacturing are the other advan-

tages of a HDH unit [39]. The integration of this thermally

based desalination unit with solar collectors [40] lead to the

production of 12 m3 considering 1.88 MWh/year solar irradi-

ance. Amore detailed analysis considering the environmental

and economical aspectswas developed by Deniz et al. [41] on a

similar hybrid system to produce 1117.3 g/h freshwater. The

integration of SOFC and HDH was previously analyzed by

Ghaebi et al. [42] and concluded that the SOFC stack and the

afterburner are the highest exergy destruction among the

utilized components.

The focusof this study is toproposeanovelmulti-generation

system to simultaneously produce power, freshwater, and

cooling. The main purpose of integrated systems is to increase

theenergyandexergyefficiencieswhile reducing thewasteheat

of the whole system. The waste heat of a SOFC, used partly by

theKC, still has enough energy to runanHDHdesalination unit,

and the waste heat would thus beminimized. Although typical

desalination units use electricity to work, devising HDH unit

enables the direct recovery of heat to freshwater. In parallel

working of HDH and RO units, facilitates the freshwater pro-

duction using both heat and electricity as inputs. Furthermore,

Kalina cycle can increase the output generated electricity by the

system while enables the usage of LNG cold stream on its

condenser to provide cooling for domestic applications. The

current suggested integrated systemhasnot beenproposedand

evaluated so far, andanalyzing this systemenables thedecision

makers to select the right systemfor their application.Although

other tri-generation systems have been proposed so far to
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produce freshwater, cooling, and electricity, this combination

has neither been proposed nor analyzed yet. Thermodynamic

analysis of this combination has been performed to better

evaluate the suitability of this system. Energy and exergy anal-

ysis have been separately developed for different current den-

sities of the SOFC in two conditions of the standalone SOFC and

integrated system. The variation of freshwater production,

cooling capacity, and SOFC power with the variation in current

density is shown aswell. Finally, the rates of exergy destruction

for each component of the systemhave been clearlymentioned

to better evaluate the efficiency of the system.
Problem description

The suggested multi-generation system, which produces

power, cooling, and freshwater, encompasses five different

cycles (see Fig. 1). In this system, a solid oxide fuel cell (SOFC)

produces electricity using methane as fuel. Reforming occurs

in the anode to produce the needed hydrogen for the elec-

trochemical reactions. The heat of these reactions increases

the temperature of the output gas from the SOFC, which can

be recovered using a KC and HDH desalination unit. This

output hot gas from the after-burner of a SOFC evaporates the

ammonia-water mixture in a KC and heats the seawater to be

sprayed in the humidifier of a HDH unit.

The working fluid of KC has a constant amount of water

and ammonia, however, it's mass fraction changes in some
Fig. 1 e A schematic of the tri-g
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processes of this cycle due to the existence of the separator. At

first, the received heat from SOFC increases the temperature

of the ammonia-water mixture in the evaporator of the KC.

Then, the ammonia will be separated from the water in a

separator to produce electricity in a turbine while the sepa-

rated fluid gives its thermal energy to the output cold mixture

of the KC's pump in a recuperator. After, these two separated

fluids get mixed together again and give their remaining

thermal energy to the LNG cold stream in the condenser. It

should be noted that the overall amount of ammonia and

water is constant in the Kalina cycle and only their mass

fractions change due to the usage of separator, hence the

composition does not change and the system is stable. The

produced cooling capacity from this stream can be used for

domestic application while the generated electricity by its

turbine in addition to the output electricity of the SOFC and of

the KC, provide grid power and the electricity required to run

the RO desalination unit. The three existing turbines of the

system provide the required pumping power for the KC, LNG

stream, and RO unit. The SOFC unit is responsible to generate

power for the air compressor, fuel compressor, and water

pump, and excess power is directed to the grid.
Thermodynamic modeling

To analyze the energetic and exergetic performances of the

current suggested integration of the system, mathematical
eneration thermal system.
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modeling, and thermodynamic analysis is needed. This

modeling has been developed considering the steady-state

condition, negligible pressure drops and losses of heat in the

pipes, and inconsiderable variations of the potential and ki-

netic energies.

Solid oxide fuel cell (SOFC)

As the SOFC utilizes hydrogen as the fuel, methane should

enter a reformer first. In this regard, the methane changes to

hydrogen based on the reforming reaction, shown in Eq. (1),

respectively. Then, electricity can be generated in the SOFC

stack based on the overall chemical reaction (see Eq. (2)

CH4 þH2O43H2 þ CO (1)

H2 þ1
2
O2/H2O (2)

The output power of the SOFC stack is a parameter of the

number of the cells (Ncell), activation area (Aact), and the cell's
voltage (Vcell):

_WSOFC ¼ iAactNcellVcell (3)

where (i) is the current density and Eq. (4) presents Vcell using

the reversible voltage (VN) and voltage losses (Vloss). The
Table 1 e Input and output values of exergy for different comp

Component

Fuel cell group

SOFC stack

Air compressor

Fuel compressor

Water pump

Air preheater

Fuel preheater

Water preheater

Mixer

Afterburner

Kalina system

Evaporator

Separator

Turbine

Recuperator

THV1

Pump

Water heater

LNG cooling

Turbine

Cooling unit

Pump

HDH unit

Humidifier

Dehumidifier

RO unit

RO module

LP pump

HP pump

Pelton turbine

THV2

THV3
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detailed values of these parameters are mentioned by Chitgar

et al. [31], where zohm, zact, and zconc are the ohmic, activation,

and concentration overpotentials, respectively.

Vcell ¼VN � Vloss (4)

Vloss ¼ zohm þ zact þ zconc (5)

Kalina cycle (KC)

Asmentioned before, the output heat of the SOFC stack would

be first recovered by the KC followed by the HDH unit. In the

first step, the working fluid of KC (ammonia-water) vaporizes

following relation (6):

_mG

�
hp �hq

�¼ _m6ðh7 �h6Þ (6)

where _mG is the mass flow rate of output water from the SOFC

stack. After separating the mixture in the separator (Eqs. (7)

and (8)), the power can be produced in the turbine (see Eq. (9)).

_m7h7 ¼ _m8h8 þ _m1h1 (7)

_m7X7 ¼ _m8X8 þ _m1X1 (8)

_Wturb ¼ _m1ðh1 �h2Þ (9)
onents of the integrated system.

Exergy balance equation

_ExchðjÞ þ _ExphðjÞ þ _ExchðiÞ þ _ExphðiÞ ¼ _ExphðkÞ þ _ExchðkÞ þ _ExphðlÞ þ _ExchðlÞ þ _ExD;SOFC
_ExðcÞ þ _WðACÞ ¼ _Exðf Þ þ _ExD;comp

_ExðbÞ þ _WðFCÞ ¼ _ExðeÞ þ _ExD;comp

_ExðaÞ þ _WðWPÞ ¼ _ExðdÞ þ _ExD;pump

_ExðoÞ þ _ExðfÞ ¼ _ExðiÞ þ _ExðpÞ þ _ExD;APH
_ExðnÞ þ _ExðeÞ ¼ _ExðhÞ þ _ExðoÞ þ _ExD;FPH
_ExðmÞ þ _ExðdÞ ¼ _ExðgÞ þ _ExðnÞ þ _ExD;WPH

_ExðgÞ þ _ExðhÞ ¼ _ExðjÞ þ _ExD;mixer

_ExðkÞ þ _ExðlÞ ¼ _ExðmÞ þ _ExD;afterburner

_ExðpÞ þ _Ex6 ¼ _ExðqÞ þ _Ex7 þ _ExD;evap
_Ex7 ¼ _Ex1 þ _Ex8 þ _ExD;sep
_Ex1 ¼ _Ex2 þ _Wturbine þ _ExD;turbine
_Ex8 þ _Ex5 ¼ _Ex9 þ _Ex6 þ _ExD;recup
_Ex9 ¼ _Ex10 þ _ExD;tv
_Ex4 þ _Wpump ¼ _Ex5 þ _ExD;pump

_Ex3 þ _Ex12 ¼ _Ex4 þ _Ex13 þ _ExD;con

_Ex13 ¼ _Ex14 þ _Wturbine þ _ED;turbine

_Ex13 ¼ _Ex14 � _ExQ;vap þ _ExD;con
_Ex11 þ _Wpump ¼ _Ex12 þ _ExD;pump

_Ex30 þ _Ex33 ¼ _Ex31 þ _Ex32 þ _ExD;humidifier

_Ex32 þ _Ex28 ¼ _Ex33 þ _Ex29 þ _ExD;dehumidifier

_Ex20 ¼ _Ex23 þ _Ex24 þ _ExD;RO
_Ex16 þ _WLPP ¼ _Ex17 þ _ExD;LPP
_Ex19 þ _WHPP ¼ _Ex20 þ _ExD;HPP
_Ex24 ¼ _Ex25 þ _WPelton þ _ExD;Pelton
_Ex21 ¼ _Ex22 þ _ExD;tv
_Ex26 ¼ _Ex27 þ _ExD;tv
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The separated liquid in the separator flows to the recu-

perator and transfers the heat to the pumped mixture from

the condenser as follows:

_m8ðh9 �h8Þ¼ _m5ðh6 �h5Þ (10)

Then, this liquid passes the THV1 (see Eq. (11)) and ismixed

again with the output flow of the turbine (see Eq. (12)).

h9 ¼h10 (11)

_m2h2 þ _m10h10 ¼ _m3h3 (12)

The remaining heat of the fluid would be used in the LNG

stream using the condenser as a low temperature heat

exchanger:
Table 2 e Operating parameters of the integrated system.

Cycle Param

SOFC system Inlet temperature (K)

Fuel utilization factor (%)

Current density (mA/cm2)

Active surface area (m2)

Number of cells (�)

Number of electrons (�)

Exchange current density of an

Exchange current density of cat

Effective gaseous diffusivity, an

Effective gaseous diffusivity, ca

Anode thickness (m)

Cathode thickness (m)

Electrolyte thickness (m)

Interconnect thickness (m)

Steam-to-carbon ratio (�)

Efficiency of fuel compressor (%

Efficiency of air compressor (%)

Fuel cell pressure drop (%)

Heat exchangers pressure drop

Afterburner pressure drop (%)

LNG Inlet temperature (K)

Inlet pressure (kPa)

Pump pressure ratio (�)

Kalina cycle Pinch point temperature differe

Terminal temperature differenc

Basic ammonia mass fraction (�
Turbine inlet pressure (kPa)

Evaporation temperature (K)

Condensation temperature (K)

Turbine efficiency (%)

Pump efficiency (%)

PPTD in recuperator (K)

RO unit High pressure pump efficiency

Low pressure pump efficiency (

Pelton efficiency (%)

Recovery ratio of RO unit (�)

Membrane salt rejection ratio (�
Seawater temperature (K)

Seawater salinity (ppm)

HDH unit Relative humidity of air (%)

Water-to-air mass flow ratio (�
Top temperature (K)

Bottom temperature (K)

Heater TTD (K)

Hum. and Deh. effectiveness (%
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_m3ðh4 �h3Þ¼ _m11ðh13 �h12Þ (13)

At the end the fluid would be pumped again to increase the

pressure and flowing to the evaporator:

_Wpump ¼ _m4ðh5 �h4Þ (14)

LNG cold stream

The pressure of the stored liquid LNG in the tank increases by

a pump (see Eq. (15)) to pass the condenser of the KC to change

the state to a gas (see Eq. (13)).

_WLNG;pump ¼ _m11ðh12 �h11Þ (15)
eter Value

900

85

550

0.01

55,000

2

ode (mA/cm2) 650

hode (mA/cm2) 250

ode (m2/s) 0:2� 10�4

thode (m2/s) 0:05� 10�4

0:05� 10�2

0:005� 10�2

0:105� 10�2

0:3� 10�2

2.5

) 85

85

2

(%) 2

3

111.15

101.325

12

nce (PPTD) in evaporator (K) 25

e (TTD) in evaporator (K) 25

) 0.7

3000

T(p)-TTD

293.15

85

75

10

(%) 90

%) 87

79

0.55

) 0.99

298.15

35,000

90

) 2.333

353.15

298.15

5

) 85

f a tri-generation system using SOFC and HDH desalination unit,
ydene.2021.04.152

https://doi.org/10.1016/j.ijhydene.2021.04.152


Fig. 2 e Model validation of the SOFC comparing to the

experimental results of Tao et al. [43].

Fig. 3 e Model validation of the RO unit with the reported

results by Sharqawy et al. [45].
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The utilized turbine can produce further power for the RO

unit as follows:

_WLNG;turb ¼ _m11ðh14 �h13Þ (16)

The output cooling amount of the LNG stream can be ob-

tained through the cooling unit as follows:

_Qcooling ¼ _m11ðh15 �h14Þ (17)

HDH unit

The main components of the HDH unit are the heater, hu-

midifier, and dehumidifier. The heater (see Eq. (18)) exchanges

the energy of the working fluid while the mass and energy

transfers happen in the humidifier (see Eq. (19)) and the

dehumidifier (see Eq. (20)).

_QH ¼ _m30h30 � _m29h29 (18)

_m31h31 � _m30h30 ¼ _mdaðh33 �h32Þ (19)

_m29h29 � _m28h28 þ _m34h34 ¼ _mdaðh32 �h33Þ (20)

Here _mda indicates the mass flow rate of the dried air.

Considering the output energy content to the obtained energy

through heat transfer in the heater, the gained output ratio

(GOR) can be calculated:

GOR¼ _m34hfg

_QH

(21)

here hfg is the water latent heat of vaporization.

RO unit

Among the available desalination units, which work using

electricity, RO units have shown promising results. Consid-

ering ys as the mass fraction of the salt, Eqs. (22) and (23)

calculate the salinity of brine and freshwater as follows:

�
_mys

�
20
¼ � _mys

�
23

þ � _mys

�
24

(22)

�
_mys

�
23
¼ � _mys

�
22

þ � _mys

�
26

(23)
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Herein, the plant recovery ratio is considered to be the ratio

of the product water to that of feed water as follows:

Rr ¼
_mproduct

_mfeed
¼ _m27

_m25
(24)

Additionally, Eq. (25) calculates the bypass mass flow rate

using the conservation principle in the mixing chamber:

_m21 ¼ _m26

 
ys;26 � ys;23

ys;21 � ys;23

!
(25)

Exergy equations

To figure out the performance of each component in the in-

tegrated system and their ability to produce the work, exergy

analysis is needed. In this regard, chemical (ech) and physical

(eph) exergies should be determined, then, using the exergy

balance equations (see Table 1) the exergy destructions can be

calculated. For a determined substance, the exergy (ex) can be

calculated as follows:

ex¼ ech þ eph (26)

Herein, physical exergy (see Eq. (27)) indicates the

maximum work potential obtainable by taking the mass

stream at thermal and mechanical equilibrium with the

environmentwhile the chemical exergy (see Eq. (28)) is a result

of changes in the mass fraction of the working fluid.

eph ¼ðh�h0Þ � T0ðs� s0Þ (27)

ech ¼
�
e�0
ch ;NH3

MNH3

�
yþ

�
e�0
ch ;H2O

MH2O

�
(28)

Eq. (29) also presents the contribution of the kth component

in total exergy destruction as follows:

Y*
k ¼

_ExD;k

_ExD;total

(29)

In the end, the overall efficiencies should be determined to

measure the performance of the system and compare it to the

other proposed systems. Eqs. (30) and (31) present the overall

energy and exergy efficiencies, respectively:
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Table 4 e Thermodynamic properties of the KC-LNG-RO-HDH.

State Composition T (K) P (kPa) _Ex (kW) _m (kg/s)

1 Ammonia 98.9%, Water 6% (mass fraction) 369.03 3000 1059.9 0.05389

2 Ammonia 98.9%, Water 6% (mass fraction) 316.25 1084.7 1052.3 0.05389

3 Ammonia 70%, Water 30% (mass fraction) 324.31 1084.7 2957 0.2156

4 Ammonia 70%, Water 30% (mass fraction) 315.15 1084.7 2952.3 0.2156

5 Ammonia 70%, Water 30% (mass fraction) 315.71 3000 2952.9 0.2156

6 Ammonia 70%, Water 30% (mass fraction) 348.32 3000 2956.4 0.2156

7 Ammonia 70%, Water 30% (mass fraction) 369.03 3000 2970 0.2156

8 Ammonia 59%, Water 41% (mass fraction) 369.03 3000 1910.1 0.1617

9 Ammonia 59%, Water 41% (mass fraction) 325.71 3000 1905.2 0.1617

10 Ammonia 59%, Water 41% (mass fraction) 381.33 1084.7 1774.1 0.1617

11 Methane 90.4%, Ethane 5.4%, Propane 4.0%, Nitrogen 0.2% (mass fraction) 111.78 101.33 21,664 0.0825

12 Methane 90.4%, Ethane 5.4%, Propane 4.0%, Nitrogen 0.2% (mass fraction) 112.25 1215.9 21,664 0.0825

13 Methane 90.4%, Ethane 5.4%, Propane 4.0%, Nitrogen 0.2% (mass fraction) 293.15 1191.6 21,609 0.0825

14 Methane 90.4%, Ethane 5.4%, Propane 4.0%, Nitrogen 0.2% (mass fraction) 240.96 450 21,599 0.0825

15 Methane 90.4%, Ethane 5.4%, Propane 4.0%, Nitrogen 0.2% (mass fraction) 283.15 450 21,598 0.0825

16 Saline water (35,000 ppm) 288.15 101.3 0 2.921

17 Saline water (35,000 ppm) 288.15 650 1.566 2.921

18 Saline water (35,000 ppm) 288.15 625.7 1.497 2.921

19 Saline water (35,000 ppm) 288.15 603.29 1.4307 2.917

20 Saline water (35,000 ppm) 288.15 6000 16.772 2.917

21 Saline water (35,000 ppm) 288.15 625.7 0.002376 0.00463

22 Saline water (35,000 ppm) 288.15 180 0.000362 0.00463

23 Permeate water (350 ppm) 288.15 180 4.1902 1.602

24 Brine (77,350 ppm) 288.15 5100 8.2753 1.314

25 Brine (77,350 ppm) 288.15 101.3 2.0676 1.314

26 Product water (450 ppm) 288.15 180 4.1742 1.607

27 Product water (450 ppm) 288.15 101.3 4.0456 1.607

28 Saline water (35,000 ppm) 298.15 101.3 0 11.169

29 Saline water (35,000 ppm) 330.93 101.3 20.613 11.169

30 Saline water (35,000 ppm) 353.15 101.3 55.8563 11.169

31 Brine (36,861 ppm) 320.24 101.3 8.99 10.605

32 Humid air (relative humidity ¼ 90%) 336.69 101.3 36.00 4.787

33 Humid air (relative humidity ¼ 90%) 314.38 101.3 2.10 4.787

34 Pure water 325.53 101.3 1.18 0.563

* TOTAL brine (41,327 ppm) 316.70 101.3 e 11.920

* TOTAL freshwater (333 ppm) 297.86 101.3 e 2.170

Table 3 e Thermodynamic properties of the SOFC.

State T (K) P (kPa) _n (mol/s) mole fraction percentage

CH4 H2O H2 CO CO2 O2 N2

a 298.15 101 6.41 0 100 0 0 0 0 0

b 298.15 101 2.46 100 0 0 0 0 0 0

c 298.15 121 194.83 0 0 0 0 0 21.00 79.00

d 298.15 121 6.41 0 100 0 0 0 0 0

e 314.84 121 2.46 100 0 0 0 0 0 0

f 316.02 118 194.83 0 0 0 0 0 21.00 79.00

g 900 118 6.41 0 100 0 0 0 0 0

h 900 118 2.46 100 0 0 0 0 0 0

i 900 118 194.83 0 0 0 0 0 21.00 79.00

j 900 116 8.87 27.78 72.22 0 0 0 0 0

k 946.44 116 14.13 0 71.18 10.68 1.40 16.75 0 0

l 946.44 112 190.59 0 0 0 0 0 19.24 80.76

m 1008.8 110 203.80 0 5.66 0 0 1.26 17.56 75.52

n 947.3 108 203.80 0 5.66 0 0 1.26 17.56 75.52

o 935.8 106 203.80 0 5.66 0 0 1.26 17.56 75.52

p 394.03 106 203.80 0 5.66 0 0 1.26 17.56 75.52

q 381.26 106 203.80 0 5.66 0 0 1.26 17.56 75.52
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Fig. 4 e T-S diagram of the KC, LNG, and SOFC outlet flow.

Fig. 5 e The schematic of the integrated system including

the transferred heat and work.

Fig. 6 e Energy and exergy efficiency of standalone SOFC

and the integrated system and the effect of current density.
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hen ¼
_Wgrid þ _Qcooling þ ð _mhÞfreshwater

_Qin

(30)

hex ¼
_Wgrid þ _Excooling þ _Exfreshwater

_Exin

(31)

Results and discussions

To perform the simulation of the system and implement the

governing equations, a mathematical code is developed in

MATLAB software using REFPROP 9 library to predict the

thermodynamic properties in each state. In the current study,

a micro Pelton turbine is used to harvest the output energy of

the high-pressure brine and the type of HDH unit is Open

Water Close Air (OWCA). Detailed operating conditions and

parameters of this integrated system are listed in Table 2.

Model validation

In this section, the KC has been already validated in previous

articles by the authors [19,20], however, other cycles such as

the SOFC need to be validated to obtain the simulation results.
Please cite this article as: Abbasi HR et al., Thermodynamic analysis o
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Fig. 2 validates the SOFC results compared to the data pro-

vided by Tao et al. [43]. The HDH unit is also validated in a

previous investigation by the current authors [37] considering

the developed research by Narayan et al. [44]. Fig. 3 validates

the RO unit with the obtained data by Sharqawy et al. [45].

They assumed that the brine reject enters a high-pressure

turbine that will provide the required power for the LPP in

addition to utilizing two THVs to mitigate the pressure.

Thermodynamic analysis

Considering the input parameters of Table 2, a thermody-

namic analysis of the system can be performed. In this regard,

Table 3 presents the changes in the thermodynamic charac-

teristics of the SOFC in all of its states. Table 4 also indicates

the variation of temperature, pressure, exergy, and mass flow

rate in all the states of the whole integrated system, regarding

the changes in the compositions.

Figure 4 demonstrates the T-S diagram of the proposed

system, which serves to illustrate the energy transfer in the

system. Herein, the changes in the composition of the Kalina

working fluid have been considered throughout the cycle by

three colors. The results indicate that the ammonia-rich flow

that goes through the expander has an ammonia mass frac-

tion of 94%,while the ammonia-weak flowhas amass fraction

of 41%. An important part of this figure is the illustrated

saturation curve for the LNG stream. The existing large tem-

perature difference between the ammonia-water mixture and

LNG stream in the condenser of the KC results in a high rate of

exergy distribution in this component.

Figure 5 illustrates a block diagram of the system including

the amount of transferred heat and work between the sub-

systems. As the Kalina and HDH sub-systems are located along

the SOFC outlet stream and in parallel to each other. The HDH

unit needs a heat source with a lower temperature in com-

parison to the KC. Therefore, the HDH unit uses the waste heat

at a lower temperature. The LNG cold stream provides the

cooling of the domestic users by recovering the waste heat of

the Kalina cyclewhile a share of the produced electricity will be

given to the ROdesalination unit to further produce freshwater.

Fig. 5 shows that the SOFC generates 1468.1 kW electricity for
f a tri-generation system using SOFC and HDH desalination unit,
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Fig. 8 e Freshwater production as a function of current

density and contribution of HDH unit in freshwater

production.

Fig. 9 e Comparison of power production of three different

turbines in an integrated system with cell temperature of

900K.

Fig. 7 e Effect of current density and operating temperature of fuel cell on three different productions of the integrated

system.
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the grid while 351.69 of its waste heats can be recovered by

Kalina cycle and HDH unit. As the exhaust temperature of the

SOFC is not too high, it is not possible to use conventional

Kalina cycles using high-temperatures as input. In this regard,

small-scale Kalina units (~50 kW), which have been manufac-

tured for low-temperature applications can be used in this

suggested system. In addition to the utilization of the low-

temperature Kalina cycles, other measures should be fol-

lowed to implement this proposed system for a real application.

In the Kalina cycle, although the separator separates the

ammonia from the ammonia-water mixture, there would be

still a mass fraction of water in the stream going to the Kalina's
turbine. Therefore, incorporating the turbines designed for the

working fluid of ammonia-water mixture is needed. A similar

rule applies to the LNG stream and a turbine for the specific

application of LNG is needed. Furthermore, HDH desalination

units are usually being used for small-scale applications (less

than 3 kg/h). For practical considerations, the single HDH unit

analyzed in this study, could be a network of multiple HDH

units working in parallel to each other. It is noteworthy to

mention that RO units are the most commercialized desalina-

tion units among the available options in the market in

different sizes and input electricity.
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Figure 6 shows the energy and exergy efficiencies of a

standalone SOFC without heat recovery and that of the inte-

grated system for waste heat recovery considering changes in

the current density. The figure shows there is a slight gain in

the exergy efficiency regarding the waste heat recoveries,

however, the improvement in the energy efficiency is more

noticeable especially in high current densities.

Regarding the changes in the current density of the SOFC,

results indicate that higher cell temperature reduces the

overpotentials. Therefore, it is expected to have higher SOFC

power for higher cell temperatures. It is noteworthy to

mention that higher cell temperatures also increase the

temperature of waste heat, which results in the operation of

sub-cycles with increased capacity. Fig. 7 shows the

enhancement in both freshwater production and cooling ca-

pacity by the increase in cell temperature.

Figures 8 and 9 show the contributions of each cycle to

freshwater and power production, respectively. Fig. 8 clearly

states that the contribution of the HDH unit in freshwater

production is almost 9% at 300 mA/cm2 while it reduces to

lower than 2% by the enhancement in current density.

Considering the high current densities, it is conceived that the
f a tri-generation system using SOFC and HDH desalination unit,
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Fig. 10 e Rate of exergy destruction for all components in the system.
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role of RO in freshwater production is more substantial. Fig. 9

also shows the output power of the three implemented tur-

bines in the system, where the Kalina turbine has by far the

highest output at high current densities. For low current

densities, the LNG stream turbine has the highest output

power, while the Pelton turbine of the RO unit has the lowest

output for all current densities of the SOFC.

In every multi-generation system, exergy analysis is needed

to figure out the efficiency of the utilized components. Fig. 10

demonstrates the exergy destruction rate of each component

and its contribution to the total exergy destruction of the in-

tegrated system. The inserted histogram shows the exergy

destruction rate of each sub-cycle have the highest exergy

destruction rates in the system, while among the components,

five are responsible for more than 80% of total exergy

destruction: air heat exchanger, afterburner, Kalina condenser,

water heat exchanger, and water heater in HDH cycle.
Conclusions

In this study, the thermodynamic analysis of a novel multi-

generation system to simultaneously produce power, cool-

ing, and freshwater was performed. This state-of-the-art

system enables producing freshwater by both heat and

electricity as a result of using HDH and RO desalination units,

respectively. The integration of the Kalina cycle also im-

proves the waste heat recovery of the SOFC to further

generate electricity. This system has not been evaluated yet,

hence energy and exergy analyzes of this system were

performed.

The T-S diagram of the current system indicates that the

ammonia-rich flow that goes through the expander has an

ammonia mass fraction of 94%, while the ammonia-weak flow

has a mass fraction of 40%. It also illustrates that the high

exergy destruction rate of the KC condenser is a result of the

high temperature difference between the ammonia-water

mixture and LNG streams. Exergy analysis of the system

stated the positive effects of integrating a KC and HDH
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desalination unit to recover the waste heat of a SOFC, which

resulted in higher exergy efficiencies. Considering the changes

in current density and the SOFC temperature, itwas shown that

higher cell temperatures mitigate the SOFC's output power

while both freshwater production and cooling capacity are

improved. In this integration and the implementation of both

HDH and RO units to produce freshwater, it is conceived that

the share of the HDH unit is not dominant in which it has a

contribution of 9% at low current densities reduced to 2% at

high current densities. To understand the working efficiency of

the turbines in the system, it was also determined that the

Kalina turbine has by far the highest output at high current

densities, while for low current densities, the LNG stream tur-

bine has the highest output power. The analysis of the exergy

destruction rate determined that the SOFC unit has by far the

highest exergy destruction rate, while the LNG stream has the

lowest. Finally, it was shown that five components (air heat

exchanger, afterburner, Kalina condenser, water heat

exchanger, and thewater heater in theHDH cycle) combine to a

>80% share of total exergy destruction.

Although thermodynamic analysis gives an overall over-

view about the appropriateness and the performance of a

system, the implementation of any multi-generation system

in reality demands economic analysis as well. In this regard,

performing any type of economic evaluation such as exergo-

economic, or thermo-economic is appreciated to further

analyze this system. Additionally, a comprehensive compar-

ison can be made with the other suggested tri-generation

systems, which produce power, freshwater, and cooling,

considering energy, exergy, and economic aspects.
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Nomenclature

zact Activation overpotential (V)

zconc Concentration overpotential (V)

zohm Ohmic overpotential (V)

Aact Activation area (m2)

i Current density (A/m2)

Ncell Number of cells

Rr Recovery ratio

VN Reversible voltage (V)

Vcell Cell's voltage (V)

Vloss Voltage losses (V)
_WSOFC Output power of SOFC (W)

ys Mass fraction of salt

Abbreviation

CPVT Concentrated Photovoltaic Thermal

GOR Gained output ratio

GT Gas Turbine

HDH Humidification-dehumidification

HPP High-pressure pump

KC Kalina cycle

LNG Liquefied Natural Gas

LPP Low-pressure pump

MED Multi-Effect Desalination

OWCA Open Water Close Air

PEMFC Proton Exchange Membrane Fuel Cell

RO Reverse Osmosis

SOFC Solid Oxide Fuel Cell

TEG Thermoelectric generator

THV Throttle valve
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