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Abstract: This paper presents the work for efficiency enhancement on a hybrid power system with
an irreversible Solid Oxide Fuel Cell (SOFC) and Stirling Engine (SE) for various system design
using the approach of finite-time thermodynamics. The SOFC-based cogeneration system was
integrated with an SE and several heat components. The effects of design configurations using
various interface components on system performance were investigated. By analyzing the SE with
finite-time thermodynamics and considering multiple irreversible factors of output power given
by the SOFC, the efficiency of the calculation can be more practical and accurate. In this study, the
working efficiency of the proposed hybrid system was enhanced by 16.37% compared to that of
the conventional system at an intermediate temperature of 873 K. The design approach proposed
herein is considered an essential package for building highly efficient power systems working in the
intermediate temperature range.

Keywords: finite-time thermodynamics; hybrid system; Solid Oxide Fuel Cell; Stirling Engine

1. Introduction

The Solid Oxide Fuel Cell (SOFC) offers high efficiency and low-pollution technology
to generate electric power. The SOFC system also provides many advantages in the
energy conversion processes, including high fuel utilization, high reliability, and high fuel
adaptability [1,2]. Based on the fact that the exhaust gas of the SOFC system is usually
of high temperature, the system can then be used to combine with different engines to
construct a hybrid system for better electric power output and system efficiency. Several
earlier studies in this area have investigated the hybrid SOFC system by combining various
kinds of engines to increase system efficiency. For example, in earlier work, the SOFC was
combined with a gas turbine (GT) [3] to utilize the exhaust gas, which includes nitrogen,
oxygen, carbon dioxide, carbon monoxide, and vapor when using hydrocarbon fuel for
the SOFC system, into GT in power generation processes. By utilizing the exhausted
high-temperature gas, the efficiency of both the thermal energy and power generation for
the hybrid system was enhanced.

Mitsubishi Heavy Industries [4] has built a 200 kW SOFC hybrid system by combining
tube-type SOFC and micro gas turbine (MGT), and it started to combined the SOFC and
steam turbine (ST) for an 800 MW gas turbine combine cycle (GTCC). On the other hand,
scientists also used different thermal cycles, such as the Rankine cycle, Carnot cycle, Stirling
cycle, and Brayton cycle, to combine with a SOFC and they simulated the performance of
power with different operation conditions [5-8]. Based on the data given in the literature, it
is clear that the efficiency of power generation can be enhanced up to 70% by using various
proposed hybrid systems.

Based on the facts presented above, different thermal cycles combined with SOFC
are possible to enhance the overall efficiency of the hybrid system. The Stirling Engine
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(SE) is one of the thermal cycles commonly used in the past since it possesses the same
thermal efficiency as the Carnot cycle with many other advantages such as low gas and
noise pollution. Since SE is an external combustion engine, it means that SE can be utilized
to combine with different power generation systems including solar and fuel cells. Thus, it
can be selected a suitable device to fully utilize the exhaust gas from the power generation
system [9-15]. Sanchez, et al. [8] in 2009 showed that by combining the Molten Carbonate
Fuel Cell (MCFC) with SE, the hybrid system exhibited a greater potential of power
generation than that of Rankine cycles and Brayton cycles.

Although the hybrid SOFC-SE system has been studied infrequently by experimental-
ists, the system’s efficiency and the performance of both SOFC and SE often needs to be
calculated carefully before building an experiment. Therefore, most studies in the literature
commonly use the Carnot cycle efficiency to analyze the efficiency of the Stirling cycle to
obtain maximum possible efficiency [16]. Using the Carnot cycle efficiency method to eval-
uate the efficiency of the Stirling cycle is not a suitable way to obtain maximum efficiency
for SE. However, the method of using the Carnot cycle does not consider the differences
in temperatures between the heat source and process flows. Based upon the discussion
above, it becomes obvious that the efficiency of the Stirling cycle estimated by Carnot cycle
efficiency cannot match the data obtained directly from real-world experiments.

Carnot efficiency is invariably far above the efficiency of real heat engines and hence
is of very limited practical value, because of the reversible conditions under which heat
engines would have to operate to achieve Carnot efficiency corresponding to zero power
output. This has led to the advent of a new field which is called finite-time thermodynamics.
Novikov [17], Chambada [18], and Curzon et al. [19] used finite-time thermodynamics
to consider finite-time heat transfer and calculated the heat loss between the heat source
and process flows. However, the Carnot cycle is an internal combustion engine, which is
not suitable when using SOFC’s exhaust gas to generating power. Therefore, the Stirling
engine would be an ideal engine for this research to integrate with SOFC for a hybrid
system. In addition to the above studies, some scholars have applied this method to system
computing, including SOFC systems.

To study the irreversible hybrid system for SOFC-SE, Emin [20] used finite time
thermodynamics to analyze the performance of SE. However, the system that Emin [20]
has analyzed is a system that has been simplified, especially the heating process for fuel
and air. To evaluate the performance of SOFC-SE in detail, finite-time thermodynamics and
SOEFC irreversibility would be used to calculate the power generation and efficiency with a
different system design. In addition, the embryonic form of SOFC-SE system design can be
referred to in the literature [21], which considers heat exchanger and burner to make the
heat process of the system more thorough.

Based on the literature, system analysis plays an important role in the study of
the SOFC power system. However, most of the previous work has concentrated on the
system from the viewpoint of thermodynamic balance, which ignored the heat loss in
simulation processes. Although some research has evaluated the system by finite-time
thermodynamics to consider the heat loss, the model being employed was not quite
sufficient. In this paper, the finite-time thermodynamics will be used to analyze the
hybrid system of SOFC-SE with complete system efficiency. Several different system
design configurations will be used to estimate the power generation in the present work to
facilitate a more realistic result of simulation for the hybrid SOFC-SE system. The aim is to
improve system efficiency estimation with feasible new design configurations.

2. Modeling and Methods
2.1. Irreversibility of SOFC in Power Generation

To calculate the maximum generated power output of SOFC, the voltage of the fuel
cell is composed of irreversible elements, such as activation polarization, concentration
polarization, ohmic polarization, and thermal irreversibility which would not be considered
in the ideal model [22]. Therefore, the research in this paper would start to consider the
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irreversibility of heat transfer in the SOFC stack, where the equation of voltage can be
estimated as:
U = E — Uact — Ucon — Uopm — Uthermal @

where U, is the voltage loss of activation polarization, U, is the voltage loss of con-
centration polarization, Uy, is the voltage loss of ohmic polarization and Uyepy,; is the
voltage loss of the irreversibility by heat transfer during the chemical reaction, and E is the
ideal voltage for SOFC, that can be estimated as:

Py, /P
- Ag(T)_l_RTlnl HZ\/El

neF neF @)

Pp,0
where Ag(T) is Gibbs energy, R is the ideal gas constant, and Py,, Po, and Py, are partial
pressure of hydrogen, oxygen, and water, respectively, for the chemical reaction in the
SOFC. 1, is the number of electrons transferred in the reaction, n, F is Faraday’s constant,
T is the working temperature of the SOFC cell.

To analyze the irreversibility of SOFC in the reactive processes, the polarization of
ohmic, activation, and concentration should be included. The activation polarization Uy
is the potential difference above the equilibrium value required to produce a current that
depends on the activation energy of the redox event, which can be estimated as:

2RT
Upet = -+ sinh_l(

i

7, sinh Zi;/C ) ®)
where iy, and ig . are the exchange current density of the anode and cathode, respectively.
Exchange current density in electrochemical reactions is analogous to the rate constant in
chemical reactions. That indicates a higher exchanger current density can facilitate a better
performance of the cell. Whereas concentration polarization, induced by the concentration
gradient of the reactants and the products in the bulk electrolyte, as well as on the electrode
surface, can be estimated in terms of slow mass transport in cell reactions by the equation:

RT i i
Uon = ——=|In(1 — —) +In(1 — — 4
o neF ( La ) +1n( ILc ) @)
where it , and i . are limiting current density of the anode and cathode, respectively. The
ohmic polarization, induced by the presence of electrical resistance in cell components, can
be estimated by:

E,
P(ﬁ)
where E, is the activation energy of ion conductivity, L,; is the thickness of electrolyte,
and oy is the ion conductivity. When considering non-equilibrium thermodynamics and
finite-time thermodynamics, the heat transfer between the cell and environment will have
to be characterized. Thus, the irreversibility of heat transfer should be estimated by the
polarization [23] of the equation given as:

Lo T
Uonm = Tl ex

©)

Ag L 1

uthermal = 1/1671:( T T ) (6)

Based on the derivation given above, the SOFC performance and efficiency can now
be put together and expressed as:

Prc Prc n.UF

TFC= Z"AH-A = “AGA/n.E)Mh  —Ah-A @

Prc = AUIA 8)
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where AH is the enthalpy change in the electrochemical reaction, F is the Faraday constant,
1, is the number of charges, Ah is the molar enthalpy change of SOFC, i is the current
density, A is the reactive area, U is the output voltage of SOFC, and A is the fuel utilization.

2.2. Power Generation and Efficiency of the Stirling Engine Using Finite-Time Thermodynamics

The Stirling cycle consists of two isothermal branches and two constant generalized
coordinate branches, i.e., constant-volume or isomagnetic branches, and the P-V diagrams
are shown in Figure 1. To consider the heat transfer process with the finite-time ther-
modynamics method, the heat transfer between the heat source and heat sink can be
rewritten as:

Q1 =60(Ty — T )y (9a)
Q1 = nRTy Inx (9b)
Q=0(T' =Tyt (10a)
Q2 = nRT, Inx (10b)

where 0 is the heat transfer coefficient between working fluids and the heat sink, Tty and T;,
are the high/low temperature of the heat sink, T;" and T, are the temperatures of working
fluids, n is the molar number of working fluids, x is the compression ratio, t; and t, are
the time of isothermal compress and expand processes. To consider the heat loss in the
regenerative heat process [11], the heat loss can be estimated by the equation:

AQ = anC(Ty' — T',) (11)

where C is the heat capacity of the working substance per mole partaking in the regenerative
branches and « is the fractional deviation from ideal regeneration. Therefore, the heat
transfer between working fluids and the heat source can be expressed as:

Qi = Qi +AQ (12)
QL= Q: +AQ (13)
P A
v v v

Figure 1. P-V process of the Stirling cycle in finite-time thermodynamics.

To simplify the computational process, the time spent on the regenerative branches is
assumed to be proportional to that of the isothermal branches, given as:

tre = b(tl + tZ) (14)
where b is a constant, and the cyclic period is given as:

t=te+ti+H=(14+b)(t1 + 1) (15)
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By plugging Equations (10) and (11) into Equation (15), the cyclic period can be
rewritten as:
b= Tl'[RTﬂh’lX‘FD{C(T],*T,z)]

0(Ty—Ty’
n-[RTz’anEJrI;cC(Tl]’)fT’Z)] (16)

+ 0(Ty'~TL)

Thus, the rate of heat generation can be derived and given as:

a(1—y)
Inx + (571y)

n In
1+ b)("(TleTl) + e(nylfxTL))

Qy = (17)

By giving the rate of heat generation, the compression ratio can be calculated and the
efficiency can be obtained by:

pp—1-2 A=y (18)

Qy (1+ lrlfa(cl(;fy%))

Where J is the ratio of the specific heats, and the heat output of Stirling engine can be
determined by:

Qr = Qu(1—14) (19)
While the power of the Stirling engine can be estimated by:

Py =Qn— QL (20)

2.3. Power Generation and Efficiency of Hybrid SOFC-SE System

As given in Figure 2, it can be seen that the hybrid SOFC-SE system, in addition to
the SOFC stack and SE, also comprehend some other subsystems including the burner,
heater, and heat exchanger. Therefore, the system efficiency will be influenced by these
subsystems. When considering the efficiency, the energy transfer among SOFC, SE, and
subsystems in system loops should be considered carefully. To estimate the efficiency, the
energy of the burner, being transferred from the exhaust fuel gas out of SOFC stack to the
heat source for raising the system temperature, can now be given as:

Ppurner = %(1 - /\)Ah (21)
where A is the utilization of fuel. Although the burner is a heat generation component for
the hybrid SOFC-SE, the heat is not enough to supply all components in the whole process.
Therefore, the heater is introduced to play the role of such an energy supply. The heat
supplied by the heater toward the SOFC stack can be estimated as:

Py = —AH — Prc + Quaa X € (22)

where Q,4, is the amount of heat supplied by the heater, and ¢, is the efficiency of the heater.
The heat exchanger is the main component to transfer heat from the high-temperature
exhaust gas to the low-temperature fuel gas. Therefore, the flow temperature of input to
and output from the heat exchanger can be calculated by the equations given below:

AH(1-A)

T, =T+
! maircpair

(23)
where Tj is the hot source input temperature of the heat exchanger. Based upon the
operating characteristics of the SOFC stack, the relationship of stack temperature and the
input flow temperature of the SOFC stack can be expressed as:
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Ty=T—AT (24)

where T} is the input flow temperature for the SOFC stack, and AT is the temperature
gradient between the stack and input flow.

’—> Burner
]
o

[ Heater Q.
| I, 1T |
) I
Prc «+—|  sorc et HEXI |« HEX? e (;UEIT)
STair
|
T, ! @
Stirling P

-t

engine

QL

Figure 2. Schematic diagram of the hybrid SOFC-SE system.

To calculate the temperature of output and input flow to and from in heat exchanger
at the hot side and cold side, the exchanged heat can be estimated as:

maircpair(TZ - Tl) X Eex

25
= MaiyCPair(Ty — T3) + mp,Cpp, (Ty — T3) @)

where mj, and m,;, are the mass of hydrogen and air, Cj g, and Cp,,, are the capacity of
hydrogen and air, and ¢, is the efficiency of the heat exchange.

Based upon Equations (23)—(25), the temperature T, of input flow for the Stirling
engine can be estimated. However, T; is influenced by temperature T3 of the input flow
of heat exchanger number one (HEX1), which is heated by heat exchanger number two
(HEX2). To estimate more realistic temperatures in the SOFC system, an iteration procedure
is introduced to estimate the temperatures T, and T3. Additionally, the mass flow of air is
derived and presented as:

VairiAVair

Myjy = . F
e

= Ngir X Ugir (26)
where V;;, and Vpy, are the volume ratios of the air and hydrogen, n,;, and npy, are the mole
ratios of the air and hydrogen, and ji,;, ptp, are the molar mass of the air and hydrogen.

To estimate the power generation of the Stirling engine given in Equations (9)—(20),
the exhaust heat of the heat exchanger number one (HEX1) can now be given as:

Py =Py x (1—ee) (27)

As shown in Figure 2, the exhaust flow of SE is used to heat the gas and increase the
system efficiency. The temperature between input and output flows of the heat exchanger
number two (HEX2) can now be given as:

Q1 X €ex = MgirCpair (T3 — To) + M, Cpm, (T3 — Tp) (28)

where Q) is the exhaust energy from the Stirling engine. To calculate system temperature
in heat balance state, Equations (25)-(28) will be repeatedly used in the estimation process,
and the exhaust heat Q' can finally be obtained by the equation given as:

Qr' = Q% (1— eex) (29)
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The total power generated for the complete system given in Figure 2 can be given as:
Pyotar = Prc + Pst (30)
and the efficiency of the overall power generation can be then be calculated by the equation:

Prc + Pyt

= 31
Ntotal —AH + Qadd ( )

2.4. Operation Parameters and Loops of the Hybrid SOFC-SE

The study aims to estimate and improve upon the efficiency of a hybrid SOFC-SE sys-
tem using the principle of finite thermodynamics. Here, we adopted the system interfaces
given in Emin [20] for easy comparison, and the detailed operation parameters have been
shown in Table 1 [24]. Several common components including Regenerator (R), Burner (B),
Heater (H), a Heat exchanger (HEX), SOFC, and Stirling engine (SE) are included. In order
to estimate the efficiency of the whole power generation system, the following assumptions

are made.

Table 1. Operation parameters of the hybrid SOFC-SE system [24].

Parameters Volume
SOFC reaction area, A (m?) 1
SOFC output gas temperature, T (K) 873; 1173
Temperature drop between input and output gas in the SOFC stack, AT (K) 110
Ambient temperature, Tp (K) 300
Number of electrons transferred, , 2
Partial pressure of hydrogen and water, Py, (atm); Py, (atm) 0.97;0.03
Partial pressure of oxygen and nitrogen, Pp, (atm); Py, (atm) 0.21;0.79

Anode and cathode exchange current density for SOFC in 873 K and 1173 K, iq 4; ip,c (A - m~2)

1.0 x 103; 1.0 x 103;
1.3 x 10%; 1.3 x 103

Electrolyte thickness, L, (um) 20
Activation energy of 02—, E; (J - mol ™) 6.35 x 10*
The factor of activation energy for 0%, 0p(S-m™b) 3.6 x 107

Anode and cathode limiting current density for SOFC at 873K and 1173K, iy ,; i . (A - m~2)

1.85 x 10%; 1.85 x 10*
2.16 x 10%;2.16 x 10*

Faraday constant, F(C - mol~!) 9.65 x 10*
Ideal gas constant, R(J - mol~1. K1) 8.314
Enthalpy at 873 K and 1173 K, Ah(J - mol~1) —247,172, 248,921
Gibbs energy at 873 Kand 1173 K, Ag (J - molfl) —199,762, 183,100
Efficiency of the heater, ¢, 0.95
Heat capacity for air, Cp,;, (K] /kg - K) 1.006@ 1073 [23]
Heat capacity for hydrogen, Cpy, (k]/kg - K) 15.09@ 1073 K [23]
Gas volume ratio between air and hydrogen, V,;,:Vp, 5:1
Molar mass of air, i, (kg/kmol ) 28.97
Molar mass of hydrogen, g, (kg/kmol ) 2.016

1.  All system components are operated in a steady state.
2. All gas used in the system is assumed ideal.
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3.  To estimate temperature differences among various components in the whole system,
the input or output temperature of the SOFC stack is assumed constant.

4. The type of cell used is electrolyte-supported, and the materials for the anode, elec-
trolyte, and cathode are Ni-YSZ (Yttria-stabilized zirconia,), YSZ, and LSM (Strontium
substituted Lanthanum Manganite).

5. Radiant heat transfer is not considered in this study.

6.  All fuel is assumed fully consumed in the burner.

3. Results and Discussion

In order to investigate the efficiency of hybrid SOFC-SE systems with different design
configurations, the simulation was carried out in this study using two consecutive steps.
First, the employment of different operating conditions to the same system for system
operation efficiency evaluation. Second, the employment of different heating components
to improve overall system efficiency.

For easy verification of the simulation results, the system loop of Emin [20], which
is presented in Figure 3, was used for study, but the whole calculation process was based
on Equations (1)—(31). As shown in Figures 4 and 5, the efficiency of the hybrid SOFC-SE
system is simulated for two different operating temperatures. As given in Figure 4, the
system efficiency is found to be increased when the current density of SOFC is increased
from 0 to 3000 (A/ m?). However, the efficiency is decreased as the current density becomes
greater than 3000 (A /m?). This is because the system needs more heat energy for increasing
power output.

I"‘Fc

SOFC Qu
(T)
products Py,
Stirling cycle >
v
Regenerator
ry
Qr
L - T,
reactants
v To

Figure 3. System loop of the hybrid SOFC-SE system as given in Emin [20].

o | * 12,000
SOFC
stirling stirling
10000F 0 |- total

Efficiency
Power (W)
o ®
o )
8 8
T T

>

i 2 1
5,000 10,000 o 5,000 10,000
Current density (A/m*m) Current density (A/m*m)

ol 1 !

1 1
15,000 20,000 15,000 20,000

Figure 4. Computed (a) efficiency, and (b) generated power for different current densities at 873 K
for hybrid SOFC-SE system without heat components (Emin [20]).
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Figure 5. Computed (a) efficiency and (b) generated power for different current densities at 1173 K
for the hybrid SOFC-SE system without heat components (Emin [20]).

As shown in Figures 4 and 5, we observed that the maximum system efficiency
of the hybrid SOFC-SE system is increased up to 68.52% when operated at 873 K, and
62.32%, when operated at 1173 K. Since the hybrid SOFC-SE loop in Figure 3 can be further
improved and optimized by employing some effective heat components to replace the
generator, we will investigate some new design configuration loops to come up with a more
pragmatically efficient and effective hybrid SOFC-SE system. Figure 6 is such a system
loop that includes some heating components of the burner, heater, and heat exchanger
(HX). As given in Figure 6, by employing some proposed common heating components in
the simulation process, the results for system efficiency and power generated of the new
hybrid SOFC-SE loop can be characterized and presented. As shown in Figures 7 and 8, the
maximum efficiency of the hybrid SOFC-SE system is increased up to 63.41% when operated
at 873 K, and 51.41% when operated at 173K. From the simulation results presented above,
it becomes clear that using some effective heat components to replace the regenerator in
the hybrid SOFC-SE loop can lead to the results of better efficiency and power output.

I'—4' Burn::r
Heater Q i
‘ l Qm
B, Fo SOFC e HEX1 [ }UHT
(H,+air)

|
.

Stirling P
enging s
QL

v

Figure 6. System loop of the hybrid SOFC-SE system with heat components.

After modeling the design configuration of the hybrid SOFC-SE given in Figure 6,
we find that when the regenerator is replaced using a burner, heater, and heat exchanger,
the whole system efficiency will decrease. In other words, the simulation results given
in Figures 7 and 8 indicate that lower system efficiency was obtained when systems are
operated at both 873 K and 1173 K. Therefore, optimizing the system loop for raising
system efficiency using the finite-time thermodynamics method becomes very essential.
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a 1 b. 12,000
SOFC
— — - stiding
10000F | ==eee- total
08 - Q
8,000 |-
> 06
2 6,000 |-
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4,000 [
92 2,000
0 1 1 1 0 - 1 1 1
5,000 10,000 15,000 20,000 5,000 10,000 15,000 20,000
Current density (A/m*m) Current density (A/m*m)

Figure 7. Computed (a) efficiency and (b) generated power for different current densities at 873 K for
the hybrid SOFC-SE system with heat components.

a 1 b. 12,000
SOFC
stirling
1000F 00 | ------- total
08 = Q
8,000 -
> 06 =
2 6,000 -
2 2
w o4 o i
4,000 [
02 2,000 |-
0 0 e = 1 1 1 L
5,000 10,000 15,000 20,000 5,000 10,000 15,000 20,000
Current density (A/m*m) Current density (A/m*m)

Figure 8. Computed (a) efficiency and (b) generated power for different current densities at 1173 K
for the hybrid SOFC-SE system with heat components.

Based on the system loop given in Figure 6, we find that the exhaust gas coming out
from the burner is reused only by heat exchanger number one (HEX1) and SE. Since the
heat is not yet fully utilized, it can be recycled by introducing some heat components into
the system. By so doing, more heat can be extracted and supplied to the system as input
to maintain the SFOC stack to maintain a higher working temperature environment. In
order to decrease the input heat from the heater and increase the recycling rate of the heat
inside the SOFC system, increasing the heat exchanger to recycle more exhaust heat and
changing the location of the heater to decrease the input heat is an effective approach to
increase system efficiency. Figure 9 shows the design of a hybrid SOFC-SE system after
system optimization.

\ E— » Burner

Fe SCFC (| Heater [+ HEX1 HEX2
(H,y+air)

Stirling
engine

QL |

Figure 9. System loop of the hybrid SOFC-SE after optimized design.
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The simulation results of the optimized hybrid SOFC-SE system are presented in
Figures 10 and 11. It shows that the maximum system efficiency of the optimized hybrid
SOFC-SE system is enhanced up to 67.67% when operated at 873 K, and 56.59% when
operated at 1173 K. Compared to the efficiency of the two different system design configu-
rations of Figures 5 and 8, we found that employing another heat exchanger to recycle the
exhaust heat from the Sterling Engine (SE) can further decrease heat flux and increase the
efficiency. However, the efficiency of the SOFC-SE system is decreased by 11.08% when the
operating temperature of the SOFC stack is increased from 873 K to 1173 K. The reason why
the efficiency of the hybrid SOFC system is decreased for increasing input temperature is
because of the input heat Q,44 in the heater. Although the power output of the SOFC stack
is increased for the increasing stack temperature, the hybrid SOFC system will require
more heat to input into the system, and that will directly decrease the system efficiency.

a. 1 b. 12,000
SOFC SOFC
- stirling - stirling
------- total 10,000 ------- total
08 Q
8,000 |-
? 06 g
é - gs,wo o
w o4f o
4,000 [
92¢ 2,000 |-
0 1 1 1 0 — = 1 1 L
5,000 10,000 15,000 20,000 5,000 10,000 15,000 20,000
Current density (A/m*m) Current density (A/m*m)

Figure 10. Computed (a) efficiency and (b) generated power at different current densities at 873 K
for the optimized design loop.
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total 10000 [ =emeee- total
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8,000 |-
> 06 I~
gL
E o ge,ooo b
w o4} o
4,000 |-
%2 2,000 |-
” 2 ! , e ) .
5,000 10,000 15,000 20,000 5,000 10,000 15,000 20,000
Current density (A/m*m) Current density (A/m*m)

Figure 11. Computed (a) efficiency and (b) generated power at different current densities at 1173 K
for the optimized design loop.

Based upon the simulation results presented above, when a regenerator is used to
represent the function of a hotbox it cannot truly characterize the behavior of the heat
transfer in the SOFC system. However, by replacing regenerator with heat components and
considering design configurations of different components for the hybrid SOFC-SE system,
the system heat transfer behavior can be well characterized. The method of finite-time
thermodynamics was introduced for simulations since it could be used not only to estimate
system efficiency and power generation for various operating conditions of the hybrid
SOFC-SE system but also to evaluate the irreversibility of the system. Table 2 shows the
simulation results of both system efficiency and power output for two different design
configurations. The simulation results indicate that the efficiency of the hybrid SOFC-SE
system decreases as operating temperature increases. This is because the hybrid SOFC-SE
system usually requires more heat energy to maintain a higher working temperature for



Energies 2021, 14, 1037

12 of 14

SOFC stacks. In other words, the hybrid system needs more heating energy input to
generate the power for a higher working temperature.

Table 2. Maximum system efficiency and power generated when system operated at 873 K.

SOFC-SE Hybrid Systems Efficiency Drop (%) as
with Different Design Neotalmax (%) Protalmax (W) Compared to That of the
Configurations System Given in Emin [20]
SOFC+SE+R [20] 68.52 8891 -
SOFC+B+H+HEX1+SE 63.41 6505 7.46
SOFC+B+HEX1+H+SE+HEX2 67.67 7248 0.80

To further optimize the efficiency of hybrid SOFC-SE systems of various design
configurations, we introduced some heat components, such as the burner (B), heater (H),
heat exchanger number one (HEX1), and heat exchanger number two (HEX2), to the system
to replace the regenerator (R). Based on the simulation results presented in Tables 2 and 3,
it can be found that when the regenerator, as given in Emin [20], is employed, the highest
possible system efficiency is 68.52% when operating at 873 K. However, the system design
in Figure 3 is not truly a well-behaved module that can be used for the experiment. By
optimizing the system design configurations from Figure 6 to Figure 9 sequentially, the
efficiency of the hybrid SOFC-SE system improved from 63.41% to 67.67% for the system
operating at 873 K. These simulation results indicated that recycling exhaust gas from
the Sterling Engine (SE) has a heat utilization rate. When comparing the efficiency of
both system design configurations given in Figures 3 and 9, respectively, the difference
of induced system efficiency in these two systems is less than one percent. This indicates
that the optimization of system configuration as given in Figure 8 is an essential means to
possibly raise efficiency.

Table 3. Maximum system efficiency and power generated when system operated at 1173 K.

SOFC-SE Hybrid System in Efficiency Drop (%) as
Different Design Neotalmax (%) Protalmax (W) Compared to That in
Configurations Emin [20]
SOFC+SE+R [20] 62.32 10,968 -
SOFC+B+H+HEX1+SE 51.41 4988 17.51
SOFC+B+HEX1+H+SE+HEX2 56.59 6617 9.19

4. Conclusions

Based upon the simulation results presented in this study, the power generation and
efficiency of the hybrid SOFC-SE system was carefully studied using finite-time thermody-
namics. To improve the efficiency of the hybrid system, several new design configurations
under two different operating temperatures were studied, and we compared them to the
results presented in the literature. Some distinct findings and related conclusions are
presented below.

1.  The results presented in this study are based on finite-time thermodynamics, capable
of characterizing not only system irreversibility but also the realistic performance of
various hybrid systems.

2. The results of this study reveal that the optimal design of a system configuration
is very essential in building a highly efficient SOFC hybrid system. Based on the
simulation results, the system efficiency is raised from 63.41% to 67.67% at 873 K
using a double heat-exchanger to recycle the exhaust gas.

3. The results of this research also reveal the fact that system working temperature
is essential to the efficiency of the hybrid SOFC power system. As presented in
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Tables 2 and 3, with the increase of system operating temperature from 873 K to
1173 K, the efficiency of the hybrid SOFC-SE system is decreased from 67.67% to
56.56%. That is because that greater input heat source can raise the operating tem-
perature, but not necessarily the overall system efficiency. Therefore, the decrease of
operating temperature to maintain a higher system efficiency becomes an essential
consideration in the design of hybrid system looping configurations, especially for a
hybrid SOFC power system.
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