
E
f

F
a

b

c

a

A
R
R
A
A

K
T
S
O
E
E
E

1

w
a
w
b
t
s
s
l
e
1
[
e

a
6
c
s
t

I

0
d

Journal of Power Sources 195 (2010) 2346–2354

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

xergy analysis of an integrated solid oxide fuel cell and organic Rankine cycle
or cooling, heating and power production

ahad A. Al-Sulaimana,∗, Ibrahim Dincerb, Feridun Hamdullahpurc

Mechanical and Aerospace Engineering Department, Carleton University 1125 Colonel By Drive, Ottawa, Ontario, Canada K1S 5B6
Faculty of Engineering and Applied Science, University of Ontario Institute of Technology 2000 Simcoe Street North, Oshawa, Ontario, Canada L1H 7L7
Mechanical and Mechatronics Engineering Department, University of Waterloo, 200 University Avenue West, Waterloo, Ontario, Canada N2L 3G1

r t i c l e i n f o

rticle history:
eceived 20 August 2009
eceived in revised form 26 October 2009
ccepted 27 October 2009
vailable online 6 November 2009

a b s t r a c t

The study examines a novel system that combined a solid oxide fuel cell (SOFC) and an organic Rank-
ine cycle (ORC) for cooling, heating and power production (trigeneration) through exergy analysis. The
system consists of an SOFC, an ORC, a heat exchanger and a single-effect absorption chiller. The system
is modeled to produce a net electricity of around 500 kW. The study reveals that there is 3–25% gain
on exergy efficiency when trigeneration is used compared with the power cycle only. Also, the study
eywords:
rigeneration
olid oxide fuel cell
rganic Rankine cycle
nergy
xergy efficiency

shows that as the current density of the SOFC increases, the exergy efficiencies of power cycle, cooling
cogeneration, heating cogeneration and trigeneration decreases. In addition, it was shown that the effect
of changing the turbine inlet pressure and ORC pump inlet temperature are insignificant on the exergy
efficiencies of the power cycle, cooling cogeneration, heating cogeneration and trigeneration. Also, the
study reveals that the significant sources of exergy destruction are the ORC evaporator, air heat exchanger
at the SOFC inlet and heating process heat exchanger.
xergy destruction rate

. Introduction

Finding efficient power systems is of major concerns, especially
ith the depletion of fossil fuel sources with time. Energy demands

re expected to keep increasing in the future. For instance, the
orld energy consumption is expected to increase to around 40%

etween 2006 and 2030 [1]. Thus, finding efficient systems is vital
o reduce the unit of energy produced per the unit of fuel con-
umed. On the other hand, producing energy from fossil fuel causes
ome problem to the environment, such as global warming, air pol-
ution, acid precipitation, ozone depletion, forest destruction and
mission of radioactive substances, Dincer [2]. For example, from
990 to 2007 the CO2 equivalent emissions increased 17% in USA
3]. Therefore, finding efficient systems that produce less harmful
missions is crucial.

The efficiency of conventional power plants that are based on
single prime mover is usually less than 39%. That is, more than

0% of a plant’s energy is lost. On the other hand, the overall effi-
iency of a conventional plant that produces electricity and heat
eparately is around 60% [4]. Alternatively, with the utilization of
he waste heat from the prime mover, the efficiency of the trigen-
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eration plants could reach 80% [4,5]. Also, the expected reduction
in CO2 emissions as a result of using trigeneration and cogener-
ation plants is 170 Mt year−1 in 2015 while in 2030 the expected
reduction is 950 Mt year−1 [5].

Trigeneration is defined as the production of cooling, heating
and power from the same source. In a trigeneration system, the
waste energy from a generation unit, such as a gas turbine, is used
to drive both the heating and cooling systems. Consequently, the
use of a trigeneration plant results in an improvement of the total
plant’s efficiency and a reduction of the contamination to the envi-
ronment. The degree of improvement of the plant is sensitive to
the performance of each unit in the trigeneration plant and the
approach of integrating the units of the plant.

Solid oxide fuel cells (SOFC) are considered an emerging technol-
ogy as characterized by their high efficiency and low CO2 emissions.
An SOFC operates at high temperature and thus has high waste
energy that can be integrated efficiently with a bottoming cycle.
One of the potential systems that can be integrated with SOFC
is organic Rankine cycle (ORC). ORC is similar to steam Rankine
cycle; however, it uses organic working fluid instead of steam and
requires less input heat to operate compared with steam Rankine

cycle. SOFC and ORC are potential subsystems that can be used in
trigeneration plants.

A number of studies have been conducted to examine the per-
formance of a combined system of SOFC with a gas turbine [6–19].
Nevertheless, only a few studies have been conducted on the per-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:fahadas@kfupm.edu.sa
mailto:Ibrahim.Dincer@uoit.ca
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dx.doi.org/10.1016/j.jpowsour.2009.10.075
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Nomenclature

a extent of steam reforming reaction for methane
(mol s−1)

A active surface area (cm2)
b extent of water gas shift reaction (mol s−1)
c extent of electrochemical reaction (mol s−1)
C constant or heat capacity (kW K−1)
Daeff effective gaseous diffusivity through the anode

(cm2 s−1)
Dceff effective gaseous diffusivity through the cathode

(cm2 s−1)
F Faraday constant (C mol−1)
�G change in specific molar Gibbs free energy (J mol−1)
ex exergy per unit mass
exch

i chemical exergy
exph physical exergy
Ėxd

exergy destruction rate
Ėxf

exergy of the fuel

h enthalpy (kJ kg−1)
I current (A)
j current density (A cm−2)
jac exchange current density of anode (A cm−2)
jsc exchange current density of cathode (A cm−2)
K equilibrium constant
L thickness of an SOFC layer (cm)
LHV lower heating value (kJ mol−1)
m mass (kg)
NFC total number of fuel cells
ORC organic Rankine cycle
Q̇ heat rate (kW)
R universal gas constant (J mol K−1)
Rcontact resistivity contact
rel,c electrical to cooling energy ratio
rel,h electrical to heating energy ratio
s entropy (kJ kg K−1)
T temperature (K)
Uf fuel utilization ratio
UO2 air (oxidant) utilization ratio
v velocity (m s−1)
V volume (m3)
V voltage (V)
Ẇ power (kW)
ẆFC power of the fuel cell (W)
x molar concentration
z elevation

Greek letters
� efficiency
� electrical resistivity of cell components

Subscripts
0 atmospheric conditions
a anode
ac AC current
act activation
b1 blower 1
b2 blower 2
c cathode
cog,c cooling cogeneration
cog,h heating cogeneration
conc concentration
e electrolyte, exit
el electrical power

eq equilibrium
ex exergy efficiency
ev evaporator
FC fuel cell
h heating
hp heating process
in inlet
int interconnect
inverter DC to AC inverter
g generator
o organic
oe ORC evaporator
ohm ohmic
op ORC pump
ot ORC turbine
N Nernst
wgs water gas shift reaction
sp solution pump
tri trigeneration
wp water pump

Superscripts
– molar base

· rate of a component
0 at standard pressure

formance analysis of a combined SOFC with a gas turbine as a prime
mover of trigeneration plants. A system of a combined SOFC with a
gas turbine as prime mover of a trigeneration plant was analyzed
by Burer et al. [20]. The study performed first and second law effi-
ciencies of the potential on integrating a heat pump to the system.
The study focused mainly on cost and CO2 emission analysis using
multi-criteria optimization. The optimization objectives were the
annual total cost of power, heating and cooling generation and the
annual CO2 emissions rates. The study revealed that the system
of a combined SOFC and gas turbine was an attractive economi-
cal and environmental solution when high electricity and natural
gas prices were encountered. In a different study, an analysis of a
hybrid system combining a microturbine and an SOFC as a prime
mover of a trigeneration plant was carried out by Saito et al. [21].
The authors performed energy demand and consumption analy-
ses of apartments, offices and hotels in Japan with the use of the
hybrid system. The study revealed that the annual fuel consump-
tion dropped by 32%, 36% and 42% for the apartments, offices and
hotels, respectively.

A study that compared the electricity produced from a plant
consisting of an integrated SOFC with an ORC or a microturbine
was conducted by Verda [22]. The author showed that the integra-
tion of an SOFC with an ORC or a microturbine increases the plant
electrical energy by 30%. However, the study focused on the pinch
analysis of the heat exchangers in the systems that the author mod-
eled. Also, the study did not include the integration of heating and
cooling loads. Akkaya and Sahin [23] studied the energetic perfor-
mance of a system that combined an SOFC with an ORC without any
heating or cooling load. They found that the efficiency of the system
increased by 14–25% for the system that combined the SOFC and
ORC compared with the system that consists of SOFC only.

Al-Sulaiman et al. [24] conducted energy analysis of a trigen-

eration plant based on an SOFC and ORC. The study revealed that
there was at least 22% gain in efficiency when a trigeneration sys-
tem was used compared with only the power system. In another
study, Al-Sulaiman et al. [25] examined the effect of changing the
current density of the SOFC and SOFC size on the efficiency and
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CH4 + H2O → CO + 3H2 (1)

CO + H2O → H2 + CO2 (2)

H2 + 1/2O2 → H2O (3)

Table 1
Input values to the system.

ORC
ORC turbine efficiency 80%
ORC pump efficiency 80%
Saturated liquid at the exit of the ORC condenser
Effectiveness of the ORC evaporator 80%
Baseline ORC pump pressure ratio 100
Mass flow rate 0.95 kg s−1

Baseline turbine inlet pressure 1600 kPa
ORC pump inlet temperature 345 K
Electrical generator efficiency 95%
Electrical motor efficiency 95%

Chilling cycle
Overall heat transfer coefficient of desorber 70 kW K−1

Overall heat transfer coefficient of condenser 80 kW K−1

Overall heat transfer coefficient of evaporator 95 kW K−1

Overall heat transfer coefficient of absorber 75 kW K−1

Effectiveness of solution heat exchanger 70%

SOFC Colpan [26]
DC–AC inverter efficiency 95%
Fuel utilization factor 0.85
Active surface area 100 cm2

Baseline current density 0.75 A cm−2

Exchange current density of anode 0.65 A cm−2

Exchange current density of cathode 0.25 A cm−2

Effective gaseous diffusivity through the anode 0.2 cm2 s−1

Effective gaseous diffusivity through the cathode 0.05 cm2 s−1

Thickness of the anode 0.05 cm
Thickness of the cathode 0.005 cm
Thickness of the electrolyte 0.001 cm
Thickness of the interconnect 0.3 cm
Pressure of the cell 101.3 kPa
Baseline inlet temperature to the SOFC 1000 K

Bossel [28]
C1e 334
C2e −10,300
C1a 9.5 × 100,000
C2a −1,150
C1c 4.2 × 100,000
C2c −1,200
C1int 9.3 × 10,000
C2int −1,100

Ambient condition
Ambient temperature 298.15 K
Ambient pressure 101.3 kPa

Standard chemical exergy Szargut [31]

ex
ch,0
CH4

831.6 kJ mol−1

ex
ch,0
H2O 9.5 kJ mol−1

ex
ch,0 3.97 kJ mol−1
348 F.A. Al-Sulaiman et al. / Journal o

O2 emissions of a trigeneration plant based on an SOFC and ORC.
he study revealed that the CO2 emissions per MWh increases with
ncrease in current density. Also, the study revealed that there was a
onsiderable reduction of CO2 emissions per MWh of trigeneration
ompared with only the power cycle.

In this study, a comprehensive exergy analysis of a trigenera-
ion plant based on an SOFC and an ORC are conducted, and system
xergy efficiencies and exergy destruction rates are then exam-
ned. These two parameters are examined under different variables,

hich include the current density of the SOFC, inlet flow tem-
erature of the SOFC, turbine inlet pressure and ORC pump inlet
emperature. This study shows how much improvement in the
xergy efficiency when a trigeneration plant used compared with a
hermal power conventional plant. Also, the study shows exergy
estruction rate of different components of the system and the
ontribution of these components into exergy destruction. The sys-
em description and assumptions are presented next. Then, system

odeling, results and discussion, and conclusions are presented,
espectively.

. System description

The proposed trigeneration system consists of an SOFC, an ORC,
heating process and a single-effect absorption chiller, as shown

n Fig. 1. The waste heat from the SOFC is used to heat the organic
uid in the ORC. Consecutively, the waste heat from the ORC is
sed for heating and cooling. The waste heat from the ORC is used
o produce steam in the heating process, using a heat exchanger
nd to produce cooling using a single-effect absorption chiller. To
ave an efficient ORC, the working fluid in the ORC should have a
igh critical temperature, so that a usable waste heat can be gained.
ne of the typical organic fluid types used to operate the ORC is
-octane, which has a relatively high critical temperature, 569 K.
ence, it is selected as the working fuel of the ORC.

. Model development

The SOFC model and exergy analysis of the proposed system
re presented in this section. The developed model is programmed
sing the Engineering Equation Solver (EES). The input data used

n the code are given in Table 1. A number of assumptions were
ade to carry out the analysis. It was assumed that the system is

t steady state and the pressure change is neglected except in the
umps, blowers, ORC turbine and valves. The assumptions for the
OFC model are [26]:

Air that enters the SOFC consists of 79% N2 and 21% O2.
Gas mixture at the exit of the fuel channel reaches at chemical
equilibrium.
Both air and fuel flows have the same temperature at the inlet to
the SOFC.
Both air and fuel flows have the same temperature at the exit of
the SOFC.
Radiation heat transfer between gas channels and solid structure
is negligible.
Contact resistances are negligible.

The energy analysis applied to the single-effect absorption
hiller is similar to that used by Herold et al. [27]. The analysis
f the single-effect absorption chiller is validated with [27]. The

ssumptions used to analyze the single-effect absorption chiller
re [27]:

The refrigerant is considered pure water (Sates 6–9).
States 7, 10 and 13 are considered saturated liquid.
r Sources 195 (2010) 2346–2354

- State 9 is considered saturated vapor.
- The pressure in the desorber and condenser is considered equal.
- The pressure in the evaporator and the absorber is considered

equal.

3.1. SOFC modeling

The selected fuel for the SOFC is methane. The chemical and
electrochemical reactions that occur within the anode and cathode
of the solid oxide fuel cell are:
O2

ex
ch,0
N2

0.72 kJ mol−1

ex
ch,0
H2

236.09 kJ mol−1

ex
ch,0
CO2

19.87 kJ mol−1

ex
ch,0
O2

275.1 kJ mol−1
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Fig. 1. Trigeneration plant with co

The cell voltage produced by the cell is the difference between
he reversible cell voltage and the sum of the voltage loss. It is
efined as

c = VN − Vloss (4)

here Vc, VN and Vloss are cell voltage, reversible cell voltage and
oltage loss, respectively. The equation of the reversible cell voltage
s derived using Nernst equation and is defined as

N = −�Ḡf

2F
− R

TFC,exit

2F
ln

(
xH2O,27

xH2,27
√

xO2,19

)
(5)

here Gf is the Gibbs free energy, R is the universal gas constant
8.314 J (mol-K)−1) and F is Faraday constant (96,485 coulombs

ol−1). The voltage loss (Vloss) is the sum of three voltage losses
hat include the activation polarization, ohmic and concentration
osses. It is defined as

loss = Vohm + Vact + Vcont (6)

here Vohm is defined by Bossel [28]; Vact is defined by Kim [29];
nd Vcont is defined by Chan et al. [30] as follows:

ohm = (Rcontact + �aLa + �cLc + �intLint)j (7)

act = Vact,a + Vact,c (8)

act,a = RTFC,exit

F
sinh−1

(
j

2joa

)
(9)

act,c = RTFC,exit sinh−1
(

j
)

(10)

F 2joc

cont = Vcont,a + Vcont,c (11)

cont,a = − RTFC,exit

2F
ln

(
1 − j

jas

)
+ RTFC,exit

2F
ln

(
1 − PH2,27j

PH2O,27jas

)
(12)
d SOFC and organic Rankine cycle.

Vcont,c = −RTFC,exit

4F
ln
(

1 − j

jcs

)
(13)

jas = 2FPH2,27Daeff

RTFC,exitLa

1
1000, 000[cm3/m3]

(14)

jcs = 4FPO2,19Dceff

(P0 − PO2,19/P0)RTFC,exitLc

1
1000, 000[cm3/m3]

(15)

where � is the electrical resistivity of cell components, L is the thick-
ness of a cell component, Rcontact is the resistivity contact, j is the
current density, jcs is the exchange current density of cathode, jas is
the exchange current density of anode, Dceff is the effective gaseous
diffusivity through the cathode and Daeff is the effective gaseous dif-
fusivity through the anode. The subscripts ohm, act, cont, a, c, e and
int are ohmic, activation, concentration, anode, cathode, electrolyte
and interconnect, respectively.

The electrical resistivity is defined as [28]

�e =
(

C1e exp

(
C2e

TFC,exit

))−1

(16)

�a =
(

C1a

TFC,exit
exp

(
C2a

TFC,exit

))−1

(17)

�c =
(

C1c

TFC,exit
exp

(
C2c

TFC,exit

))−1

(18)

�int =
(

C1int

TFC,exit
exp

(
C2int

TFC,exit

))−1

(19)
where C1e–C2int are constants defined in [28] and shown in Table 1.
The model used to solve the equilibrium equations of the SOFC is

based on a validated model developed by Colpan et al. [26], assum-
ing the methane is fully converted. The molar conversion rates of
Eqs. (1)–(3) are a, b and c, respectively. The molar flow rates of the
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eaction equations, Eqs. (1)–(3), are derived next. The molar flow
ates at the inlet of the air and fuel channels are defined as

˙ O2,18 = ṅO2,19 + ṅO2,u (20)

˙ N2,18 = ṅN,19 (21)

˙ H2O,26 = 2.5a (22)

˙ CH4,26 = a (23)

On the other side of the fuel cell, the molar flow rates at the exit
f the air and fuel channels are defined as

˙ O2,19 = c

2

(
1

UO2

− 1

)
(24)

˙ N2,19 = 79
21

(
c

2UO2

)
(25)

˙ H2,27 = 3a + b − c (26)

˙ CO,27 = a − b (27)

˙ CO2,27 = b (28)

˙ H2O,27 = 1.5a − b + c (29)

here the constant c and the molar flow rate of the utilized oxygen,
˙ O2,u are defined as

= (3a + b)Uf (30)

˙ O2,u = c

2
(31)

The variables ṅ, Uf and UO2 are molar flow rate, fuel utilization
atio and oxygen utilization ratio, respectively. The constants a and
are found using the equilibrium constant and current equations

s defined below. The equilibrium constant is defined as

wgs = exp

(
− �G0

RTFC,exit

)
= xCO2,27xH2,27

xCO,27xH2O,27
(32)

here Kwgs is the waste gas shift equation and x is the molar con-
entration.

The current and current density are defined respectively as

= jAa (33)

2Fc

Aa
(34)

here I is the current and Aa is the active surface area. The power
f the fuel cell, ẆFC , is defined as

˙ FC = IVc (35)

.2. Exergy analysis of the system

Unlike energy, exergy is not conserved. Exergy is defined as the
aximum work that could be obtained from a system at a given

tate. Exergy destruction is an important parameter in exergy anal-
sis. It is defined as the potential work lost due to irreversibility.
he exergy destruction rate of a control volume for a steady state
s defined as

˙ xd
=
∑

j

(
1 − T0

Tj

)
Q̇j −
(

Ẇcv − P0
dVcv

dt

)
+
∑

i

ṁiexi −
∑

e

ṁeexe (36)

here T, P, V, ex and Ėxd
are temperature, pressure, volume, exergy

er mass flow rate and rate of exergy destruction, respectively. The
ubscript i is the property value at state i and the subscript 0 is

he value of a property at the surrounding. The physical exergy per

ass flow rate, exph, at a given state is defined as

xph = (h − h0) − T0(s − s0) +
(

v2 − v2
0

2

)
+ g(z − z0) (37)
r Sources 195 (2010) 2346–2354

where h, s, v, g and z are enthalpy per mass flow rate, entropy per
mass flow rate, velocity, gravity and elevation, respectively. In this
study, the velocity and elevation are neglected. On other hand, the
chemical exergy of a single gas at a multi-gas mixture is defined as

exch
i = xiexch,0

i + RT0xi ln(xi) (38)

where exch,0
i is the standard chemical exergy of a species in kJ mol−1

as defined by Szargut [31] and listed in Table 1. The net power of
the system is defined as

Ẇnet = ẆFC,stack,ac + Ẇot�motor − Ẇop

�motor
− Ẇsp

�motor

− Ẇb1

�motor
− Ẇb2

�motor
− Ẇwp

�motor
(39)

where the subscripts g, op, sp, b1, b2 and wp indicate generator,
ORC pump, solution pump, blower one (air blower), blower two
(methane blower) and water pump, respectively. The Greek letter,
�, is the efficiency. The total exergy in the system is then defined as

Ėxf,total
= Ėxf,CH4

+ Ėxf,wood
(40)

where Ėxf,total
, Ėxf,CH4

and Ėxf,wood
are total exergy rate, exergy rate of

methane at state 20 and exergy rate of wood at state 30, respec-
tively. The exergy efficiency is defined as the ratio of the actual
thermal efficiency to the maximum reversible thermal efficiency
both under the same conditions. The exergy efficiency of the SOFC
system is defined as

�ex,FC = ẆFC,stack,ac − (Ẇb1/�motor ) − (Ẇb2/�motor ) − (Ẇwp/�motor )
Exf,CH4

(41)

The exergy efficiency of the ORC is defined as

�ex,ORC = Ẇot�motor − (Ẇop/�motor)

Ėx28 − Ėx29

(42)

The net electrical exergy efficiency is defined as

�ex,et = Ẇnet

Ėxf,total

(43)

The cooling cogeneration exergy efficiency is defined as

�ex,cog,c = Ẇnet + (1 − (T0/Tev))Q̇ev

Exf,total

(44)

where Q̇ is the heat rate and the subscript ev indicates the evap-
orator of the cooling cycle. The exergy efficiency of the heating
cogeneration is defined as

�ex,cog,h = Ẇnet + (1 − (T0/Thp))Q̇h

Ėxf,total

(45)

where the subscripts h and hp indicate the heating and heating
process heat exchanger. The exergy efficiency of the trigeneration
is defined as

�ex,tri = Ẇnet + (1 − (T0/Tev))Q̇ev + (1 − (T0/Thp))Q̇h

Ėxf,total

(46)

where the subscript tri indicates trigeneration.

4. Results and discussion

In this study, exergy efficiency and exergy destruction rate of the

proposed trigeneration system are examined. The exergy efficiency
and exergy destruction rate are examined under the variation of dif-
ferent variables. These variables are the current density of the SOFC,
inlet flow temperature of the SOFC, pressure inlet of the turbine and
inlet temperature of the ORC pump, T1.
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ig. 2. Effect of the current density of the SOFC on exergy efficiency at TFC,in = 1000 K,
2 = 1600 kPa, T1 = 345 K.

.1. Effect of current density of the SOFC

The effect of changing the current density of the SOFC on
he exergy efficiency and exergy destruction rate is shown in
igs. 2 and 3, respectively. In Fig. 2, the net electrical exergy effi-
iency decreases as the current density increases. This reduction in
he exergy efficiency is because of the decrease in the cell voltage
s the current density increases and thus less power output from
he SOFC as discussed in Al-Sulaiman et al. [24]. The highest net
lectrical exergy efficiency is 43% at a current density of 0.6 A cm−2

nd the lowest exergy efficiency is 11% at 0.9 A cm−2. The cool-
ng cogeneration exergy efficiency is 1% or less higher than the net

lectrical exergy efficiency. This small difference in the gained effi-
iency is because of the small amount of the cooling energy to the
lectrical energy in the cycle which is around 20% of the electri-
al energy. The heating cogeneration exergy efficiency decreases

ig. 3. Effect of SOFC current density on exergy destruction rate at TFC,in = 1000 K,
2 = 1600 kPa, T1 = 345 K.
Fig. 4. Effect of SOFC inlet flow temperature on exergy efficiency at j = 0.8 A cm−2,
P2 = 1600 kPa, T1 = 345 K.

as the current density increases. The highest heating cogeneration
exergy efficiency is 45% at a current density of 0.6 A cm−2 and the
lowest exergy efficiency is 34.5% at 0.9 A cm−2. The trigeneration
exergy efficiency is around 1% higher than the heating cogeneration
exergy efficiency. This small difference in the efficiency is because
of the small gain of the cooling cogeneration exergy efficiency com-
pared with the net electrical exergy efficiency where trigeneration
is defined as combined cooling, heating and power.

The effect of changing the current density on the exergy destruc-
tion rate of different components of the system is shown in Fig. 3.
Only the components of the system that show significant amount of
exergy destruction rates are shown in the figure. It can be observed
that all the exergy destruction components increases as the current
density increases. The study reveals that the exergy destruction
rates of blower 1 (air blower) and the after burner increases slightly
as the current density increases. The amount of the change in the
exergy destruction rate is less than 50 kW. On other hand, the
change in the exergy destruction rate with current density is con-
siderably more for the other components. This study shows that
most of the exergy destructions occur at the ORC evaporator and
air heat exchanger. However, at a high current density, the exergy
destruction rate of the heating process heat exchanger is very high
and reaches 580 kW at 0.9 A cm−2. This significant increase in the
exergy destruction rate of the heating process heat exchanger is
because of the increase in the amount of the available waste heat for
heating where the net electrical exegetic efficiency drops abruptly.
The parametric study on the effect of the current density change on
the exergy destruction rate suggests that further design improve-
ment and optimization are needed to reduce the exergy destruction
rate of the air heat exchanger, ORC evaporator and heating process
heat exchanger.

4.2. Effect of the inlet flow temperature of the SOFC

The effect of changing the inlet flow temperature of the SOFC
on the exergy efficiency and exergy destruction rate is shown in

Figs. 4 and 5, respectively. In these two figures the temperature is
studied from 800 to 1100 K. Fig. 4 shows that the change in the
exergy efficiency as the inlet flow temperature change is differ-
ent from that of the current density. The reason of this difference
is because the cell voltage change differently with the inlet flow
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emperature of the SOFC compared with the current density of the
OFC [24]. The study reveals that the temperature where the net
lectrical efficiency is the highest is the same temperature where
he cooling cogeneration, heating cogeneration and trigeneration
fficiencies are the highest. The reason of having the same tempera-
ure, where the highest efficiency is obtained, is because all of these
our efficiencies are defined based on the chemical exergy of the
uel. Therefore, the highest efficiency is obtained at the same point
here the most efficient combustion occurs. The physical exergy

f the incoming fuel is zero since it enters into the system at atmo-
pheric conditions. Fig. 5 shows the effect of changing the inlet flow
emperature of the SOFC on the exergy destruction rate of differ-
nt components of the system. The figure shows that the exergy
estruction rates of the air blower and after burner are almost con-
tant. Also, it can be noticed that the highest exergy destruction
ate occurs at the air heat exchanger and ORC evaporator. Never-
heless, at a high inlet flow temperature the exergy destruction
ate of the heating process heat exchanger is considerable. This
brupt increase in the exergy destruction rate of the heating process
eat exchanger as the inlet flow temperature increases is associ-
ted with the increase in the amount of the waste heat as the net
lectrical efficiency drops.

.3. Effect of the inlet pressure of the turbine

The effect of changing the inlet pressure of the turbine on
he exergy efficiency and exergy destruction rate is shown in
igs. 6 and 7, respectively. In these figures the turbine inlet pressure
s studied from 500 to 5000 kPa. It can be observed that the effect
f changing the inlet pressure of the turbine on the efficiencies of
he net electricity, cooling cogeneration, heating cogeneration and
rigeneration is insignificant. The net electrical and cooling cogen-
ration exergy efficiencies increases 3% as the turbine inlet pressure
ncreases, and heating cogeneration and trigeneration efficiencies
ncreases 1%. On the other hand, the exergy efficiency of the ORC
ncreases from 15% at 500 kPa to 22% at 5000 kPa. The exergy effi-
iency of the SOFC system is constant since it is independent of the

hange in turbine inlet pressure. The figure shows that as compared
ith the exergy efficiency of the power cycle there is on average a

ain in exergy efficiency of 0.5% for cooling cogeneration, 10% for
eating cogeneration and 11% for trigeneration.

ig. 5. Effect of SOFC inlet flow temperature on exergy destruction rate at
= 0.8 A cm−2, P2 = 1600 kPa, T1 = 345 K.
Fig. 6. Effect of turbine inlet pressure on exergy efficiency at j = 0.8 A cm−2,
TFC,in = 1000 K, T1 = 345 K.

Fig. 7 shows that only the exergy destruction rate of the ORC
evaporator and heating process heat exchanger varies with the
change in the inlet pressure of the turbine. On the other hand, the
other components of the system are constants since they are inde-
pendent of the change in the turbine inlet pressure. The exergy
destruction rate of the ORC evaporator decreases from 320 kW at
500 kPa to 280 kW at 5000 kPa while the exergy destruction rate
of the heating process heat exchanger decreases from 120 kW at
500 kPa to 100 kW at 5000 kPa.

4.4. Effect of ORC pump inlet flow temperature
The effect of changing the ORC pump inlet flow temperature
on the exergy efficiency and exergy destruction rate is shown in
Figs. 8 and 9, respectively. In these figures the temperature is stud-
ied from 345 to 380 K. Fig. 8 shows that the change in the inlet
temperature has an insignificant effect of the exergy efficiencies

Fig. 7. Effect of turbine inlet pressure on exergy destruction rate at j = 0.8 A cm−2,
TFC,in = 1000 K, T1 = 345 K.
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Fig. 10. Exergy destruction in kW and in percentage of the total exergy destruc-
ig. 8. Effect of organic Rankine cycle pump inlet temperature on exergy efficiency
t j = 0.8 A cm−2, TFC,in = 1000 K, P2 = 1600 kPa.

f the power, cooling cogeneration, heating cogeneration and tri-
eneration. The exergy efficiency of the net electrical efficiency
s around 25%. Using cooling cogeneration, the exegetic efficiency
ncreases to 26% only. The reason of this small increase in the effi-
iency is the small size of the cooling energy to the electrical energy
1:5). On the other hand, exergy efficiency of heating cogenera-
ion is around 35% and exergy efficiency of trigeneration is around
6%.

Fig. 9 shows that the exergy destruction rate of the ORC evap-
rator, boiler and heating process heat exchanger varies with the
RC pump inlet flow temperature. As the temperature increases,

he exergy destruction rate of the ORC evaporator decreases. It

ecreases from 300 kW at 345 K to 240 kW at 380 K. This reduction

n exergy destruction rate attributed to the less exergy difference
vailable between the inlets and exits of the evaporator. Also, the
tudy shows that there is an insignificant change in the exergy

ig. 9. Effect of organic Rankine cycle pump inlet temperature on exergy destruction
ate at j = 0.8 A cm−2, TFC,in = 1000 K, P2 = 1600 kPa.
ted for different trigeneration plant components at j = 0.8 A cm−2, TFC,in = 1000 K,
P2 = 1600 kPa, T1 = 345 K.

destruction rate of the boiler and heating process heat exchanger
as the temperature increases.

4.5. Overall exergy destruction

The exergy destruction analysis of different components of the
system at the baseline input data is shown in Fig. 10. The exergy
destruction percentage that is shown in the figure is the percentage
of the exergy destructed not the available exergy in the system. The
exergy destruction analysis shows that 30% of the exergy destruc-
tion takes place in the ORC evaporator and 21% in the air heat
exchanger at the inlet of the SOFC. The other components of the sys-
tem that have high exergy destruction are SOFC (13%), after burner
(11%), heating process heat exchanger (10%), biomass boiler (8%)
and air blower (4%). Therefore, further improvement to the perfor-
mance of these components is needed, specially the ORC evaporator
and the air heat exchanger.

5. Conclusion

Exergy analysis of a combined SOFC and ORC system for cooling,
heating and power production is conducted. The system is exam-
ined under the variation of the current density of the SOFC, inlet
flow temperature of the SOFC, inlet pressure of the turbine and
inlet temperature of the ORC pump. The main findings are:

• The exergy analysis of the trigeneration plant shows that the
gain in the exergy efficiency when trigeneration is used com-
pared with only power cycle is from 3 to 25%, depending on the
operating condition.

• The exergy efficiencies of the power cycle, cooling cogenera-
tion, heating cogeneration and trigeneration are insensitive to
the change of the turbine inlet pressure and ORC pump inlet
temperature.

• The most significant sources of exergy destruction rates are the
ORC evaporator, air heat exchanger at the SOFC inlet and heat-

ing process heat exchanger. Therefore, further improvements in
designing these three components are needed.

• The working fluid for the ORC is n-octane. Therefore, this conclu-
sion is relatively limited to this fluid type.
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