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Abstract Solid oxide fuel cell (SOFC) is an extremely
promising technology for sustainable energy conversion
and storage through highly efficient electrochemical
reaction at high-temperature conditions. The existing
studies commonly address the final equilibrium state of the
SOFC electrode reactions, giving less consideration to the
micro kinetic of electrode reactions. In this paper, a kinetic
model-based SOFC combined cycle power generation
system is suggested to recover multiple waste heat, which
includes a Kalina cycle (KC) as the bottom cycle and a
Rankine cycle (RC) as the top cycle. In devneloping the
proposed system, a novel kinetic model is presented for
SOFC based on the microscopic mechanism of the oxygen
reduction. A dynamic stochastic programming model is
established to optimize the integrated system sequentially
and simultaneously, with maximum power generation
taken as the objective, depending on whether the SOFC
system and the KC-RC system are simultaneously
optimized. In sequential optimization, the output power of
SOFC-KC-RC system is 320.56 kW and it is 415.04 kW
using simultaneous optimization, achieving a 29.5%
increase in power generation. Further comparison with the
previous reports obtained by a thermodynamic model, this
work leads to a 10.8% increase in power generation,
showing the promising power production performance of
the developed system.

Keywords solid oxide fuel cell, kinetic model, plug
flow reactor, waste heat recovery

1 Introduction

Climate change is becoming a significant issue along with
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the growth of the world’s fossil energy consumption and
greenhouse gas emissions. CO, has been proven to have a
significant impact on climate change, posing a threat to
human survival. Therefore, the development of new
technologies for efficient utilization of energy is crucial
to alleviate environmental issues. Fuel cells use hydrogen
as fuel and water as the reaction product, thus greatly
reducing carbon emissions. Solid oxide fuel cell (SOFC),
as a high-efficiency energy conversion device with fast
electrochemical reaction rate and proton transfer, has
attracted extensive attention in the field of power
generation, which generates electricity without adversely
affecting the environment [1,2]. Owing to the high
efficiency of energy conversion, SOFC makes a great
contribution to reducing the emissions of CO,.

From the microscale perspective, an indispensable step
to design efficient electrodes is to investigate the micro-
electrochemical reaction mechanism of the anode and
cathode in SOFC at an experimental scale. In the
advancement of oxygen reduction electrodes, manganese
strontium lanthanum (LSM) and yttrium stabilized
zirconia (YSZ) are widely selected as electrode materials
[3—5]. Subsequently, scholars improved the electricity
performance of the SOFC system with lanthanum
strontium cobalt ferrite (LSCF) and cerium dioxide
(GDC) as electrode materials [6,7]. Due to the poor ionic
conductivity of single-phase LSM and insufficient active
area for cathodic catalytic reactions, the YSZ phase can
be further introduced to form porous LSM-YSZ
composites. Chan et al. [8] proposed a simple reaction
mechanism for the LSM-YSZ composite electrode, which
only involved absorbing oxygen and combining the
adsorbed oxygen atoms and the oxygen vacancies to
produce oxygen ions. Pakalapati et al. [9] proposed an
alternative reaction mechanism is proposed for the LSM-
YSZ composite electrode. This mechanism consists of a
two-phase boundary (2PB) in which oxygen ions migrate
and diffuse after entering the electrode, and a three-phase
boundary (3PB) in which oxygen ions migrate and diffuse


mailto:dujian@dlut.edu.cn
https://doi.org/10.1007/s11705-025-2536-3
https://doi.org/10.1007/s11705-025-2536-3
https://doi.org/10.1007/s11705-025-2536-3
https://doi.org/10.1007/s11705-025-2536-3
https://doi.org/10.1007/s11705-025-2536-3
https://doi.org/10.1007/s11705-025-2536-3
https://doi.org/10.1007/s11705-025-2536-3

2 Front. Chem. Sci. Eng. 2025, 19(5): 35

without entering the electrode. Yang et al. [10] put
forward a similar reaction mechanism. Banerjee [11]
proposed three additional comprehensive reaction
mechanisms, which incorporate 2PB and 3PB. However,
compared with the reaction mechanism postulated by
other researchers, the above reaction mechanism fails to
incorporate the migration and diffusion of oxygen ions
from the electrode to the electrolyte.

Current advances are limited to thermodynamic
modeling of the SOFC when integrated with specific
industrial-scale chemical processes [12,13], despite
significant research into the micro-electrochemical
reaction mechanism of the SOFC. Pianko-Oprych et al.
[14] developed an SOFC system based on the
thermodynamic reaction model while modeling the SOFC
system with an oxygen ion-conducting electrolyte. The
anode was simulated using the Gibbs reactor while the
cathode was simulated using the separator. After
establishing the model, it was compared with the data
from experiments to verify the accuracy of the model.
Veluswamy et al. [15] built and modeled another SOFC
system that includes the electrochemical and the methane
reforming reactions, but neglected the combustion
reaction. Both of these models were still described by
thermodynamic models. Milewski et al. [16] developed a
thermodynamic model which uses a Gibbs reactor to
model the cathode side and a separator for the anode side.
The hydrogen ions needed for the electrochemical
reaction are taken out by the anode separator and
transferred to the cathode. Saebea et al. [17] developed
another model for electrochemical reaction based on the
hydrogen ion migration to the cathode. The literature uses
Gibbs reactors for modeling the anode and cathode,
respectively. In this process, the methane reforming and
water gas transfer reactions occur on the anode side,
while the entire electrochemical reaction takes place on
the cathode side. Compared to oxygen-ion conducting
electrolyte SOFC systems, proton conducting SOFC
systems are more competitive, but are not widely used
due to the lack of suitable cathodes [18].

When it further comes to recovering high-temperature
waste heat generated by SOFC system, a number of
researches have been reported regarding the application
of the thermodynamic cycles for recovering the waste
heat, given that the SOFC operates at high temperature
and contains a significant quantity of waste heat. In this
sense, Kalina cycle (KC), Rankine cycle (RC) and
Organic Rankine cycle (ORC) have been well-known
waste heat recovery technology to convert multi-grade
heat into steam and power. Current research on these
technologies concentrates on the appropriate selection of
working fluid, the effective integration of thermal cycles
and background process, and the technical-economic
optimization of the whole system. Regarding waste heat
recovery of SOFC system, the main focus is on the
recovery of waste heat from the component afterburner

for power generation through the gas turbine and then the
outlet high-temperature exhaust gas drives the
thermodynamic cycle to generate higher quality energy.
Wang et al. [19] proposed an SOFC-GT-ORC waste heat
recovery system to conduct the waste heat-driven
composite energy recovery for the green power ships. The
waste heat from exhaust gas flow is combined with ORC
to achieve power generation. Chitgar and Moghimi [20]
proposed a cogeneration system that uses two different
low temperature power generation cycles, including the
RC and the KC. In this document, the exhaust gas from
the burner enters the gas turbine for work production. The
high-temperature exhaust gas from the gas turbine
preheats the air and fuel, providing heat for the KC. Tera
et al. [21] proposed a further integrated system that
includes integrating biomass gasification, SOFC, gas
turbine, ORC and supercritical CO, Brayton cycle. The
system was designed to produce hydrogen, heat and
power. The waste heat from the high-temperature gas
mixture from the reformer is supplied to ORC. The earlier
researches did not consider the multi-grade waste heat
recovery of the overall SOFC system but regarded
recovering the waste heat of the hot steam in component
Afterburner as the primary emphasis.

Based on the above considerations, our previous work
has put forward a distributed energy system SOFC-KC-
RC in order to attain the maximum conversion efficiency
from fuel energy to electricity, which combines KC as a
bottom cycle and RC as a top cycle to recover multiple
waste heat from the entire SOFC system [22]. Further
considering the cathode microscale reaction mechanism
that has a great impact on power generation performance,
the integration of SOFC kinetic modeling with waste heat
recovery has not been well investigated in current
research, nor has such optimization work been studied. In
this work, to overcome the above-mentioned knowledge
gap, an upgraded integrated energy system SOFC-KC-RC
is put forward to recover multiple waste heat. The innova-
tive system combines the kinetic mechanism of electrode
reaction with multi-configuration thermal cycles, to
synergistically enhance the total power generation. For
this purpose, a dynamic stochastic programming model is
developed for sequential and simultaneous optimization
of thermal cycle structures and parameters, as well as for
the optimal identification of changing energy-use bottlene-
cks. Additionally, the presented method allows taking
advantage of micro-reaction kinetic mechanism and pro-
cess operating conditions to further enhance energy inte-
gration. Moreover, the superiorities of the novel approach
also involve the capacity to efficiently cope with variable
temperature conditions (unknown intake and output tem-
peratures of driving heat sources) in order to accomplish
particular optimization targets. All of these upgrades,
along with more efficient mathematical formulations,
provide our model sufficient flexibility to greatly increase
computing performance and energy-efficiency solutions.
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The structure of this paper is organized below. The next
section introduces the enhanced SOFC-KC-RC system,
which includes a rigorous kinetic modeling SOFC
subsystem based on a cathodic microscale reaction
mechanism, an RC subsystem and a KC subsystem.
Subsequently, in the third section the model is developed
for the entire system considering electrochemical reaction
calculation and waste heat recovery optimization. The
fourth section presents the optimization results and
performs sensitivity analysis to identify the key
parameters and investigate how they affect the
performance improvements. Finally, the primary remarks
and conclusion are summarized in Section 5.

2 Description of the enhanced SOFC-KC-
RC system

Following our previous work that only considered a
simple thermodynamic model for the simulation of a
distributed energy system, more kinetic modeling factors
are taken into account in this work. In this sense, an
upgraded integrated energy system SOFC-KC-RC system
is proposed for the total power generation enhancement.
The presented system, as shown in Fig. 1, consists of a
rigorous kinetic modeling SOFC subsystem based on a
cathodic microscale reaction mechanism, an RC subsys-
tem and a KC subsystem. In the SOFC-KC-RC system, a
kinetic modeling approach is adopted to optimize the

g

operating parameters (especially the temperature of the
outlet gas in the SOFC). As for the multi-temperature par-
tition waste heat produced by the SOFC, a KC subsystem
is installed as a bottom cycle for the purpose of recover-
ing the low-grade temperature waste heat, while as a top
cycle, an RC subsystem is installed for high-temperature
waste heat recovery. The multi-grade waste heat in SOFC
subsystem is used to drive KC and RC to generate power.
The high- and medium-temperature waste heat is applied
to RC, while the low-temperature waste heat and the
condenser in RC are both supplied to KC. The specific
heat exchange situations should be optimized as a whole
and the detailed model is given in Section 3. The three
subsystems will be introduced detailedly in the
subsequent section. All potential heat exchange for the
entire SOFC-KC-RC system is shown in Fig. 1. All heat
sources and heat sinks in the SOFC-KC-RC system are
listed in Table 1, and all possible heat exchange occurs
between the heat sources and the heat sinks.

2.1 SOFC subsystem

From Fig. 1 it can be seen that the presented SOFC
subsystem is composed of eight process units, heaterl,
mixerl, coolerl, pre-reformer, stack, afterburner, mixer2,
cooler2 and separator, respectively. Different from our
previous work [22], in the component stack of SOFC
system, two plug flow reactors (PFR) are used to model
the anode and cathode side based on a rigorous kinetics
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Fig. 1 Schematic diagram of the enhanced SOFC-KC-RC integrated energy system. Reprinted with permission from Ref. [22],

copyright 2021, Elsevier.



model (derived from the oxygen reduction reaction
mechanism), as shown in Fig. 2.

Figure 2(a) shows the reaction mechanism of the
cathode, and Fig. 2(b) illustrates that 0%~ needs to diffuse
through the electrolyte from the cathode side to the anode
side in order to react with the fuel in the anode side. It can
be seen that the fuel stream is precooled by the coolerl
and then enters the pre-former to conduct a methane
reforming reaction. The simulation of the methane
reforming reaction is also carried out through a PFR
model. The detailed kinetic equations of methane
reforming reaction and its corresponding kinetic
parameters can be referred to literature [22,23]. The gas
from the pre-former then goes to the component stack
anode side, while the hot air stream goes to the
component stack cathode side. The electrochemical
reaction takes place in these two gas streams in the
component stack. Part of the gas from the anode of stack
is mixed with the fuel stream to undergo methane
reforming reaction. Along with the cathode side exhaust
gas, the rest of the gas enters the component afterburner
for combustion reaction, then cooled by the component
cooler2 and discharged.

It should be noted that the simulation of the component
stack does not adopt Gibbs reactors and separators. Two
PFRs are used to model the cathode and anode sides.
According to the rigorous kinetic reaction mechanism,
O?" migrates from the cathode to the anode to conduct the
electrochemical reaction, as shown in Fig.2(b). The
oxygen reduction reaction mechanism including 2PB and
3PB adopted in the paper can be seen in Fig. 2(a). The
specific steps are shown in Egs. (1-6). The difference

Table 1 Heat sources and heat sinks in SOFC-KC-RC system

Heat source Heat sink
Coolerl Heaterl
Cooler2 Boiler
Condenserl Evaporator
Condenser2 Pre-reformer
Regenerator

Current collector
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between 3PB and 2PB is if the oxygen ions enter the
interior of the electroactive materials. Regarding the
reaction mechanism, Eq. (3) denotes the limiting step.
Hence, Eq. (3) should be focused and other reactions can
be ignored. Finally, two oxygen ions, O 4 and O ppp,
determine the amount of oxygen ion reaction on the
oxygen reduction electrode. Among them, the
concentration of each ion can be calculated by diffusion
equation, as shown in Eq. (7).

%oz +S - 0, ()

Ou+e = O, 2)

0;, = O (3)

Orpg +€” = Vorps = Op +S “)
O+ Vorswte = Oppsu (5)
Obrsm+ Voysz = Obysz T Vorsu (6)
ag—f = V(DY) +S,, )

where ¢ refers to the species concentration. ¢ refers to the
volume fraction of the phase (which is taken as 1 for
surface species). D, refers to effective diffusivity, and S,
refers to the net source term.

Equation (7) represents a series of partial differential
equations including quadratic and first-order. The
solution ideas are shown below: the implicit Euler
method for time marching is obtained by using forward
differencing for the time derivative and central
differencing for the diffusion terms. During the solution
process in PFRs, the solution method used in this paper is
based on differentiating the length of PFRs. The detailed
solution method refers to literature [24,25]. For each
differential wunit, the electrochemical reaction and
methane reforming reaction are coupled to solute.
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Fig. 2 Flow diagram of SOFC system. (a) Reaction mechanism of the electrode, and (b) the stack simulated by PFRs. Reprinted

with permission from Ref. [9], copyright 2014, Elsevier.
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2.2 RC subsystem

RC as a thermodynamic system can convert heat into
useful work [26]. High-grade temperature waste heat gene-
rated by SOFC system is recovered by the top cycle, RC.
RC consists of the following components: boiler, turbine,
condenser, and pump, which are shown in Fig. 3 [27].
Water absorbs heat in the boiler and is converted to
superheated steam [28]. The superheated steam expands
in the component turbinel and the isentropic efficiency of
the steam turbinel is set to be 0.8 [29]. The expanding
water from the component Turbinel goes into the com-
ponent condenserl. The component condenser] pressure
is similar to component turbinel. The liquid water from
the condenserl is pressurized by the component pumpl,
and then returned to the component boiler through pumpl.

To simulate RC subsystem, the maximum temperature
and pressure of superheated steam are set to 1123.15 K
and the critical pressure (220.6 bar), respectively [30,31],
and it is assumed that the pressure drops of all
components except pump and turbine are zero. The
property method STEAM-TA is used for RC. In
simulating process, a stream is usually divided into
several sub-streams because the working fluids of the RC
undergo a phase change. These sub-streams in the
component boiler undergo three processes including
evaporation, superheating and evaporation. Hence, in
order to simulate these processes, three heaters are used.

Likewise, other process streams through component
condenserl also involve phase change including cooling
and condensing. Therefore, it should be split up into two
sub-streams. The hot/cold identity of the stream is
identified by the vaporization fraction in the component
condenserl. If the stream (S3) is a mixture of gas and
liquid, it can be condensed into liquid directly. In the
event that it is gaseous, it will be cooled before it is
condensed into liquid.

The modeling of RC should be satisfied with the
following constraints shown in Egs. (8—10). Q refers to
vaporization fraction, T refers to temperature and P refers
to pressure. Equation (8) guarantees that the RC system’s
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Fig.3 Schematic diagram of RC subsystem.

lowest temperature is greater than the surrounding air
temperature. Equation (9) makes sure that the RC
turbine’s inlet pressure is larger than its exit pressure. The
turbine’s minimum allowable steam content is indicated
by Eq. (10) [32].

Ts, > 10+293.15, (8)
Pg; < Py, 9
09< 04 <. (10)

2.3 KC subsystem

KC is a promising heat-to-power technology in low-grad
temperature [33]. It recovers low-grad temperature waste
heat of RC and SOFC systems, serving as a bottom cycle.
The following wunits are included in KC: mixer,
condenser, pump, evaporator, separator, regenerator
preheater, valve and turbine, as shown in Fig. 4 [34]. As
for the working fluid, the major difference between KC
and RC is that the former adopts a mixture of ammonia
instead of water. Stream K2 in a high-pressure two-phase
mode, enters the component separator for separation to
poor solution and rich vapor of the ammonia. The
ammonia-lean solution K5 flows to component
regenerator for temperature reduction, and then passes
through component valve to depressurize. Ammonia-rich
steam K3 enters the component turbine2 to generate
power. Then these two streams are mixed and enter the
component condenser2. Finally, outflow from the
component condenser2 pumps to the evaporator. The
property method REFPROP is used for KC [35].

Similar to RC, there are phase changes involved in the
stream K2 in the component evaporator so it is necessary
to decompose it into two sub-streams. The following
limitations should be considered, as the assumptions of
KC and RC are consistent with each other.

0.9 < Qs < 1, 1mn
0<Ow<l, (12)
Tyo > 10+293.15, (13)
Py4 < Pys, (14)

where Q stands for vaporization fraction. Equation (12)
guarantees the stream that enters the separator in KC
subsystem is a mixture of liquid and gas. The remaining
constrained conditions are same as those of RC.

3 Model equations

In this section, the mathematical formulations derived
from the novel integrated energy system are presented.
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Fig. 4 Schematic diagram of KC subsystem.

The nomenclature and mathematical representations
employed in this paper generally follow the forms used in
our previous work [22]. Some of the equations and
constraints are similarly to those previously proposed.
Therefore, more detailed comments are addressed mainly
to the model additions and modifications.

3.1 Calculation of voltage and current density

The net output power Wy, of the component stack can

be calculated as:

tac

WStackzi's'Vcs (15)
where s (m?) stands for surface area. i (A-m2) stands for

current density. ¥, (V) stands for the actual voltage of the
component stack and it can be deduced as:

Vc = VR_‘/loss’ (16)
‘/loss = Vohm + VdC1 + Vcons (1 7)
where Vi, Vign Vi, Vonm (V) stand for the cell ideal

reversible voltage, the concentration losses, the activation
losses and the ohmic losses, respectively. The formulae
and corresponding parameters provided by the literature
[36] could be used to calculate these variables.

3.2 An enhanced Duran-Grossmann (D-G) model based on
stochastic optimization

An enhanced D-G model offers an effective way to tackle
the issue of taking heat integration and process
optimization into account at the same time. The precise
computation formulae are below [37]:

QSOA(x) = Z FCp,|max{0,T" - (I* + AT)} -

i€l

max {0, T — (T + AT)}], (18)

QSIA() = Y FCp,[max {0, 73" - (1" + AT)} -
=
max (0,77 (" + AT)}|, (19)
0O(x) = QSOA(x)" — QSIA(x)", (20)
where QSOA and QSIA stand for the heat load of hot
and cold stream respectively. T[in and 7}"‘“ stand for
the inlet and outlet temperature respectively. /'Cp, stands
for heat capacity flowrate. AT stands for the minimum
approach temperature for heat transmission and is set
to 10 K. 7P stands for pinch point temperature and is
descried as:

p in AT

T :Ti —7, (21)
p _ out AT
=T - — (22)

However, in the actual solution, a great deal of
unknown variables appeared. Therefore, a stochastic
optimization approach is adopted to solve these unknown
variables. The genetic algorithm (GA) approach is a
stochastic optimization method that searches for solutions
from random populations. Since GA is an effective
algorithm for finding global optimum, a two-layer GA is
chosen to solve the problem with the goal of achieving
the maximum power generation in the process of solving.
In solving process, the GA tool in the optimization
toolbox of MATLAB is used. The specific optimization
procedure is displayed in Fig. 5.

In the inner layer optimization, the parameters related
to the PFRs are given. dL to solve the key is an
infinitesimal vector element. After the parameters are
set, a volume differential unit with a length of dL and
a diameter of the inner diameter of the PFR tube is
selected. Then the mole fraction of each substance is
solved based on the equation of state SRK. When the
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Fig. 5 GA-based optimization procedure for SOFC-KC-RC design.

length of PFR is greater than the set value, exit the loop
and output the calculation solution. Regarding the outer
layer optimization in the established Aspen-MATLAB
interaction platform, one of the streams as the circulating
streams needs to be iterated. Wegstein method is used
during iteration. When convergence is reached, the
iteration ends.

4 Results and discussion

4.1 Sequential optimization

The sequential optimization based on rigorous Kkinetics
model is conducted to optimize the operating conditions
of SOFC system. On the basis of the SOFC system
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operating conditions, KC-RC system structure and
parameters are optimized to make the power generation
of KC-RC system maximized. KC-RC mainly recovers
multi-grade waste heat from heaterl, per-reformer,
coolerl and cooler2 in SOFC systems. For these
components that are capable of performing waste heat
recovery, their heat load can be calculated from the
enthalpy value of their intake and output streams.

When optimizing SOFC systems individually, thermal
utilities are not needed for SOFC system. The
optimization result can be seen in Table 2. After the
SOFC system is optimized by the extended D-G model
based on stochastic optimization, KC and RC are
calculated on the obtained operating conditions of SOFC
system. The hot/cold identity of streams 1-2 and 2-3 in
pre-reformer and heaterl should be determined according
to the heat load, which should be paid special attention to.
MATLAB is used to code the corresponding constraints.

The specific iterative process of stochastic optimization
is displayed in Fig. 6. Up to the 60th generation, the
output power of KC-RC system is gradually smooth and
the optimization solution can be obtained. The
optimization results of KC-RC system in this case are
shown in Table 3.

The hot and cold composite curves for SOFC-KC-RC
are drawn in Fig. 7 according to the results of sequential

Table 2 Specific operating conditions of the SOFC system in

optimization. Figure 7 shows that there are two pinch
points in SOFC-KC-RC system, approximately at 332
and 424 K. Between the cold stream of evaporator in KC
and the hot stream of condenser2 is where the first pinch
point is situated. The location of the first pinch point is
similar to the waste heat based on thermodynamics
model. Then between the cold stream of heaterl and the
hot stream of the condenser is where the pinch point is.

4.2 Simultaneous optimization

Because SOFC systems are considered separately from
KC-RC in sequential optimization, it is basically
impossible to guarantee the overall output power of the
SOFC-KC-RC system to reach the maximum. Hence,
simultaneous optimization is implemented, in which the
output power of SOFC, KC and RC are considered to be
the objective function. In the simultaneous optimization,
the primary operating conditions of each component and
the heat-transfer matched in the SOFC-KC-RC are
optimized concurrently. The variation range of operating
parameters in the SOFC system during stochastic
optimization is revealed in Table 4. The temperature of
component cooler?2 is set to 313.5 K, and it can be seen in
literature [22]. Using GA, 14 variables—including 9

Table 3 Results of sequential optimization for KC and RC

sequential optimization

Parameter Value
Heater1 inlet temperature/K 298.2
Heater1 outlet temperature/K 907.7
Coolerl inlet temperature/K 1118.9
Coolerl outlet temperature/K 1236.4
Cooler2 inlet temperature/K 1496.9
Cooler2 outlet temperature/K 313.2
Stack temperature/K 1271.7
Pre-reformer temperature/K 966.3
Stack PFR diameter/m 0.149
Stack PFR length/m 0.299
Amount of catalyst 491.0
Recycling ratio 0.686
180
175 +
170 +
=z 165
=
f§ 160 +
= 155+
150
145,
140 . . . . . . .
0 10 20 30 40 50 60 70 80
Generation
Fig. 6 GA solving process for sequential optimization.

Parameters Value
KC evaporating temperature/K 417.53
KC evaporating pressure/bar 43.82
KC turbine outlet pressure/bar 6.67
KC stream mole flow rate/(kmol-h) 86.47
KC power/kW 34.98
RC evaporating temperature/K 1270.10
RC evaporating pressure/bar 220.25
RC turbine outlet pressure/bar 5.24
RC stream mole flow rate/(kmol-h™") 23.90
RC power/kW 138.63
Ammonia mole fraction of basic solution 0.66
Stack power/kW 146.95
Total power/kW 320.56
1600
— Hot composition curve y
1400 — Cold composilion curve
W 1200
E
,-f 1000 +
E« 800 |- /
kPl
= 600+ | 9
400 P
2(;(} 1 1 1 1 1 ]
0 200 400 600 800 1000 1200

Enthalpy/kW

Fig. 7 Hot and cold composite curves for SOFC-KC-RC in

sequential optimization.
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Table 4 Ranges of critical optimization variables in simultaneous
optimization

Components Optimization interval

793.15-973.15 K
873.15-1273.15K

Pre-former temperature
Stack temperature

Stack PFR diameter 0.1-0.3 m
Stack PFR length 0.1-0.3 m
Recycling ratio 0.6-0.8

473.15-1273.15 K
373.15-1273.15 K

Heater1 outlet temperature
Heater2 outlet temperature

cycle power generation parameters and 5 process
parameters—are optimized, much like in sequential
optimization.

The calculation result of simultaneous optimization is
shown in Fig. 8, from which it can be seen that the
optimization curve is not as flat as in the literature [22].
This is due to the need to iterate the kinetics model of
SOFC system. The iterate in SOFC system requires a lot
of computation and is complex. Hence, its calculation
shows such a result. The maximum overall output power
is 415.0 kW, of which 282.67 kW is generated by KC-RC
and 132.37 kW is derived from the SOFC system. The
overall output power of SOFC-KC-RC system has been
increased by 22.92% compared with sequential
optimization. Although the SOFC system electric power
drops from 146.95 to 132.37 kW, KC-RC power
generation increases by 62.82%. This calculation result is
not only different from the sequential optimization, but
also different from the simultaneous optimization based
on the thermodynamic model. The largest difference
compared to simultaneous optimization based on
thermodynamic models is the differences in modeling
methods for SOFC systems. This difference leads to a
different energy recovery bottleneck.

The hot and cold composite curves of SOFC-KC-RC
are shown in Fig. 9. It is clearly shown that there is no
pinch point. The appearance of a pinch point represents
the energy consumption bottleneck, and the absence of a
pinch point in simultaneous optimization indicates that
the energy consumption bottleneck has been broken.

420 -
400
380
360
340
320
300
280
260
240

2 2{] 1 1 1 1 1 1 1 1
0 20 40 o0 B0 100 120 140 160 180
Generation

Power/kW

Fig. 8 GA solving process for simultaneous optimization.

Besides, Fig. 9 illustrates that, in comparison to
sequential optimization, simultaneous optimization results
in a higher stream temperature level.

The values of the parameters of the SOFC-KC-RC
system in the above calculation results, which change
slightly from sequential optimization, are displayed in
Table 5. For the component stack, the temperature and
size decrease but the amount of catalyst increases. In the
RC system, the evaporation temperature and mole flow
rate increase because of the increased waste heat recovery
from SOFC systems. The pressure of the RC turbine and
the component condenser1 are comparable. Hence, turbine
pressure of the RC system needs to be balanced between
the power produced and the waste heat of condenserl.
Finally, the pressure of component turbinel decreases.
The increased stream flow of RC is caused by the
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E
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H
[F]
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Enthalpy/kW

Fig.9 Hot and cold composite curves of SOFC-KC-RC in
simultaneous optimization.

Table 5 Results of simultaneous optimization for SOFC-KC-RC

Parameters Value
KC evaporating temperature/K 478.78
KC evaporating pressure/bar 45.81
KC turbine outlet pressure/bar 6.80
RC evaporating temperature/K 1403.10
RC evaporating pressure/bar 205.48
RC turbine outlet pressure/bar 3.01
KC stream mole flow rate/(kmol-h™") 31.78
RC stream mole flow rate/(kmol-h™") 38.47
Heater] inlet temperature/K 298.15
Heater] outlet temperature/K 385.84
Coolerl inlet temperature/K 1044.20
Coolerl outlet temperature/K 697.70
Pre-reformer temperature/K 794.64
Stack temperature/K 1203.24
Stack PFR length/m 0.28
Stack PFR diameter/m 0.11
Amount of catalyst/g 511.07
Recycling ratio 0.60
Ammonia mole fraction of basic solution 0.32
Stack power/kW 273.08
KC power/kW 132.37
RC power/kW 9.59
Total power/kW 415.04
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increased waste heat in SOFC system. The evaporation
temperature of KC rises as a result of an increase in the
overall waste heat of RC and SOFC system.

The earlier work just used a conversion reactor to
simulate the cathode side of component stack and failed
to account for reaction kinetics. In this work, this
deficiency is solved by introducing electrode microscopic
reaction kinetics. Hence, the simulation of the SOFC
system is improved and the results of waste heat recovery
based on this model are also upgraded. Comparing the
calculation results in this work with those in our previous
work [22], it is found that the results in this work
indicates a 10.8% increase in power generation with a
higher energy utilization efficiency.

5 Conclusions

In this work, an upgraded integrated energy system
SOFC-KC-RC is developed for multiple waste heat
recovery. The proposed system combines kinetic model-
based SOFC with thermal cycles to maximize the power
generation, by arranging KC as a bottom cycle and RC as
a top cycle. In developing the novel kinetic model of
SOFC, two PFRs serve as the simulator of anode and
cathode of the component stack. In PFRs, the length of
PFR is differentiated and the mole fraction of each
substance is solved according to the methane reforming
kinetic equation and electrode microscopic reaction
kinetic equation in every differential unit. Regarding
waste heat recovery, KC and RC are used to recover high-
temperature waste heat and low-temperature waste heat of
SOFC system respectively, where the extended D-G
model based on stochastic optimization is used to
sequentially and simultaneously heat-transfer structures
and optimize operating conditions for maximum power
generation. As far as we are aware, it is the first stochastic
method for the optimal design of kinetics-based SOFC
combined thermal cycle to generate power. Major
concluding remarks introduced by this work include: (1)
According to the result of sequential optimization, the
SOFC subsystem power is 146.95 kW and the KC-RC
power generation is 173.61 kW on condition that the
operating parameters of the SOFC subsystem are set. (2)
Both KC-RC structures and the SOFC subsystem
parameters are optimized concurrently in simultaneous
optimization. The outcome demonstrates that the power
generated by SOFC-KC-RC is 415.04 kW, and the
overall output power increases by 29.5% than that
obtained by sequential optimization. (3) Further in
comparison with the open solutions reported by a
thermodynamic model in our previous work, this work
indicates a 10.8% increase in power generation, which
demonstrates that the developed system is more
promising in power generation with a higher energy

utilization efficiency than that in the previous studies.

While our focus is on exploring the integration SOFC
with thermal cycle in a synergistic manner to improve the
total power generation and computational performance,
the number of devices and the equipment investment cost
are not considered. This simplified consideration is to
lessen the restrictions and nonlinearity. Estimating heat
transfer regions and designing every device for a more
detailed energy integrated system should be the focus of
future effort.
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Nomenclature

Notations in formulation

D, effective diffusivity

i current density

L length

n molar flow rate

P pressure/percolation probability
(0] vaporizing fraction
QSOA heat load of hot streams
QSIA heat load of cold streams
s surface area

S, net source term

T temperature

Ve produced cell voltage

Veon concentration overvoltage
Vioss voltage loss

Vohm ohmic overvoltage

Vet activation loss

Vi ideal reversible voltage

W ek net power generation

AT minimum heat transfer approach temperature
€ volume fraction

] species concentration
Subscript

i hot streams
J cold streams

Superscript

in inlet
out outlet
p pinch candidate
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