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Technical Challenges in Fuel Flexible SOFC/GT Hybrid Systems:
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Abstract

Considering the limited turndown potential of gasification technologies, supplementing a fuel cell turbine
hybrid power system with natural gas provides flexibility that could improve economic viability. The dynamic
characterization of fuel composition transients is an essential first step in completing the system identification
required for controls development. In this work, both open loop and closed loop transient responses of the fuel
cell in a solid oxide fuel cell (SOFC) gas turbine (GT) hybrid system to fuel composition changes were
experimentally investigated using a cyber-physical fuel cell system. A transition from coal-derived syngas to
methane rich gases with no turbine speed control was studied. The distributed performance of the fuel cell was
analyzed in detail with temporal and spatial resolution across the cell.

Dramatic changes in fuel cell system post combustor thermal output or “thermal effluent” resulting from
anode composition changes drove turbine transients that caused significant cathode airflow fluctuations, by as
much as 8% in less than a minute. In comparing the open loop responses to identical tests conducted under closed
loop conditions without significant airflow changes, it was discovered that the cathode airflow change was a major
linking event in short-term system transient response. The results suggested that modulating cathode air flow in
response to fuel composition changes offers promise for the dynamic control of SOFC/GT hybrid systems with
fuel flexibility.

Keywords: Open loop characterization; fuel composition changes; cathode air mass flow; fuel cell gas turbine
hybrid; cyber-physical simulations.

1. Introduction

High temperature solid oxide fuel cells (SOFC) are most beneficial for power generation hybridization
with thermal-based generator systems as compared to other fuel cell technologies because of their high operating
temperatures. For example, SOFCs can be integrated with a bottoming gas turbine cycle to exploit the benefits of
high quality waste heat and fuel recovery from the fuel cell stacks for additional power production [1, 2]. Direct-
fired solid oxide fuel cell gas turbine (SOFC/GT) hybrid systems shown in Figure 1 also offer some advantages
in terms of air pressurization as a result of turbomachinery pressure ratio effect on fuel cell Nernst potentials, and
heat recovery of gas turbine exhaust [3]. Both high pressure and heat recuperation directly help the total system
efficiency [3]. SOFC/GT systems are also considered economically feasible for early technology adoption because
the fuel cell lifetime could be extended in a hybrid configuration [4]. Although a commercial direct-fired
SOFC/GT plant does not exist yet, the U.S. Department of Energy (DOE), National Energy Technology
Laboratory (NETL) has built a world-leading cyber-physical system that mimics an SOFC system in a hybrid
configuration using the seamless integration of a numeric model with hardware, and then coupled the hardware
to a real recuperated gas turbine cycle [5]. The hardware test facility at NETL is able to emulate SOFC/GT hybrid
dynamics performance, aimed at improving the system flexibility and achieving DOE efficiency targets.

The potential of fuel flexibility in high temperature SOFCs makes this technology more feasible to handle
fuel composition fluctuations or drastic changes in fuel type. At an operating temperature higher than 600°C,
SOFCs have higher potential to run on various conventional fuels (e.g. natural gas, coal-derived syngas, and
reformed diesel) and alternative fuels (e.g. biogas, ethanol, and biodiesel). An optimization study in advanced
power generation systems that considered both economics and environmental impacts has suggested that flexible
operations are important for meeting new economic situations that experience changes in fuel prices or new energy
policies, and current as well as expected environmental regulations [5]. The study showed that the net present
value (NPV) of a polygeneration plant for power and chemical production could improve up to 63% if the system
is 100% flexible [6]. In this example, dynamic shifting in fuels can be one possible strategy to manage fuel cell
and gas turbine power for load following or chemical production balance during peak seasons and off-peak
seasons to maximize the plant profits.

However, some practical issues may prevent changes to fuel composition input to the existing SOFC
technologies because different fuels result in different temperature performance, fuel utilization, and
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electrochemical properties, all of which play an important role in the lifetime of a fuel cell [7, 8]. Thermal
management was identified to be one of the greatest challenges to operate SOFC systems using different fuel
compositions or fuel types [7, 9]. For instance, the use of methane in SOFCs could cause problematic temperature
gradients across the cell due to the endothermic cooling effect of internal methane reforming. Disproportionate
cooling and heating may also occur locally along the cell as a result of internal methane reforming, water-gas
shifting, and electrochemical reactions. Thus, fuel cell performance degradation will be a major hurdle since the
degradation rate may be accelerated if the systems demonstrate lower temperature profiles or high current density
and high fuel utilization [10]. Lowering the fuel cell stack temperature in SOFC/GT hybrids will decrease the
turbine speed and turbine efficiency, which eventually affect the upstream conditions of SOFC stacks [11-13].

Exhaust gas out

Fuel/syngas
—3p Anode

| Electrolyte |
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Fuel cell
\
Drive shaft
Compressor jger=——0  Turbine Combustor
Power out

Air in

Figure 1: Basic flow diagram of a SOFC/GT hybrid system

Considering the strong coupling between fuel cell systems and the balance of the SOFC/GT plant,
problems with system performance as a result of fuel flexible operations could be arise. Severe fuel cell damage
due to thermal stress, unbalanced pressure between anode and cathode, shaft over speed, compressor surge and
stall may result if the transient is too fast [14-16]. In fact, controls for thermal management and degradation for
flexible fuel operations are not available yet. In addition, the range of fuel flexibility that could be implemented
in SOFC systems is still under research [17]. Although the aforementioned challenges during fuel dynamic
operations could be expected based on simulation results or available observations in standalone fuel cell systems,
the consequences in the hybrid cycles have not yet been investigated experimentally. Without experimental testing
on a hardware system, modeling and numerical simulation efforts are still insufficient to capture and understand
the SOFC/GT transient response and operational challenges that may help in developing control strategies.

Previous studies considered hybridizing gasifier technologies for biomass, coal-derived syngas, and
liquid fuels to exploit the SOFC fuel flexibility benefits [1, 2]. The influences of fuel gas compositions on the
total system efficiency, economic, and thermodynamic feasibility in a specific SOFC hybrid system design are
among active research topics in most studies [1, 18-20]. Previous work has also considered the consequences of
internal reforming systems and external reforming systems, which were driven by the use of natural gas or
methane [21]. However, the studies on fuel flexibility of SOFC/GT hybrid systems were all conducted via
modeling and numerical simulations at steady state conditions. It is clear that transient performance of SOFC/GT
and controls development are much less commonly studied, primarily due to the lack of available experimental
data [22, 23].

In this paper, the experimental evidence of SOFC/GT dynamic performance in response to fuel
composition transients is presented, followed by a characterization of transient trajectory for each key process
variable. First, we ran the test without using any controller in the system such that the results could provide
understanding of the actual transient impact on fuel cell temperature. Second, we repeated the same test with a
turbine speed controller to compare and investigate the influence of cathode air mass flow during fuel composition
dynamics. We found that the effects on fuel cell temperature mainly drove the dynamics coupling between all
SOFC/GT hybrid components and the resulting cathode air mass flow fluctuation could be the linking event in
the initial dynamic response. The findings presented in this paper were uniquely collected using hardware-based
simulations of an SOFC/GT to support future development of dynamic controls for SOFC/GT thermal
management under fuel flexible environments.
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2. Background and Methodology

Many researchers selected cathode air mass flow as a critical manipulated variable for SOFC thermal
management in hybrid systems because the impact of cathode air mass flow on temperature dynamics was
significantly strong and fast [7, 24]. Cathode air mass flow control was used for various objectives, including
during start-up, power output control [25, 26], load following [27, 28], or part load operations [29, 30]. Cathode
air mass flow was manipulated to minimize spatial temperature variation and to maintain the average stack
temperature such that thermal stress in the cell can be avoided [14, 24, 31]. However, fuel composition effects
were not considered in the thermal management and control development due to limited studies in fuel
composition transients.

Motivated by the unknown transient behaviors of the SOFC/GT hybrid systems under fuel dynamics, we
started investigating the impacts of a step change from coal-derived syngas to 14 mol% CH,4 and 86% steam in a
closed loop experiment [17]. The turbine speed was maintained constant to have a constant cathode air mass flow
[9, 17]. This base case was beneficial to test the system within very minimal disturbance and failure risk since the
actual response was unknown. The turbine speed control also allowed decoupling the effects of cathode air mass
flow variation resulted from the fuel composition dynamics.

Although the main scope of this paper concern open loop system characterization, closed loop tests were
performed as well for comparison purposes. In this work, the step tests were slightly different from the previous
work; in this work the feed composition was given a step change from coal-derived syngas to 13.6 mol% methane
and 86.4% steam. This is because scoping studies using 14 mol% methane and 86% steam in open loop (with no
turbine speed controller) led to dangerous circumstances and premature stoppage since the turbine quickly
approached the turbine speed safety limit [32]. However, lowering the target methane content by only 3% to a
composition of 13.6 mol% CHa, 86.4% steam resulted in a stable turbine speed in open loop with no safety
violations. Therefore, in this work, none of the results of the previous work could be used for comparison purposes,
and so both open loop and closed loop studies using 13.6 mol% methane step targets were conducted for this
work.

2.1. Description of Cyber-physical Simulation System

The U.S Department of Energy, National Energy Technology Laboratory (NETL) in Morgantown, West
Virginia developed a Hybrid Performance (Hyper) project test facility to characterize SOFC/GT hybrid systems
for dynamic control development using a cyber-physical fuel cell system. Hyper, as shown in Figure 2, was used
to investigate system transient capabilities that are associated with feasible dynamic operating ranges, coupling
effects between fuel cell subsystem and recuperated gas turbine cycle, and highly complex dynamic control
strategies [15, 16, 33-35]. In the Hyper project, a previously developed real-time dynamic model (in the dotted
box in Figure 2) was coupled to real hardware to emulate SOFC dynamic performance. We used a one-
dimensional (1D) dynamic model that was able to simulate the SOFC every 30 ms [36]. This cyber-physical fuel
cell system was then hybridized with a real recuperated gas turbine cycle in a direct-fired configuration [5, 36].
The cathode stream was physically provided in the hardware system using the compressor flow, and the anode
fuel stream was simulated in the model. Both hardware and software were well-integrated for real time hardware-
based simulations to closely represent SOFC/GT hybrid transients for controls development.

The real-time SOFC model used in this study was developed based on a planar design and co-flow fuel
cell configuration. This numerical model characterized the fuel performance on a distributed basis with respect to
space in the direction of fuel and oxidant flow [36]. Fuel constituents fed into the system model could be a
combination of CH4, CO, CO2, Hz, H;0O, and N, assuming hydrogen was the only electrochemically active
component for hydrogen oxidation, as expressed in Eq. 1 [37]. The direct internal reforming reaction of methane
and water-gas shift reaction for carbon monoxide were considered in the model, according to Equations 2 and 3.
Considering the faster kinetics of the water-gas shift reaction compared to methane reforming kinetics at the
temperature range used in this study, the shifting reaction was assumed to occur at equilibrium [37].

Hydrogen electrochemical oxidation:
Hy, + 07 > H,0 + e~ (AH" = —286 kJ/mol) €]

Water-gas shifting:
CO + H,0 =H, +C0, (AH = —41kJ/mol) (2)

Steam methane reforming:
CH, + H,0 = 3H, + CO (AH" = 206 kJ/mol) 3)
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In general, the model incorporated dynamic calculation for thermal performance (heat generation, solid
and gas temperature profiles), electrochemical characterization (Nernst potential, polarization losses, current
density, and voltage), anode composition gradients, and associated fuel cell variables (power, fuel cell post
combustor thermal effluent, etc.). Finite difference and finite volume were respectively used for the resolution of
thermal profiles, and electrochemical performance. A detailed work of the model development was published
elsewhere [36].

1D REAL TIME FUEL CELL MODEL
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Figure 2: The layout of SOFC/GT testing facility at NETL [17].

2.2. Open Loop and Closed Loop Test Procedures

In this study, the standard startup procedures established by NETL researchers was used to bring the
hybrid system to a steady state for cyber physical simulations [38]. Coal-derived syngas was fed as the SOFC fuel
at 145 g/s. The corresponding initial fuel utilization was approximately 67%. A step change in SOFC fuel
composition from the coal-derived syngas feed to methane-rich gases was simulated once the system was in steady
state. The methane-rich fuel contained 13.6 mol% CH, and 86.4% steam, which was sufficient to avoid carbon
deposition in the cell [7, 39].

Fuel flow (145 g/s) and SOFC load (220 A) were held constant over the course of the experiment to
investigate the impacts of fuel composition unigquely, without confounding the data with the dynamic impacts of
fuel flow and SOFC load. In contrast, overall fuel utilization was the result in this study that changed accordingly
to fuel composition gradients. The fuel switch was simplified by changing the feed composition to the SOFC
model instantaneously, not taking into account the lag in the fuel manifold process.

Such a fuel transition caused a 20% decrease in overall heat input (LHV) of the anode feed. This change
was feasible for open loop tests in which turbine speed control was not implemented [17, 32]. Previous scoping
studies suggested that the coal-derived syngas had to be switched to a lower heating value methane rich fuel in
order to avoid turbomachinery stall and surge, excessive anode-cathode pressure differences, and cathode inlet
temperature excursions resulting in adverse impacts on the functionality of SOFC/GT hardware facility [17].

For the purposes of comparison, the test procedures and conditions used for the open loop tests and the
closed loop tests in this work were identical, including fuel compositions, initial conditions of SOFC/GT hybrid
test facility, cell geometry, and hardware operation techniques. However, unlike the closed loop studies where a
control system placed a modulated electrical load (or resistive turbine load) on the turbine shaft to maintain
constant turbine speed at 40,500 rpm, no turbine speed control scheme was used in the open loop tests. Thus, the
turbine responded directly to the total SOFC system post combustor thermal output (i.e. fuel cell thermal effluent).
The heat was delivered to the turbine inlet in real time as shown in Figure 2.
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In this work, the 1D real-time SOFC model calculated the SOFC waste heat at every 80 ms simulation
time step, considering inlet conditions of the cathode stream in the plant, user-defined inputs, and fuel cell
geometry described in Table 1 [36,40]. In our cyber-physical simulations, the resulting waste heat was used to
control fuel valve position of FV432 in Figure 2 in feed-forward mode. The fuel valve opened accordingly to
deliver an equivalent natural gas flow to simulate the waste heat delivered to the real gas turbine cycle.

Table | SOFC parameters and initial operating conditions

System parameter

Fuel cell load 220 A
Anode recycle 0%

Initial fuel cell temperature 800°C

Total cell area 200mm x 200mm
Anode thickness 0.5mm
Electrolyte thickness 0.008mm
Cathode thickness 0.05mm
Oxidant/fuel channel size 2mm X 2mm
Stack size 2500 cells
Total stack mass 3500kg
Total stack heat capacity 2625 kJ/K

Fuel cell cathode inlet condition

Air mass flow rate 1.03 kg/s
Air temperature 705°C
Air pressure 347 kPa

Air composition 21% 02, 79% Ny

Fuel cell anode inlet condition

Fuel mass flow rate 145 g/s
Fuel temperature 800°C
Fuel pressure 347 kPa

CH4 0%, CO; 12.0%, CO 28.6%, H»
29.1%, H>0 27.1%, N2 3.2%
CH4 13.6%/H,0 86.4%

Initial composition (mol
fraction)

Final composition

Fuel cell initial condition
Cell voltage 0.83V
Fuel utilization 67%

3. Results and Discussion

3.1. Turbine Speed and Cathode Air Mass Flow Transient Responses

The trajectories of turbine speed and cathode inlet mass flow for the open loop and the closed loop tests
in response to fuel composition changes are shown in Figure 3. The time at which the step change in fuel
composition occurred is indicated as time t=0. For the open loop case, the turbine speed varied depending on the
changes in fuel cell thermal effluent.

As shown in Figure 3a, a 4% increase in turbine speed immediately after the step change in fuel
composition caused an 8% initial transient increase in cathode air mass flow as presented in Figure 3b. This was
followed by a steady decrease to a new steady state with the turbine speed 6% lower and the cathode air flow rate
12% lower than it was at the initial condition. Figure 3c shows that the cathode inlet air mass flow was linearly
correlated to the turbine speed with a factor of 2:1 (R?=0.993 on a normalized comparison of the measurements)
at any given time. For comparison, the results from the closed loop test for the same transition is also shown in
Figure 3. In the closed loop test, the turbine speed was controlled at a constant 40,500 rpm. The “crossover point,”
the point at which the open loop and the closed loop values were the same, for both variables is at around 1,600 s
after the step change. In this paper, crossover point was used to characterize the influence of open and closed loop
operations on the transient response. Delay in crossover points were investigated to identify the coupling effects
between all SOFC/GT process variables, which is critical developing control strategies for non-linear responses.
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Figure 3: Turbine speed and cathode air mass flow responses for open loop and closed loop
3.2. Transient Characterization of Fuel Cell Thermal Performance

Fuel Cell Solid Temperature

The transients of the fuel cell solid temperature are shown in Figure 4a and 4b. In general, the fuel cell
solid temperatures for both the open loop (Figure 4a) and closed loop (Figure 4b) increased across the fuel cell
length. However, the temperature reduced with time to a lower final average temperature as the test continued
over the course of 5,500 s. In the open loop test, the temperature difference between the cell inlet and the cell exit
was 125°C at the initial steady state, before the fuel composition change and also at the final steady state after the
fuel composition change. The same inlet to outlet temperature difference across the cell was observed in both
cases, but a lower average temperature at the final steady state was realized due to the higher airflow in the closed
loop case.
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Figure 4: Fuel cell solid temperature as a function of time, (a) Open loop (b) Closed loop
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Figure 5a shows the distributed profiles of solid temperature at certain times, resulting from the open
loop and closed loop tests. Figure 5b highlights the magnitude of difference between the open loop and closed
loop solid temperature profiles over 5,500 s, (Tsoiia., — Tsotiay,): TOr selected nodes.

Although both the open loop and closed loop tests started at the same initial states, indicated by the
overlapping profile at 1 s in Figure 5a, the solid temperature in the closed loop test was generally higher than in
the open loop over the first 2,450 s. The greatest temperature difference between the open loop and closed loop
occurred at node 2 within the first 650 s (Figure 5b) because solid temperature in the open loop test dropped
substantially. This transient was driven by rapid increase in turbine speed in the open loop case that increased
cathode air mass flow to the maximum value, on the order of few seconds after the fuel composition changes.
Therefore, the fuel cell solid was further cooled in the open loop case, in addition to direct influence of steam
methane reforming. As a result, the temperature decreased faster than in the closed loop case, which was more
evident at the beginning of the cell. This effect was shown by the increasing temperature gaps between the open
loop and closed loop cases up to 1,500 s.

As indicated in Figure 5b, the location of the greatest temperature difference shifted further from node 2
to node 10, at point A. At this time, the decrease in the open loop solid temperature half way down the fuel cell
length became more significant even though turbine speed and cathode air mass flow shown in Figure 3 started
to reduce from the maximum values. Decreasing cathode air mass flow should have mitigated fuel cell solid
temperature reduction. However, the cooling effects were still significant because the total cathode air mass flow
in the open loop system was still higher than in the closed loop, and the temperature dynamics were slow. The
maximum temperature difference of 17°C (point B) was observed at node 10 at 1,300 s after the fuel composition
change. After the crossover in turbine speed at 1,600 s, the reduction in fuel cell solid temperature continued
slowly with the subsequent cathode air mass flow reduction until the temperature crossover point was reached.

(a)

B (max): 1300 s

OL: Time1s
OL: Time 250 s
OL: Time 1500 s
OL: Time 2450 s
~——— OL: Time 5500 s
——— CL:Time1ls
——— CL: Time 250s
CL: Time 1500 s
——— CL: Time 2450 s
——— CL: Time 5500 s
CL: Time 7000 s

Closed Loop - Open Loop
Fuel Cell Solid Temperature Difference [°C]

650 - ———"

Crossover points at 2450 s

12345678 91011121314151617181920 1000 200[). 3000 4000 5000
Fuel Cell Node Time [s]
Figure 5: Comparison of fuel cell solid temperature performance, between the open loop and the closed loop
tests (a) Distributed data as a function of time, and (b) The response of solid temperature difference at selected
fuel cell nodes

It is shown in Figures 5a and 5b that crossover points of solid temperature at the beginning of the cell
were achieved at 2,450 s after the step change, whereas the crossover points for the end of the cell were delayed
12 minutes later than the cell entrance. Such a significant difference in crossover points between the cell entrance
and the cell exit was dominated by the resulting temperature profiles from the open loop and closed loop tests,
indicating coupling between the temperature reduction due to convective heat transfer and methane reforming
kinetics. In general, the increased cathode air mass flow before the crossover point of turbine speed caused the
decreased in solid temperature, which finally decelerated the reforming reaction. As a result, this modified the
distribution of methane in the fuel cell, which in turn, affected the solid temperature.

The comparison shown in Figure 5a demonstrated a greater drop in the closed loop solid temperature
after the crossover points. The solid temperature in the closed loop test kept decreasing until 7,000 s after the fuel
composition switch, at which the test was terminated. Unlike the open loop process, the constant cathode air mass
flow provided by the constant turbine speed operation in closed loop continued to propagate the reduction in fuel
cell solid temperature throughout the test. This was clearly reflected by cathode inlet temperature profiles shown
in Figure 6.
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Figure 6: Cathode inlet temperature profiles for the open loop test using 13.6 mol% CH, and for the closed loop
operations using 13.6 mol% CH, and 14 mol% CH,

In contrast, the open loop temperature did not change significantly after 3,000 s from the start of the test
because cathode air mass flow decreased continuously after the crossover point. The operation with variable
turbine speed consequently brought the system close to a thermal equilibrium state faster than the closed loop
system. Because of the variations in cathode air mass flow, the system demonstrated two distinct and opposite
coupling trends in the short-term period and the long-term period. This non-linear response of temperature to
composition changes suggests that complex controls in thermal management are required to take advantage of the
inherent flexibility of hybrid systems.

Spatial Gradient of Fuel Cell Solid Temperature

The impact of fuel composition changes on fuel cell solid temperature was further characterized by
quantifying the spatial temperature gradient (dT /dx) along the cell, as indicated in Figure 7. Note that the cell
temperature distribution should be maintained as constant as possible such that the temperature gradient could be
minimized to prevent thermal stress in fuel cell components. The distribution of the temperature gradient for 20
nodes resulting from the open loop test is shown in Figure 7a, while the maximum spatial temperature gradients
at critical nodes for open loop and closed loop tests are presented in Figure 7b.

Node 7 (Max dT/dX at 250 s) OL: Node 5
e OL: Node 7

— OL: Node 13
CL: Node 5

——— CL:Node 7

CL: Node 13

/

TR

®»o B NO

~
-

Solid Temperature Gradient - dT/dx [K/cm]
®
Solid Temperature Gradient - dT/dx [K/cm]

1000 2000 3000 4000 5000
Time [s]
Figure 7: Spatial temperature gradient as a function of time, (a) Open loop transient response (b) Comparison
of open loop and closed loop solid temperature gradients at critical nodes

Both tests demonstrated the same variations and locations of the maximum dT /dx, as simplified in
Figure 7b. However, the maximum dT /dx resulting from the open loop test were slightly higher than in the closed
loop. Before fuel composition was switched in the open loop operation, the highest temperature gradient of 11.7
K/cm occurred at node 5, 25% of the total fuel cell length, and gradually shifted to the next node towards the cell
exit after initiation of the transient. The greatest dT /dx of 17 K/cm appeared at node 7, 35% of the way down
from the inlet, as soon as 500 s after switching to humidified methane. This value exceeded the limit of dT /dx.
Thus, adequate thermal management was required since there was high risk of thermal stress due to the excessive
dT /dx, which could also lead to high degradation rate impact. The maximum dT /dx was settled at node 13, 65%
of the way down the length from the cell entrance, at approximately 1,950 s after the transient where cathode air
mass flow was 4% below its initial value (Figure 3b).
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As shown in Figure 8, the maximum magnitude of discrepancy in the dT /dx between the open loop and
closed loop at node 5 and node 7, were about 1 K/cm at 1,600 s, and 1 K/cm difference at node 13, at 650 s after
the transient. As presented in Figure 9, the increasing difference in dT /dx for all three nodes were evident within
the first 650 s (region I), which respectively collocated with increasing cathode air flow, before the crossover
point. Note that cathode air flow in the open loop test started to decrease in region Il approaching the initial
condition and continued to reduce more significantly below the initial condition in region I1I.
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Figure 8: The difference in solid temperature gradient at critical nodes

Cathode Gas Temperature

The dynamic transients of the fuel cell gas temperature are illustrated in Figure 9. As clearly shown in
Figure 9b, there was significant deviation in fuel cell gas temperature at the beginning of the cell between the
open loop and closed loop profiles at 250 s. This transient was attributed to the combined effects of cathode air
mass flow and cathode inlet air temperature. Both tests demonstrated the initial transient rise in cathode inlet air
temperature in response to fuel composition changes (Figure 6). However, the open loop performance shown in
Figure 6 experienced 1% increase, while the closed loop case experienced 3% increase. This difference in
temperature increase existed in spite of the higher turbine inlet temperature of the open loop operation because
turbine efficiency in the open loop improved at the higher speeds. As such, turbine exhaust temperature in open
loop case was lower because the increase in turbine exhaust temperature was not as significant as the increase in
turbine inlet temperature. As a consequence of the lower cathode air mass flow with higher cathode inlet air
temperature, gas temperature of the closed loop test at the cell entrance was higher than the open loop system at
250 s.
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Figure 9: Fuel cell gas temperature as a function of time, (a) Open loop transient response content (b)
Comparison of open loop and closed loop transients
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Figure 10 shows the fuel cell gas temperature difference at the beginning, center, and exit of the cell.
Over 5,500 s of test, the magnitude of gas temperature difference across the fuel cell length varied significantly
due to fluctuations of cathode air mass flow in the open loop case. The long term trends of gas temperature started
to twist after the crossover points, similar to the solid temperature dynamics shown in Figure 5. In a longer
experimental run, the gas temperature in the closed loop system reduced faster than in the open loop case due to
decreased solid temperature and constant cathode air mass flow at a higher level. In contrast, the open loop gas



356
357
358

359
360

361
362
363

364
365
366
367
368
369
370
371

372
373
374
375
376
377
378
379
380
381
382
383
384
385

386
387

10 N.F Harun et al.

temperature (Figure 9b) changed slowly as cathode air mass flow decreased, leading to insignificant temperature
drop between 3,000 s and 5,500 s.

20
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Figure 10: Crossover points in fuel cell gas temperature difference between the open loop and the closed loop
for selected local fuel cell positions

Cathode Solid and Gas Temperature Difference and Heat Flux

Figure 11 shows the resulting temperature difference between fuel cell solid and gas temperature
(Tsotia — Tgas)- As shown in Figure 11, the temperature difference at the first 5 nodes reduced drastically at the
initial transients and fluctuated more significantly over the course of the test as compared to the remaining fuel
cell length. The temperature difference at the cell inlet shown in Figure 11b dramatically reduced from 76°C to
slightly lower than -20°C within 5,500 s, whereas the temperature difference at the end of the cell was maintained
fairly constant.
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Figure 11: Fuel cell solid-gas temperature difference as a function of time, (a) Open loop transient response, (b)
Comparison of open loop and closed loop transients

As can be seen in Figure 11b, the results for the open loop at the beginning of the cell within 250 s (after
the fuel switch) was higher than in the closed loop. This difference was strongly influenced by the increased
cathode air mass flow (Figure 3b) and lower cathode inlet air temperature (Figure 6) before the crossover points
(1,600 s). Such transients caused a more remarkable gas temperature drop, as compared to solid temperature drop.
Hence, the gas temperature in the open loop reduced faster than the solid temperature, resulting in higher
temperature difference. This consequently promoted higher heat flux from the solid to the gas that ultimately
propagated the open loop solid temperature decrease. The profiles of heat flux in the fuel cell subsystem are
presented in Figure 12. The trends indicated a strong qualitative reflection of the fuel cell solid-gas temperature
difference, following the correlation expressed in Eq. 4.

Fuel cell heat flux:
. kyNu
q= gT (Tsolid - Tgas) 4
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where kgis the thermal conductivity of gas, Nu is the Nusselt number, D is the hydraulic diameter of the gas
channel, T4 is the solid temperature, and Ty, is the gas temperature.
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Figure 12: Heat flux of a fuel cell stack as a function of time, (a) Open loop transient response, (b) Comparison
of open loop and closed loop transients

The dynamic transients of heat flux at 5,500 s contrasted the initial transient trends. Because of the
reversed trends of cathode air mass flow and cathode inlet air temperature after the crossover points, the heat flux
in the open loop test was more negative than in the closed loop test. The open loop gas temperature increased
faster than in the solid temperature such that the solid-gas temperature difference reduced, due to decreasing
cathode air mass flow and higher cathode inlet air temperature. In fact, as shown in Figure 11b, the gas temperature
at 5,500 s was higher than the solid temperature. Hence, the direction of heat flux in the long-term operation
changed from the solid-to-air flow to air flow-to-solid. The air flow began to heat the fuel cell system after 470 s.
In general, the magnitude of heat flux in the closed loop case was much lower than the open loop profiles
throughout the test despite of the same performance and heating impacts at the beginning of the cell.

At 5,500 s, the beginning of the cell was heated by the airflow, while the remainder of the fuel cell was
cooled by the airflow. This was a consequence of decreasing fuel cell solid temperature toward the end of the test
and the methane reformation region shifting further down the fuel cell length.
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Figure 13: Normalized profiles of total heat flux in a fuel cell stack for open loop and closed loop, (a) Over
5,500 s of test period, (b) Over the first 200 s after fuel composition transition

The normalized profiles of the total heat flux in the fuel stack for both operation modes are shown in
Figure 13. The initial values for the open loop and closed loop tests were 62 kW and 61 kW respectively. As
shown in Figure 13a, the crossover point in the heat flux was achieved approximately at 1,300 s after using
humidified methane, as the heat flux dropped to about 50% from their initial values. Owing to the lower cathode
inlet air temperature at higher airflow within the first 1,300 s, the total heat flux in the open loop case was higher
than in the closed loop. These trends are clearly represented by the dynamic response over the first 200 s as shown
in Figure 13b, indicating a 17% reduction in the open loop system and near to 30% reduction in the closed loop
system. However, a 12% reduction in cathode air mass flow over 5,500 s of the open loop test ultimately resulted
in an 80% decrease in the total heat flux. In contrast, with constant cathode air flow, the total heat flux for the
closed loop only reduced by about 60% from the initial values.
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Fuel Cell Heat Generation
The detailed response in heat generation (HG) on an area specific basis is shown in Figure 14. In this
work, heat generation for an operating fuel cell was calculated using Eq. 5.

Fuel cell heat generation;
HG = HGey + HGgyp + HGygs %)

The terms of HG..;, HGsygr, and HGy s respectively represent the by-product heat generation from the
electrochemical oxidation polarizations, heat generation from steam methane reforming (which is negative), and
water-gas shift reactions.

As illustrated in Figure 14a, heat generation at the beginning of the cell reduced dramatically immediately
after the fuel composition switch, following by a slow increase toward the new steady state at 5,500 s. The heat
generation profile obtained from the open loop was similar to the closed loop profiles, as shown in Figure 14b.
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Figure 14: Fuel cell heat generation as a function of time, (a) Open loop transient response (b) Comparison of
open loop and closed loop transients

The magnitude of heat generation at the initial steady state in Figure 14b matched the magnitude of heat
flux shown in Figure 12b. Therefore, the system exhibited fairly constant solid and gas temperature performance,
respectively presented in Figures 5 and 8. However, as the fuel was changed to humidified methane, heat
generation at the cell entrance reduced significantly from 0.7 W/cm? to about -1.4 W/cm?. This initial transient
was promoted by heat utilization in the steam methane reforming reaction. As compared to the heat flux profile
in Figure 12b, no significant fluctuation in heat flux was observed at 1 s after the step change due to delay in
temperature dynamics.

Heat generation at the cell entrance shown in Figure 14b increased gradually as the test progressed. To
be specific, the magnitude of heat generation at the beginning of the cell decreased with decreasing methane
conversion as the fuel cell solid temperature decreased. Because of the insignificant difference in CH4 mole
fraction at 1 s between the open loop and closed loop tests (Figure 15), the same profiles of heat generation density
were obtained. However, heat generation at the beginning of the cell from both operations started to deviate slowly
throughout the test, which reflected to the trends in CH4 mole fraction and the corresponding fuel cell solid
temperature.

The same impacts were also demonstrated at around center of the cell length. Heat generation decreased
over time as more CH4 mole fraction shifted toward the elevated temperature region at the second half of the fuel
cell length. In contrast, heat generation at the back of the cell gradually increased over the time studied due to
electrochemical reactions. This behavior was found to be consistent with the trends in current density.

Since the inlet temperature at the end of the open loop test was higher than in the closed loop, more
methane reforming was facilitated. Hence, the heat generation in the open loop case was more strongly negative,
as depicted by the profile at 5,500 s in Figure 14b. At 5,500 s, the total average heat generation of the stack was
14.5 kW, which was comparable to the 14.7 kW of heat flux shown in Figure 12, indicating that the system
achieved a new steady state.
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3.3. Transient Analysis of Fuel Compositions, Current Density, and Fuel Utilization

Methane, CHs4

The variations in methane mole fraction along the length of the cell are presented in Figure 15. As shown
in Figure 15a, methane was consumed in the system over the entire course of the experiment, reducing from the
inlet composition at node 1 to near zero mole fractions at the cell outlet. Meanwhile, Figure 15b compares the
changes in CH4 mole fraction resulting from the open loop and closed loop operations.
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Figure 15: Methane mole fraction as a function of time, (a) Open loop transient response (b) Comparison of

open loop and closed loop transients

0.02

Within the first 2,450 s after the step change in fuel composition, CH4 reduced more slowly in the variable
turbine speed operation, as compared to the constant turbine speed operation. The lower CH4 consumption (in
open loop) was mainly due to lower fuel cell solid temperature as demonstrated in Figure 5a. The increased
cathode air mass flow during the first transient period in the open loop reduced solid temperature. As such,
methane reforming decelerated, resulting in lower CH4 consumption. In contrast, faster conversion of methane in
the closed loop test was promoted by its higher operating temperature, as shown in Figure 5.

The reduction in cathode air mass flow in the open loop system subsequently induced the rapid depletion
of CHy in the fuel cell subsystem. As shown in Figure 15b, the open loop dynamics obtained at 2,450 s followed
the closed loop dynamics very closely. Both methane mole fraction and solid temperature crossover points were
identical, suggesting close coupling of reforming to solid temperature. If this is the case, composition transients
could be mitigated using cathode airflow modulation, which has been shown to have a strong impact on solid
temperature.

Other Fuel Composition Gradients, Current Density, and Fuel Utilization

The corresponding effects on other fuel constituents, such as CO, H, and H,O are respectively presented
in Figure 16 through Figure 18. The slower and consequent rate limiting CH. reforming influenced the formation
and consumption of the other fuel components in water-gas shift and electrochemical oxidation.

Because of higher temperature at the initial steady state shown in Figure 5, the system was more
dominated by endothermic methane reforming rather than water-gas shifting. Therefore, both CO and H, mole
fraction at the first half of the cell length shown in Figures 16 and 17 increased with decreasing CH, mole fraction
(Figure 15). As expected, H,O mole fraction shown in Figure 18, significantly reduced in the beginning of the
cell. Due to less CH, in the downstream region, CO and H; mole fraction reduced gradually when a transition in
the water-gas shift reaction toward the product side and electrochemical oxidation of H, became more significant.
Higher formation of H,O that was reflected by consumption of H, was still observed at the end of the cell.

Immediately after the fuel composition change, the current density shown in Figure 19 increased to a
maximum value around node 6 to node 8. The H, mole fraction was also at the maximum (Figure 17), suggesting
the formation of H, from steam methane reforming was significantly higher than its consumption in the
electrochemical oxidation. High CO generation rate provides further evidence of sufficient reforming to maintain
the water gas shift equilibrium toward the reactant side (Equation 2). Despite the maximum localized current
density, the fuel utilization was at a local minimum near node 6, as shown in Figure 20 for the 1 s curve. This
clearly indicated that large amounts of thermal energy in the fuel cell were being converted to chemical energy in
this region. Hence, this caused more reduction in solid temperature at the beginning of the cell. As there was less
energy in the cell, represented by lower temperature and thereby lower sensible heat, methane became more
distributed and the H; partial pressure reduced.
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Figure 16: Carbon monoxide mole fraction as a function of time, (a) Open loop transient response (b)
Comparison of open loop and closed loop transients
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Figure 17: Hydrogen mole fraction as a function of time, (a) Open loop transient response (b) Comparison of
open loop and closed loop transients
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Figure 18: Water mole fraction as a function of time, (a) Open loop transient response (b) Comparison of open
loop and closed loop transients

The open loop system experienced a solid temperature drop by 50 K drop in just 250 s. Following the
deceleration of CH4 reforming at more rapid solid temperature drop in the open loop case, the reduction in CO
and Hz mole fractions were seen to be more apparent in the open loop test as compared to the closed loop test.
The corresponding conductivity likewise reduced. The maximum current density region significantly shifted from
the beginning of the cell, before the fuel composition switch, to further down the cell towards the end of the test.
The same current density profiles were observed in the open loop and closed loop tests within the first 250 s due
to very slight differences in the solid temperature and fuel composition dynamics.

As approaching a new steady state in the open loop case approximately at 5,500 s, the CO and H; mole
fractions in the open loop case did not reduce as much as in the closed loop. The open loop test demonstrated
higher maximum CO and H, mole fraction at 5,500 s, respectively with 22% and 12% relative differences to the
maximum value in the closed loop case. This was attributed to the higher solid temperature in the open loop case.
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The higher temperature would favor reforming and inhibit water gas shift as written in Equation 2, both of which
result in higher CO partial pressures.

In fact, the maximum current density at 1,500 s and 5,500 s were also nearly identical and the curves
were close, having come to equilibrium much faster than in the closed loop case. In contrast, an 8% higher current
density was still noticeable at 5,500 s in the closed loop test, as a consequence of continuous changes in
temperature and fuel composition partial pressures. At 5,500 s, current density increased with reduction in Hy
mole fraction near the cell exit, both of which promoted higher fuel utilization.
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Figure 19: Fuel cell current density as a function of time (a) Open loop transient response (b) Comparison of
open loop and closed loop transients
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Figure 20: Fuel utilization in open loop and closed loop cases

3.4. Transient Analysis of Fuel Cell Thermal Energy Storage and Fuel Cell Thermal Effluent

The dissipation of fuel cell stored thermal energy and the corresponding fuel cell thermal effluent in
response to the fuel composition changes are shown in Figure 21, where dissipation represents the change in rate
of thermal energy being stored in the fuel cell stack. The dissipation term was calculated based on the rate of
change in fuel cell average temperature multiplied with the total stack heat capacity as function of temperature
(2625 kJ/K at the initial condition), as summarized in Eq. 6. The initial fuel cell stored thermal energy shown in
Figure 21a reduced immediately as a result of the accelerated steam methane reforming. The increasing H»
generation at 1 s clearly illustrated the associated dynamic conversion of thermal energy to chemical energy,
which subsequently resulted in lower fuel utilization within increased current density region. Such transients
finally caused a dramatic increase in fuel cell thermal effluent exiting the system indicated in Figure 21b. The
system experienced a significant reduction in solid temperature as the stored thermal energy decreased. As
compared to the closed loop transients, the dissipation of stored thermal energy in the open loop case recovered
more gradually before the crossover point at 1,300 s. However, the new steady state in the open loop was achieved
far quicker than in the closed loop due to the coupling of the cathode air mass flow in a longer test run.

The difference in the fuel cell thermal effluent between the open loop and closed loop cases shown in
Figure 21b was attributed primarily to the difference in dissipation of stored thermal energy. The dynamic fuel
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cell thermal effluent remained higher than the initial value for about 1,600 s before decreasing to the new steady
state, following non-minimum phase behavior (transient inverse response) as opposed to its initial steady state
performance [17]. This ultimately caused the initial rapid increase in turbine speed and cathode air mass flow
shown in Figure 3. The overshoot response in fuel cell thermal effluent was identified as one of the main
operational challenges to fuel flexibility in gas turbine hybrid systems. It is critical to develop novel control
strategies to limit such overshoot and expand the range of fuel composition changes that could be implemented.
Nonlinear control models are required to describe the entire trajectories of the fuel cell thermal effluent.

Dissipation of fuel cell stored thermal energy:
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Figure 21: Changes in fuel cell stored energy and fuel cell thermal effluent for the open loop and the closed loop
tests

4., Conclusions

The detailed dynamic characterization of an SOFC/GT hybrid system under a transition from syngas to

humidified methane revealed:

a. An extensive conversion of fuel cell stored thermal energy immediately after the step change, resulting
in a sudden transient inverse response in fuel cell transferred heat,

b. A spike in thermal effluent from the fuel cell post combustor system to the turbine, which occurred in
spite of a dramatic reduction in both heat generation and heat flux, which was dominated by the
conversion of stored thermal energy to chemical energy,

C. A substantial solid temperature drop (50 K) in the fuel cell 250 s after the step change due to propagation
impacts of increased cathode air mass flow,

d. A maximum of 17 K/cm solid temperature gradient in the fuel cell from an initial state of 12 K/cm,

e. Significant differences in the distributed performance of temperature, heat flux, heat generation,
composition gradients, fuel utilization, and especially current density,

f.  Substantial cathode air flow coupling effects over the course of the entire study from the initial change
to the new steady state,

g. Close coupling between the steam methane reforming and solid temperature.

The open loop operation demonstrated significant variations in turbine speed and cathode mass flow. As
much as 6% turbine speed variation from nominal condition was observed. Hence, the system experienced a 12%
cathode air mass flow change. Therefore, fuel cell temperature, heat flux, and temperature gradient across the fuel
cell length changed accordingly due to highly coupling effects. However, this perturbation helped the system to
achieve a new steady state faster than the closed loop system.

As compared to the closed loop, operating the SOFC/GT hybrid system with turbine speed changes resulted
in less detrimental performance after the crossover points, with higher temperature, lower current density, and
lower fuel utilization. We also found that small changes in turbine efficiency at higher speed in the open loop over
the closed loop tests affected fuel cell heat flux through variations in cathode air inlet temperature. Overall, all
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key fuel cell parameters were highly coupled and solid temperature appeared to be the primary linking event of
many mechanisms.

In conclusion, fuel cell solid temperature control is critical to avoid excessive temperature gradients, which
could not be tolerated by the fuel cell material. Severe cooling effects might be also localized at the beginning of
the cell, depending on the initial methane content. So, a shorter cell lifetime would be expected due to increasing
degradation risk since the system was operated at a lower temperature. Therefore, future dynamic control systems
for SOFC/GT hybrid systems must include effective thermal management, most likely implemented through
cathode air flow management. Nonlinear control strategies must be employed to deal with the system complexity
adequately. It is clear from the comparison of open and closed loop transient study that cathode airflow has the
strongest linking effect on fuel composition changes, and it holds the greatest promise for active control in fuel
flexible systems.
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