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Abstract

This paper addresses how the power and temperature are controlled in a biomass gas fueled solid oxide fuel cell (SOFC) and micro gas turbine
(MGT) hybrid system. A SOFC and MGT dynamic model are developed and used to simulate the hybrid system performance operating on biomass
gas. The transient behavior of both the SOFC and MGT are discussed in detail.

An unstable power output is observed when the system is fed biomass gas. This instability is due to the fluctuation of gas composition in the fuel.
A specially designed fuel controller succeeded not only in allowing the hybrid system to follow a step change of power demand from 32 to 35 kW,
but also stably maintained the system power output at 35 kW. In addition to power control, fuel cell temperature is controlled by introduction and
use of a bypass valve around the recuperator. By releasing excess heat to the exhaust, the bypass valve provided the control means to avoid the
self-exciting behavior of system temperature and stabilized the temperature of SOFC at 850 °C.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Hybrid system; Control; Solid oxide fuel cell; Micro gas turbine; Biomass gas

1. Introduction

Small-sized distributed generation systems are known to
potentially produce electricity to reduce fuel consumption and
carbon dioxide (CO;) emissions that contribute to global climate
change. A few micro turbine generator systems are commer-
cially produced today. However, electrical efficiency for these
types of generators is lower than 30% [1], requiring a sub-
stantial use of co-generated heat to reduce fuel consumption
and CO; emissions. On the other hand, society consumes two
thirds of its energy requirements in the form of electricity [2].
From that point of view, improvement in electrical efficiency of
small sized distributed generators is a significant technological
requirement.

One promising way to improve electrical efficiency of a micro
gas turbine generator is to build it into a hybrid system with
solid oxide fuel cell (SOFC). Various designs have been pro-
posed that essentially use the waste heat of the SOFC to power
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the gas turbine system. In general, hybrid systems consist of a
high temperature fuel cell (e.g., SOFC) integrated into a cycle
with a micro gas turbine (MGT). This type of hybrid system
has been proven to have electrical efficiency of up to 53% at
200 kW output [3], and is considered to have potential electrical
efficiencies that are higher than 60% [4—6]. To further study and
understand the SOFC-MGT hybrid system, both static [7-9] and
dynamic [10-13] performance analyses have been conducted
recently.

In addition to the distributed generation strategy, the impor-
tance of utilizing renewable energy, such as solar, wind, and
biomass energy, is required to reduce both the consumption of
fossil resources and the emission of CO,. From this point of
view, an integrated energy strategy for the future is to develop a
small-sized distributed generation system coupled with renew-
able fuel. This strategy is also important for the efficient
use of renewable resources, which are often dispersed over a
wide area.

In this paper, a control strategy for a small sized SOFC-MGT
hybrid system fueled by biomass gas is discussed. The system
has to rapidly follow changes in power demand while main-
taining appropriate system temperatures. In addition, since the
system is fueled by biomass gas, it has to be robust to changes of
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the gas composition of fuel, which changes are often caused in
the decomposition process of biomass resources (e.g., anaerobic
digestion). Both to obtain insights into system behavior and to
provide a reliable design support tool, the dynamic simulation
and control strategies for biomass fueled SOFC-MGT hybrid
systems are highly desired.

2. Hybrid system model description

The current model is developed to study the potential per-
formance of an existing two-shaft 5SkW MGT system that is
being tested at the University of Tokyo, Japan. After initial
stand-alone testing, this MGT will be integrated into a hybrid
solid oxide fuel cell gas turbine system. The hybrid system
described in this paper (see Fig. 1) produces 35kW at rated
output and consists of a compressor, recuperator, SOFC, com-
bustor, two turbines, and a bypass valve. The SOFC is used as
a topping cycle, that is, it operates under the pressurized condi-
tions between the compressor and first turbine of the MGT. One
turbine is directly connected by a shaft to drive the compressor
and the other turbine is connected to an electric generator. The
biomass gas fueled is pressurized and preheated before entering
the SOFC to avoid excess cooling and thermal stress in the fuel
cell stack. A bypass valve is for controlling the portion of exhaust
gas flow goes into recuperator. Fig. 1 shows the entire system
schematic.

A dynamic SOFC model and a MGT model are developed in
a Matlab/Simulink™ environment, considering mass balance,
momentum balance, energy balance, chemical and electrochem-
ical reactions, and electrochemical losses.

11.9@
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2.1. SOFC model

2.1.1. Operating cell voltage

The operating cell voltage (V) is theoretically determined
through calculation of the Nernst voltage, activation overpo-
tential, concentration overpotential, and ohmic overpotential.
The effect of carbon monoxide on electro-chemical potential
is neglected since water-gas shift chemistry is much faster than
CO electro-oxidation in the high temperature fuel cell of inter-
est. Studies have found that as much as 98% of the CO reacts
via this route (shift reaction followed by H; electro-oxidation)
in an SOFC [14]. Note that pressure in the anode and cathode
compartments are assumed to be the same.

Operating cell voltage

V=F- Vact - Vconc - Vohm (1)
Nernst potential
1/2 1/2
R, T H P
E= B4~ [ 220 <C> )
2F xw0 \ Po
Activation, concentration, and ohmic overpotentials
R,T i
Vact = In[ — 3
e B (1) o
V. RT In(1 i 4)
= n — —
conc 2F l]
Vohm =i R ()
14,

N

10. &mi_) .
o Bk t

2.

16.

1. Air

2. Compressor

3. Recuperator

4.SOFC

5. Combustor

6. High-pressure turbine
7. Power turbine

8. Generator

L

9. Recuperator bypass valve

10. Exhaust gas
11. Biomass gas

12. Fuel compressor

13. Fuel preheater

14. Bypassed exhaust gas
15. Electricity

16. Shaft

Fig. 1. Schematic of SOFC SOFC-MGT hybrid system. This figure presents a schematic of the system described in the paper. The SOFC is a topping cycle between
the compressor and high-pressure turbine of a two-shaft micro gas turbine. The system also contains a fuel compressor, fuel preheater, and exhaust gas bypass valve.
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In this paper, the current production of the fuel cell is deter-
mined by solution of Egs. (1)=(5) by maintaining a fuel cell
voltage of 0.7 V. This is realistic since we assume that the
fuel cell is connected to an inverter with feedback control on
the fuel cell voltage. The power electronics of the inverter are
very fast allowing for quick changes in the amount of cur-
rent drawn from the fuel cell to maintain fuel cell voltage
at0.7 V.

2.1.2. Heat transfer in the SOFC

Temperatures in all cell components have to be calculated to
consider heat transfer by conduction, convection, and radiation.
Temperatures that are essential to accurately determine include
the temperature of the reformer, fuel separator, anode, elec-
trolyte, cathode, and oxidant separator. An internal reformer is
included in the current fuel cell design between the fuel separator
and oxidant separator. It is assumed that no mass or heat is trans-
ferred to the environment. Fig. 2 shows how heat transfer occurs
between each component and the gas streams. The dynamic
equations that govern the heat transfer processes include heat
conduction between solids, heat convection between flowing
gases and solid surfaces, and heat radiation between solid sur-
faces in each cell component shown in Fig. 2. These equations
have been described in detail elsewhere [12]. Note that there is
heat generation in the cell due to the voltage losses and negative
heat generation in the reformer due to endothermic reformation
reactions.

2.1.3. Chemical kinetics

There are three main sets of chemical kinetics that one should
consider for the current hybrid fuel cell system. These chemical
kinetics are those associated with anode reactions, cathode reac-
tions, and reformation reactions. Hydrogen is assumed to be the
only electrochemically active species in the anode compartment
and oxygen is the only electrochemically active species in the
cathode compartment. However, there are three chemical reac-
tions considered in the reformation chemistry. These reactions
are the methane reformation reaction, water-gas shift reaction,
and overall reformation reaction. Note that these reactions can
also occur within the anode compartment of the fuel cell. In
the following equations, X and R vectors are used to represent
the mole fraction and rate (respectively) of 7 individual species,
which are methane, carbon monoxide, carbon dioxide, hydro-
gen, water, nitrogen, and oxygen. Also, note that / is current,
not current density. Each rate of chemical reaction and chemical
equilibrium coefficient is based on previous research (Xu and
Froment [15,16]).

Anode reaction
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R,=|0 0 0 ! +LY 0o (7
a 2F 2F
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Fig. 2. Schematic of heat transfer in each component. This figure shows the
major components together with the energy and mass flows of the SOFC stack.
The indirect internal reformation SOFC contains a reformer section, anode,
electrolyte, cathode, and gas separators. Red box indicates unit control volume.
(For interpretation of the references to colour in this figure caption, the reader
is referred to the web version of the article.)

Cathode reaction

10, 4 20~ 1% 02- (10)

Re=10 0 0 0 0 0 d an
°T 4F

dX .- - R

NE = (NX)in - (NX)out + Re (12)

Reforming reactions [15,16]
CH4 + H,0-5CO + 3H, — Al (13)

CO + H,0-2-CO; + Hy + Ahy (14)
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CHy + 2H,0-25CO, + 4H, — Ahs (15)

Reef = [rcu, rco rco, TH, H,0 N, 7O, ]

-—}’1 —r3 17

r—rnr

ra+r3

= |3r1+ry+4r3 (16)

—ry —r — 2}’3

0

_O .
dX - .
NS = (WR),, — (NX) y + R a7

All the equations governing heat transfer and chemical reactions
are solved simultaneously to calculate the temperature and gas
concentrations for Egs. (1)—(5).

2.2. MGT model

The MGT model consists of a compressor, fuel compressor,
recuperator, combustor, two turbines, and a shaft model. The
high-pressure turbine is connected directly to the compressor
by the shaft. Electrical power from the MGT is derived from an
electric generator connected to the power turbine. No mass or
heat losses to the environment are considered.

Both enthalpy and mass flow rate of the working fluid at each
state point are required to calculate the available work from
the turbines and required work of the compressor. For enthalpy,
thermodynamic relation and efficiency equations in both the
compressor and turbine are solved to determine temperatures
from which enthalpy is determined for a known composition.
The isentropic efficiencies of the compressor and turbine are
fixed to 0.75 and 0.85, respectively. This compressor efficiency
is chosen because it well represents measured compressor per-
formance at the University of Tokyo over a range of operation.
The turbine efficiency is selected as the goal of current research
underway to improve small turbine performance that is ongo-
ing at the University of Tokyo. Note that in the turbine model,
the specific heat ratio cannot be assumed as a fixed number
because its dependency to the temperature greatly increases at
high temperatures. A compressor map is used to calculate air
mass flow rate from rotor speed and pressure ratio. The design
point parameters for the system and compressor map, which are
constant during the simulation, are shown in Table 1 and Fig. 3,
respectively. The design rotational speed of each turbine is set to
120,000 rpm since it is the desire of the current research project
to use the same turbine as the high-pressure turbine and power
turbine to reduce system cost.

In the combustor model, perfect combustion efficiency under
adiabatic conditions is assumed. Since turbine inlet temperature
never exceeds 2000 K in this research, it is sufficient to calculate
flame temperature from a simple energy balance.

Table 1
Hybrid fuel cell micro gas turbine design model parameters
SOFC
Number of cells 1200
Acell 100 cm?
(245,863 — 51.135T — 2.136 x 1073 T2)/2F
iex 500
o 0.5
i 4000
R —4.167 x 107%(T—273)+5.833 x 1073
MGT
Compressor Tdes 298 K
Wdes 120,000 rpm
High-pressure turbine Mdes 0.043kgs™!
Tdes 1173K
Pges 200 kPa
Wdes 120,000 rpm
Power turbine Mdes 0.043kg s!
Tyes 1173K
Pyes 160 kPa
Wdes 120,000 rpm
Shaft J 6.6 x 107> kg m?

This table shows the values of each of the major parameters used in the simula-
tion.

In the recuperator model, the upper stream (compressor dis-
charge air) is heated by convection heat transfer from the separa-
tion plate, which is correspondingly heated by convection heat
transfer from the lower stream (turbine exhaust). Conduction
heat transfer inside the stream separation plate along the stream-
wise direction is also considered, while heat transfer along the
thickness of the plate is not taken into account because the plate
is assumed to be thin.

The rotational speed of the shaft, which is the same as that of
the compressor and high-pressure turbine, is determined by the
sum of torques method as follows. Since no load is added on the
shaft, and no bearing friction of the shaft is considered, there is
no loss term in the momentum equation for the shaft.

[—— 60000 —8— 80000 —A— 100000 —B— 120000

Pressure Ratio
[ 8]

L
5%}
ot

0.5 l l..5 2 2:5
Corrected flow rate (m 3/ min)
Fig. 3. Compressor map. This figure shows the performance map of the com-

pressor. The different lines correspond to different rotational speeds. Vertical
lines imply choking of compressor.
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Table 2
Predicted performance of the system at design conditions, including SOFC tem-
perature control via recuperator bypass flow manipulation

Compressor out 7' (K) 395
Recuperator out 7' (K) 897
Cathode out T (K) 1119
Anode out T (K) 1117
Combustor out 7 (K) 1350
High-pressure turbine out 7' (K) 1289
Power turbine out 7' (K) 1195
Compressor exit P (kPa) 218

Air flow rate (kgs™!) 0.037
Uy 0.83
Usir 0.43
Current density (mA cm™2) 372
Fuel cell power output (kW) 297
Gas turbine power output (kW) 53
Total power output (kW) 35
Fuel 33.3% CHy; 66.7% H,0O

This table shows the performance of the system at design point operation.

d .
&(mcombcp, comb Tcomb) = Qv, gas-comb (34

Turbine
N/ T indes/ ¢
T desy/Taes _ oo (35)

P Pdes
w Wdes

= = Const. (36)
\/T % Ties
Pog\ VLY
Tos = Ty (1 + ((“) - 1)) (37)
Po3
CP

_ 38
14 Co— Ry (3%)
. Tos
Wiarby = 7t / CpdT (39)

Tos
Shaft
1 . .

Jo = ;(Wcomp + Wiurb) (40)

3. Results and discussion

3.1. Predicted performance of SOFC-MGT hybrid system
under design conditions

Table 2 shows the predicted performance of SOFC-MGT
hybrid system for design conditions of a constant natural gas
flow and composition. Total system power output is 35 kW, about
85% of that is from the SOFC and 15% is from MGT. Total sys-
tem efficiency is 56.3%, which is quite high for this size of
machinery for distributed generation. These predictions include
DC-AC inverter efficiency (95%), electric generator efficiency
(98%), fuel compression work, and the power to the fuel pre-
heater to preheat the fuel mixture from 298 to 900 K before it is
fed into SOFC. This power for preheating the fuel mixture is the
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Fig. 4. System behavior in biomass gas. This graph presents the hybrid system
output while operating on the fluctuating biomass fuel. Both the power of fuel
cell and that of the micro turbine fluctuates significantly.

largest parasitic loss among these at approximately 3.5 kW or
10% of system output. The fuel used for the design case (not the
renewable fuel case) is a mixture of 33.3% methane and 66.7%
water (i.e., steam-to-carbon ratio (S/C) is 2). In this case, the
fuel must contain steam since the system does not have anode
gas recirculation, which is a popular way to add both thermal
enthalpy and steam to the fuel. To avoid overheating the fuel
cell the system contains a recuperator bypass that was set to
50% open.

3.2. System performances in biomass gas fueling

Fig. 4 shows the predicted system performance behavior in
the case when the system is fed biomass gas instead of the
methane used for the design case. The gas composition of the
biomass gas is provided in Table 3 and its compositional fluctua-
tion is shown in Fig. 5. The maximum ratio of methane to carbon
dioxide is chosen as 2, which is a typical number for biomass gas
(e.g., anaerobic digester gas). The amount of steam in the fuel
gas is 40% because a considerable amount of reformation reac-
tion takes place in the anode where a lot of steam is available.
The frequency of fluctuation is chosen to be 43,200 s, which is
12 h, to represent a diurnal fluctuation of biomass gas compo-
nents like that, which could occur with an anaerobic digester.

Table 3

Biomass gas concentration

CHy 0.35-0.4
Cco 0

CO, 0.25-0.2
H; 0

H,O 0.4

N, 0

(0)) 0

Total 1

This table shows the concentration of each gas species in the fluctuating biomass
gas discussed in this paper. The composition roughly corresponds to digester gas
that is humidified to 40% to facilitate reformation in the fuel cell. Methane and
carbon dioxide concentrations vary between 35 and 40% and between 20 and
25%, respectively.

«CH, = CO,

ok CH, ﬁk

5

S w
w

Gas composition
o
S W
[} wh
0]
L

=
>

0.1

0.05

1 1 1 1 J

0
20000 30000 40000 50000 60000 70000
Time (sec)

Fig. 5. Biomass fuel component fluctuation. This figure shows how the concen-
trations of biomass gas change versus time. The composition fluctuations are
in a cycle of 12h (43,2005s) to simulate a potentially reasonable diurnal cycle.
The gas is kept humidified at 40%, while the total concentration of methane and
carbon dioxide is kept equal to 60%.

Although the molar flow rate of the gas is constant, power out-
put from both the SOFC and MGT fluctuate due to the change
of gas concentrations in biomass gas. It is observed that the sys-
tem power changes nearly 13% even though the fuel component
fluctuation is only 5% on an energy basis.

The power output from the SOFC and MGT is directly related
to the fluctuation of the methane concentration and almost no
delay is observed between the gas constituent change and the
power fluctuation. As for the SOFC, this nearly instantaneous
response is due to the rapid change in anode hydrogen concen-
tration, which is produced by rapid methane reformation and
water gas shift chemistry affecting the Nernst potential. Since
the voltage of this SOFC cell is fixed to 0.7 V by feedback con-
trol in the power electronics, a higher concentration of methane
leads to higher current density increasing the power output from
the SOFC. This is also the reason that the SOFC has a relatively
large amplitude power fluctuation compared to that of the MGT.
Since Nernst potential is quite sensitive to the hydrogen concen-
tration, even a small change in fuel composition can lead to a
large change in current density.

As for the MGT, on the other hand, its amplitude of power
fluctuation is relatively small. This is because the MGT runs
only on the unspent fuel and waste heat of the SOFC, which
does not change as significantly with gas composition.

3.3. Controlling performance in biomass gas

A system power controller is designed and implemented in
the system model. The controller uses a standard proportional,
integral, differential (PID) strategy to manipulate fuel flow rate
to maintain (control) the power output of the system. Fig. 6
shows the controlled power output of the system. The controller
manipulates the biomass fuel flow rate whenever it detects a
difference between power demand and the system output. Fig. 6
shows that the system power output with the PID controller not
only well follows a step change of power demand from 32 to
35kW, but also well maintains power even when fueled by a
fluctuating biomass gas. The fluctuation in biomass gas com-
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Fig. 6. Controlled power output in biomass gas operation. This is the system
performance on fluctuating biomass gas after introducing power output control
and temperature control. Power fluctuation due to the concentration fluctuation
of biomass gas is no longer present. Note that the total power output quickly
responds to the step change of power demand that occurs at 43,000 s.

position used here is the same as that described in the previous
section.

The transient response time of the system to the step change
of total power demand is about 200s. This is possible because
the MGT responds relatively quickly to the change in power
demand while the SOFC takes thousands of seconds to reach a
new steady state power output level.

There are two overall mechanisms that contribute to the tran-
sient response of the SOFC power to the step change in load
demand. The first response characteristic is the steep increase
in power at the moment of the step change. In the moment of
fuel flow increase, the Nernst potential jumps up due to rapid
response of the chemical kinetics to produce a higher con-
centration of hydrogen in the anode compartment. This leads
to higher current density (under the fixed voltage constraint),
which means higher power output. In the second transient char-
acteristic, however, hydrogen concentration starts to decrease
because of the increased fuel consumption rate caused by the
increased current density (and power production). The higher
the current density becomes, the more hydrogen is consumed
leading to a slow decrease in the Nernst potential. The slow
decrease of Nernst potential leads to a slow decrease in cur-
rent density and power output. After these two stages of tran-
sient response, power output from SOFC reaches a new steady
state.

Typically, the above transients in fuel cell electrochemical
performance consequently affect the temperature of the fuel
cell (increased current production produces more heat). Since
the SOFC comprises a large thermal mass, the temperature
of the fuel cell would typically change with a long transient
response time. This temperature transient would subsequently
affect the long-term electrochemical performance of the fuel cell
through Eqs. (2)-(4). However, this third transient stage is not
present in Fig. 6. This is because the cell temperature of the
current simulation case is maintained at 1123 K by use of a fuel
cell temperature controller. This controller can bypass various
amounts of exhaust flow around the recuperator to change the

0.25
0.2 j
@: o }
g 0.15
z
=
= 0.1
Z
P
0.05
0 s . L L )
20000 30000 40000 50000 60000 70000

Time (sec)

Fig. 7. Controlled biomass fuel flow rate. This is the graph showing how the
fuel flow rate was manipuated by the installed controller. It shows that controller
is trying to compensate for both the power fluctuation in the input fuel stream
and the step change of power demand.

SOFC inlet air temperature. Under dynamic operating condi-
tions, control of the hybrid system requires dynamic tempera-
ture control via variable exhaust bypass, as will be shown in
Section 3.4.

The total power output is well maintained even though a slight
power change is observed from both the SOFC and MGT dur-
ing the final steady state operation due to the fluctuation of fuel
composition. However, these power fluctuations are out of phase
such that the sum of SOFC and MGT power is constant. When
the SOFC provides more power, the amount of fuel in the anode
off-gas is reduced resulting in lower combustor temperature and
power output from MGT. This balance naturally occurs with
the system power controller design of this study. Since the cus-
tomer most desires good stabilization of total power output, this
controlled system can be said to be robust to the biomass fuel
composition fluctuation.

Fig. 7 shows the controlled fuel flow rate of biomass gas.
The sudden change in fuel flow rate is in response to the step
change of the power demand. The periodic (wavy) change in
fuel flow rate of Fig. 7 is required by the controller to make up
for the power fluctuations caused by the fluctuating biomass gas
composition.

Fig. 8 shows the change of system efficiency when operating
on fluctuating biomass fuel. Here the system efficiency is deter-
mined as the net power output divided by the total energy input.
The net power output is the sum of power output from SOFC
and MGT. The total energy input is the sum of biomass gas
component lower heating values (LHV), including the effects of
composition fluctuations, power used for fuel compression, and
the heat input to the fuel preheater. The resulting hybrid system
efficiency is between 55 and 58%. Fig. 8 also shows that the
efficiency remains high even though the gas composition fluc-
tuates. The reason for this is that both the total energy input by
biomass gas and total power output of the system are almost
kept constant by the respective controllers introduced into the
system model. Since the system controls the fuel flow rate, the
change of energy input to the system is small even though the
fuel composition varies.
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Fig. 8. System efficiencies. This graph shows how the efficiency varied when
the power is controlled while operating on a fluctuating biomass fuel. There are
only minor fluctuations due to the concentration change of the fuel, but, small
decreases in efficiency are observed in the vicinity of the load step change.

Fig. 8 also shows the change of the efficiency of both the
SOFC and MGT. Here each efficiency is determined as the power
output from each component over the total energy input to the
system. Because of this definition, the SOFC efficiency does not
include fuel utilization and shows a relatively high efficiency.
From Figs. 6 and 8, one can determine that the contribution of
the MGT to the system power and efficiency is 14-16%.

Fig. 9 shows air and fuel utilization in the SOFC, which
are between 44-48 and 81-83%, respectively. The air utiliza-
tion rises sharply when the power demand increases, while the
fuel utilization suddenly drops. The reason for the spike in air
utilization is the rapid increase of oxygen consumption rate in
SOFC, which is caused by the increase in current density caused
by higher hydrogen concentration due to the increase of fuel
flow rate. On the contrary, fuel utilization drops even though the
hydrogen consumption rate increases in the SOFC because the
increase in fuel flow is larger than the increased hydrogen con-
sumption rate. Both fuel and air utilization are closely related to
current density and this relation can be seen in Fig. 9.
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Fig. 9. Air and fuel utilization and current density. This graph shows how fuel
utilization, oxygen utilization, and current density change during the same tran-
sient performance period. Fuel utilization decreases a little after the load step
change, while oxidant utilization and current density increase.

Table 4

Predicted system performance without SOFC temperature control
Compressor out 7' (K) 423
Recuperator out 7' (K) 1390

Cathode out 7' (K) 1238

Anode out T (K) 1232
Combustor out 7" (K) 1711
High-pressure turbine out 7' (K) 1602

Power turbine out T (K) 1530
Compressor exit P (kPa) 264

Air flow rate (kgs™!) 0.033

U 066

Uair 0.39
Current Density (mA cm~2) 353

Fuel cell power output (kW) 28.2

Gas turbine power output (kW) 4.7

Total power output (kW) 329

Fuel 33.3% CHy, 667% H,0

This table shows the steady state performance of system without temperature
control. Temperatures are much too high for many of the materials typically
used in components such as the recuperator in this case. Methods for controlling
these temperatures are necessary.

3.4. Maintaining system temperatures

In this section the importance and capability of maintain-
ing system temperatures in the current system is investigated.
Table 4 shows the temperatures of each point of the system for
a simulation case wherein the fuel cell temperature controller
previously implemented was not used (turned off). Note that the
operating temperature of the SOFC is around 1240 K, which is
adequate, but the temperature of combustor exit is over 1700 K.
This high temperature cannot be tolerated either by metal or
ceramic turbine blades. This high combustor exit temperature
is caused by a high temperature in upper stream of the recu-
perator caused by the high operating temperature of the SOFC.
High SOFC operating temperature causes the Nernst potential
to drop. Since the SOFC is maintained at a voltage of 0.7V,
current density drops, leading to a drop in fuel utilization. As
fuel utilization drops, more fuel goes to the combustor, creating
an even higher combustor exit temperature, eventually increas-
ing the power turbine exit temperature. This high temperature
gas leaving power turbine exchanges more heat in the recuper-
ator, which finally raises the temperature of the cathode inlet
air stream. This self-exciting thermal process is supported by
observation of the fuel utilization and current density presented
in Table 4. Comparing the performance of Table 4 to that of
the design point performance shown in Table 2, note that both
fuel utilization and current density are lower for this case with-
out temperature control (Table 4). This case demonstrates the
importance of temperature control so that one can avoid dam-
age to turbine blades, the recuperator, and/or the fuel cell.

One effective way to control system temperatures is to intro-
duce a bypass flow of some amount of exhaust around the
recuperator that preheats the inlet air to the SOFC. In that way,
the system can avoid this type of self-exciting temperature rise
by controlling the temperature of air going into the SOFC. The
amount of gas bypassing the recuperator can be controlled by
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Fig. 10. Temperature variation with control strategy. This figure shows how the
temperatures throughout the hybrid system are controlled while operating on
a fluctuating biomass gas and while, power demand is changed in step-wise
fashion at a time of 43,000 s. The SOFC stack temperature is kept constant by
the controller connected to the bypass valve. There remains a steep jump in
combustor outlet temperature for a short period during the load demand change,
but this is significantly lower than the uncontrolled case.

a valve, which position is changed based on the temperature of
the SOFC.

Fig. 10 shows the temperature transient of the system in
response to the step change of power demand with the newly
introduced manipulation of recuperator bypass. The fuel used
here is the same biomass gas fuel used in Section 3.2. Fig. 10
shows that the combustor exit temperature is 1410 K at most,
which is nearly 300 K lower than the non-controlled case pre-
sented in Table 4. The performance of the system with power
and temperature control is shown in Table 5. The SOFC tem-
perature is effectively maintained at 1123 K, or 850 °C in this
case, through use of the recuperator bypass control. Note that the
combustor exit temperature is still high for a traditional micro
turbine blade, although 1410 K could be endured by a ceramic
turbine. Temperature is not expected to reach such high levels
in the experimental system due to heat losses. Since details of

Table 5

System performance with temperature control
Compressor out 7' (K) 397
Recuperator out 7' (K) 907
Cathode out T (K) 1122
Anode out T (K) 1120
Combustor out T (K) 1367
High-pressure turbine out 7' (K) 1304
Power turbine out 7' (K) 1209
Compressor exit P (kPa) 221
Air flow rate (kgs™!) 0.036
Ur 0.83
Usir 0.44
Current density (mA cm™2) 372
Fuel cell power output (kW) 297
Gas turbine power output (kW) 53
Total power output (kW) 35
Fuel Biomass gas

This table shows the time-averaged steady-state performance of the system with
power and temperature control implemented.

the particular integrated hybrid design are not known and since
this was not the focus of the current study, these additional heat
losses were not estimated.

Fig. 10 also shows the transient change of temperatures in the
system. Note the nearly instant rise in temperature of the com-
bustor exit when the power demand changes. This is because
the combustor has a small thermal mass leading to a very small
delay in temperature rise due to burning of increased unspent
fuel from the SOFC. In the moment of a step change in power
demand, more fuel is supplied to the SOFC to follow the change.
The SOFC only consumes some amount of this increased fuel
flow rate due to the fact that fuel is present in the anode compart-
ment sufficient to meet the previous lower demand of previous
times. This makes anode off-gas of the SOFC richer in fuel
and leads to higher temperature in the combustor with no delay.
In addition, Fig. 10 shows a slower temperature decrease after
the initial jump. This is caused by higher combustor exit tem-
peratures that lead to increases in high-pressure turbine power.
This drives the compressor to produce more mass flow of air,
eventually lowering combustor exit temperature by diluting the
combusted gas.

Fig. 11 shows the change of the recuperator efficiency and the
gas portion that goes through the lower stream (turbine exhaust)
of the recuperator. The valve starts to provide a new value when
the power demand is changed because the system temperatures
begin to change at that moment.

The recuperator efficiency remains at approximately 88%.
During the transient response, however, it leaps up and drops
down for a time between 82 and 95%. This is because the valve
starts to release more exhaust gas to the environment, bypassing
the recuperator. At the moment of the step change, the bypass
valve releases more exhaust gas to the environment and the flow
rate of gas going into the recuperator decreases. Decreased flow
rate of exhaust gas produces longer residence time in the recu-
perator and exchanges more heat, leading temporarily to the
higher observed efficiency of the recuperator. Note that recu-
perator efficiencies are relatively high in the current case due to
a very large recuperator surface area. Note that slow and small
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Fig. 11. Recuperator bypass valve variation. This figure shows how recuperator
efficiency changes as the system with all controllers implemented responds to
the step change in load. The amount of gas going into the recuperator decreases
after the change to avoid overheating. Even though a varying amount of gas goes
into the recuperator, the efficiency remains about the same.
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changes are observed after reaching to the new steady state due
to the biomass fuel fluctuation.

4. Conclusions

Power and temperature control of a fluctuating biomass
fueled small sized SOFC-MGT hybrid system is developed
based on dynamic modeling of the integrated hybrid system. The
designed performance of the system is to produce 35 kW with
the contribution of SOFC and MGT power set at 85 and 15%,
respectively. The system efficiency at the design point operating
on methane is 56.3%, which is remarkably high considering the
size of the plant.

A fluctuating power output is observed when the system is
fueled with biomass gases that have a fluctuating composition.
Since SOFC performance is very sensitive to hydrogen concen-
tration in the anode compartment, power output from SOFC
tracks the fuel composition changes with relatively high ampli-
tude power fluctuations. Fluctuating power output due to the
fuel composition fluctuations can also be seen from the MGT.
However, the fluctuating MGT power amplitude is smaller than
that of the SOFC. This is because the MGT runs only on the
waste heat and spent fuel of SOFC that do not fluctuate as much
with changes in biomass fuel gas composition.

Two controllers are developed and implemented in the
dynamic model to control power and fuel cell temperature in
response to a step change in power demand. The first controller
controls power output by manipulating the flow rate of biomass
gas. The MGT passively and rapidly responds to contribute
to total system power as the SOFC power responds with a
longer transient response time. The fuel controller successfully
controlled the system for a step change in power demand from
32 to 35kW, maintained system power output at 35kW even
with fluctuating fuel composition. The second controller was
developed to control the temperature of the SOFC by introduc-
ing and manipulating a bypass valve around the recuperator.
By bypassing some turbine exhaust flow to the environment,
in the controller successfully maintained SOFC temperature
at 850°C, and reduced the combustor exit temperature to an
acceptable level of 1400 K.
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