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Abstract

Analysis of electricity generation efficiency of the biomass SOFC-MGT hybrid system has been made for several cases of different composition
of fuel relevant to typical air-, oxygen- and steam-blown biomass gasification processes. Reference case for comparison is the one where pure
methane is used as fuel. In the analysis, multi-stage model for internal reforming SOFC module developed previously has been used with some
modification. It is found that efficiency achieved for all the three cases of different types for biomass fuel is reasonably high and so that the biomass
SOFC-MGT hybrid system is promising. However, in all the three cases, efficiency is lower than the counterpart of pure methane case, both in
the SOFC module and in the hybrid system. Among the biomass fuel cases, efficiency is found to be highest with steam-blown biomass fuel both
for the SOFC module and for the hybrid system. The lowest efficiency is found in the case of air-blown fuel. In addition, effects of higher steam
content in the biomass fuel and variety in composition of biomass fuel for each gasifying agent are also studied.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Biomass is widely recognized as one of the promising renew-
able energy resources and is characterized by zero CO, net
emission rate and low SO, emission rate [1]. There are several
technologies to produce fuel for power generation from biomass
such as fermentation, combustion, pyrolysis and gasification [2].
Among others, gasification is considered to be the most attrac-
tive technology to utilize biomass for energy purposes, because
this technology can result in lower pollutant emission rate com-
pared to the combustion technology. In addition, gasification
process can produce much higher volume of gas compared to
the pyrolysis [3].

Gasification is a well-known technology which can be
classified depending on the gasifier type, its operating condi-
tion, gasifying agent, etc. Air, oxygen and steam are usually
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used either individually or mixed as a gasifying agent in the
most of biomass gasification processes. Generally, biomass
fuel produced by fuel production processes contains hydro-
gen (Hz), carbon monoxide (CO), carbon dioxide (CO»),
water (H20), nitrogen (N3), methane (CH4) and other heav-
ier hydrocarbons and minor components. Different gasifying
agent used in the gasification process will result in differ-
ent gas composition and quality of the produced biomass
fuel.

For example, in dry basis, with air-blown gasification process,
produced gas normally contains nitrogen high in concentration
[4-7]. With oxygen-blown gasification process, carbon monox-
ide and/or carbon dioxide are found high in concentration [6,8].
With steam-blown gasification process, produced gas contains
hydrogen high in concentration [3,7,9—12]. In addition, regard-
ing the heating value of produced gas, air-blown gasification
process produces a lower quality of the gas. However, with
oxygen- or steam-blown gasification process, produced gas has
higher quality [2,11].

Range for mole concentration variation of the main com-
ponents in the produced gas (dry basis) is shown in Table 1
[3-12]. With oxygen or steam as a gasifying agent, a small
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Nomenclature

A active area (m?)

E activation energy (kJ mol~!)

F Faraday constant (96,485 C mol~1)

g molar Gibbs free energy (kJ kmol ')

1 electric current (A)

j current density (A m~2)

k pre-exponential factor (molm~2 bar—!s~1)

LHV  lower heating value (kJ kmol~1)
77! mass flow rate (kgs—!)

n molar flow rate (kmols~1)

p pressure (kPa)

12 reaction rate (kmols—1)

R universal gas constant (8.31434J mol~1 K1)
RR recirculation ratio

SCR steam-carbon ratio

T temperature (K or °C)

U utilization factor

%4 voltage (V)

w electric power (kW)

z consumption rate (kmol s7h
Greek symbols

A difference

n efficiency

Subscripts

0 standard state of each condition
act activation

c cell

Cf fuel compressor

f fuel

FC fuel cell

loss losses

max maximum

MGT  micro gas turbine

oc open circuit

ohm ohmic
SYS  hybrid system

portion of nitrogen is also found in produced gas. This is
because nitrogen is used to facilitate biomass feeding and to
avoid back flow of the gas from the gasifier to the feeding
unit. In this study, hydrocarbons heavier than methane are

Table 1
Ranges of gas composition (dry basis) of biomass gasified fuel
Composition (mol%) Gasifying agent
Air-blown 0O,-blown H,O-blown
CHy 2-9 6-19 4-14
Hy 5-16 8-32 21-56
Cco 8-22 17-43 1041
CO, 9-20 21-61 13-27
N, 42-66 1-5 1-5

artificially treated as methane. This does not produce any
serious misleading result because they are normally minor in
concentration.

Auvailability of the biomass resources is localized or even
clustered in specific regions. Therefore, distributed power gen-
eration system is an appropriate choice for end-use applications
of biomass fuel. Most of gasifiers operating for power gener-
ation are combined today either with gas engine or with gas
turbine due to their advantage in efficiency compared to the
direct heating with combustion process. However, this effi-
ciency is not high enough compared with the advanced power
generation system. Therefore, coupling the biomass energy con-
version system to higher performance power generation system
such as fuel cell should be more attractive in its performance
[13].

Solid oxide fuel cell (SOFC), one of high-temperature fuel
cells, has fuel flexibility. In addition to hydrogen, carbon monox-
ide and various types of hydrocarbons can be used as fuel in
principle. As for the rejected heat, exhaust gas temperature is
sufficiently high to drive gas turbine if the system is operated at
an elevated pressure. Furthermore, because of high fuel cell oper-
ating temperature, internal fuel reforming can be introduced. In
addition, SOFC-MGT hybrid system of fusing SOFC module
to micro gas turbine (MGT) has high electricity generation effi-
ciency compared to the efficiency of the single-used gas turbine.
Therefore, biomass fuelled SOFC-MGT hybrid system can be
considered as the most promising distributed power generation
unit due to its high energy conversion efficiency, fuel flexibility
and very low pollutant emission rate.

In recent years, several theoretical studies and field demon-
stration have been made for SOFC-MGT hybrid system but the
fuel considered was natural gas or methane [14-22]. Some feasi-
bility studies also consider biomass fuel as fuel for SOFC-MGT
hybrid system [12]. However, discussion was developed only
for the case with steam-blown biomass fuel. In addition, the
lumped model used for the SOFC stack module is simple and
cannot give detailed information about spatial distributions of
temperature, species concentration or other quantities existing
in the SOFC stack module. Such information is effective in the
detailed discussion of the effects of some parameters including
the difference in fuel composition to be discussed in this study
as will be seen later.

In the present study, performance analysis of SOFC-MGT
hybrid system is made for a variety of fuels including the fuels
of typical composition to be produced either by using air, oxy-
gen or steam as a gasifying agent. In the study, a multi-stage
model is used to describe the processes in internal reform-
ing SOFC stack module with some modification. The model
was previously developed [14,15] for the analysis of the effi-
ciency of methane-fuelled SOFC-MGT hybrid system operated
at off-design conditions and has been demonstrated to be effec-
tive. Attention is particularly paid to the effects of the variety
of composition of the fuel. Biomass fuel produced from gasi-
fication process usually contains some impurities [6]. In this
study, biomass fuel to be used in the SOFC-MGT hybrid
system is assumed to be clean in a sense that the raw fuel
produced in the gasifier has been processed in the purifier to
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remove impurities. However, details of biomass gasification pro-
cesses and biomass fuel purification are not discussed in this
study.

2. Mathematical model
2.1. Basic assumptions

SOFC module to be studied in the present article is the
Siemens-Westinghouse type internal reforming one using the
stack of tubular SOFC. The following assumptions are intro-
duced to develop its mathematical model:

(1) Fuel supplied to the system is gasified biomass fuels with
such compositions as will be described later.

(2) The air supplied to the system is composed of 78.22% N,
20.74% O,, 0.03% CO,, and 1.01% H,O in mole.

(3) All chemical species of working fluids are treated as ideal
gas.

(4) The electrochemical reactions of both Hy and CO proceed
at the local temperature of each tubular cell.

(5) The operating cell voltage is the same for every tubular cell.

2.2. System configurations

A schematic diagram of the SOFC-MGT hybrid system
under investigation is composed of internal reforming tubular
SOFC stack module, MGT, an air compressor, a fuel compres-
sor, a combustor, air recuperator and fuel recuperator as is shown
in Fig. 1. SOFC stack module in the hybrid system is divided into
two parts, namely, stack of tubular SOFC and reformer. A stack
of tubular SOFC is composed of tubular cells of 150 cm long and
2.2 cm in diameter [20-22]. Tubular cell is of a cylindrical shell
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Fig. 1. Schematic diagram of SOFC-MGT hybrid system.

composed of three layers: cathode (inner layer), electrolyte, and
anode (outer layer). MGT in the hybrid system is a regenerative
turbine.

Compressed fuel is preheated with a portion of the turbine
exhaust gas in a fuel recuperator up to an appropriate tempera-
ture for desulfurization process in a desulfurizer. Even the sulfur
content of biomass fuel is usually very low compared with fossil
fuels [2], sulfur can affect the performance of the fuel cell. For
example, in the biomass gasification process, concentration of
sulfur (H»S) in the produced gas can be 22 ppm [23]. Addition
of 1 ppm H3S to the fuel (89% H; and 11% H,0) can result in
10% cell voltage drop in SOFC during the first 24 h followed by
further drop of voltage then after and this voltage drop can be
avoided by removing Hj S from the fuel [22]. H> S removal can be
done through hydro-desulfurization (HDS) process, and the opti-
mum temperature for HDS catalysis is between 350 and 400 °C
[24]. In this study, chemical detail of the process is not consid-
ered and the temperature of desulfurization process is assumed
to be 400°C. It is found in preliminary calculation that the
change of desulfurization temperature from 300 to 400 °C does
not affect the performance of the SOFC-MGT hybrid system
significantly.

Desulfurized fuel is fed into a pre-reformer after mixing
with the recirculated effluent of SOFC. It is partially reformed
there utilizing its own internal energy, enters into an indirect
internal reformer and then is supplied to the SOFC cell stack.
Air is elevated in pressure with a compressor driven by the
turbine, and then preheated in the air recuperator by the tur-
bine exhaust gas after heating the fuel. Air is further heated
in a heat exchanger mounted in the combustor before entering
into the SOFC. Air supplied into the SOFC electrochemically
reacts with the fuel supplied to the anode in the tubular SOFC.
SOFC module generates main portion of electricity. Effluent
from SOFC is burnt in the combustor and expanded in the tur-
bine to produce additional electricity and power to drive air
COMPpIESSOr.

2.3. Multi-stage model of SOFC module

Inside the cell stack of SOFC module, fuel flows in a lon-
gitudinal direction along the outer surface, i.e. the anode, of
each tubular cell. Air is supplied inside the tubular cell through
an air feeding tube located at the center of each tubular cell
and returns back in a longitudinal direction through the annulus
between the air-feed tube and the inner surface of each tubu-
lar cell, i.e. the cathode. The electrochemical reaction to occur
in the cell is interrelated to the heat generation, heat transfer
and mass transfer accompanied with ionic and electric current
generation. In this study, all these processes are treated with
the previously developed multi-stage model [14,15] with some
modification. With this model, whole module is first divided into
three zones of different function, pre-chamber, reformer and cell
stack with two separating walls, i.e. a reformer wall and a feed
plate. Reforming process of hydrocarbons partially occurs in the
pre-reformer before entering the module. Fuel is heated in the
pre-chamber and reforming process is almost completed in the
reformer with the heat supplied from the cell stack. Cell stack
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Fig. 2. Multiple segments along the longitudinal direction.

is further divided into three flow spaces, i.e. air flows inside the
feed tube and in the annulus inside the cell and fuel flow outside
the cell, and two solid phases, i.e. feed tube wall and the cell
itself. So totally results in nine regions, namely five flow spaces
and four solid parts. The whole region is then sliced into hori-
zontal layers, say N in number. Then, totally, whole module is
divided into 9N segments, as shown in Fig. 2. Chemical com-
position and temperature are computed in each segment based
on the governing equations for electrochemical and reforming
reactions, ionic and electric current and heat generation, heat
and mass transfer.

Methane in the fuel is reformed to hydrogen and carbon
monoxide through steam reforming processes through the fol-
lowing two chemical reactions:

fuel reforming : CHs4 +H>,O — CO + 3H» (1)

shift: CO + H,O < CO,+H, 2)

Shift reaction is fast enough to assume equilibrium and
reforming rate is calculated adopting the following model by
Achenbach [25]:

. —EcH
FcHy = kcHy PCH, €XP ( RT 4> 3)
Both of hydrogen and carbon monoxide thus generated
participate in the following overall reaction to proceed electro-
chemically in SOFC cell stack [26,27]:

hydrogen: H>+(1/2)0O, — HO0 “4)

carbon monoxide : CO + (1/2)0, — CO, 5)

Hydrogen and carbon monoxide are consumed at the rate reg-
ulated by electrochemical reactions and directly related to the
electricity generation rate. For example, at the air electrode or
anode, oxygen is reduced by the following reaction:

0, +2e — 20~ (6)

and at the fuel electrode or anode, oxygen ion conducted through
the electrolyte reacts with hydrogen and carbon monoxide

releasing the electrons via following reactions:
H> + 0>~ — H0 + 2e (7
CO + 0>~ = CO; +2e )

The released electrons return back to the cathode through exter-
nal circuit at the rate of current density or at the electricity
generation rate. Fuel utilization factor, Uy, is defined as the mole
ratio of the consumption rates of hydrogen and carbon monox-
ide to the supplying rates of methane, carbon monoxide and
hydrogen, namely:

ZH, + Z2co
f = A . .
(4nchy +1co + Hy)gypplied

®

As shown in Egs. (1) and (2), steam is a necessary participant
in the reforming processes. In fact, the steam-carbon ratio of fuel
to be supplied to anode must be an appropriate value to avoid the
carbon deposition to the cell. Steam is partially supplied included
in fuel in case of biomass fuel but added more by recirculating
the effluent from the anode of fuel cell. Recirculation ratio (RR)
is defined as the ratio between the recirculated mole flow rate
to the total mole flow rate of exhaust gas from the anode and it
is related to the steam-carbon ratio (SCR), which is defined as
the mole ratio of the steam to the carbon in the supplied fuel as
follows:

SCR(cH, + nico + iico, )supplied - (ﬁHZO)supplied

(n H,O )anodc channel exit

(10)
2.4. Lumped model for MGT system

Micro gas turbine to be discussed here is composed of four
major components, namely: air compressor, combustor, turbine
and recuperator. Air compressor and turbine in the MGT are
generally single-stage centrifugal and radial types, respectively,
and the lumped model is applied for them in this study. By
considering the energy balances in air compressor and turbine
with known inlet conditions, the exit conditions can be easily
computed with the functions of isentropic efficiencies. In the
present study, overall fuel air ratio is controlled to keep the tur-
bine inlet temperature (TIT) of the MGT at a fixed value in all
cases. Additional work to drive a fuel compressor Wy is treated
in this article separately from the gas turbine network or elec-
tricity generation Wyigr. Therefore, the total power of MGT
appearing in the discussions to follow is the sum of Wygr and
Wes.

The role of the combustor is to burn the unreacted fuel
remaining in the effluent from the anode of the SOFC, namely
remaining hydrogen, carbon monoxide and methane. The chem-
ical reactions to occur in the combustor are:

hydrogen : Hj;+(1/2)0O, - H,0 (1)
carbon monoxide : CO + (1/2)0O, - CO» (12)
methane : CHy4 +20, — CO;, +H,O (13)
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Burnt gas in the combustor is first used to heat up the air in
the recuperator mounted in the combustor and then supplied to
MGT at a temperature meeting the assumed value of TIT.

2.5. System performance

The maximum power to be produced by the electrochemi-
cal reaction in the fuel cell, Wrcmax, is equal to the change in
the Gibbs free energy, —(zn, + zco)Ag, occurring in the elec-
trochemical reaction at the molar consumption rates zy, and
zco, respectively for hydrogen and carbon monoxide. Their rela-
tionship can be converted to calculate the open-circuit voltage
(OCV), Vy, as follows:

WECmax = —(2H, + 2c0)A8 = 2(zH, + 2c0) FVoc (14)

where Fis the Faraday constant. Since the participating chemical
gas components are considered to be ideal, the change in the
Gibbs free energy per 1 mol of hydrogen can be expressed as:

—Ag=-Ag"+ RTIn (15)

PH,/ Po(po,/po)/?
PH,0/ Po

The change of Gibbs free energy per 1mol of carbon
monoxide should be equal to that of hydrogen [25] under the
equilibrium assumed for the shift reaction. This means that the
OCYV is the same both for hydrogen and carbon monoxide.

Defining the current density, j, as the transfer rate of ionic
charge per unit effective area of the fuel cell, the electric power
to be produced in the fuel cell can be expressed as:

Wrc = V¢ jAc (16)

The cell voltage, V., in operation differs from the open-circuit
voltage by total over-potential or the voltage losses to occur due
to the irreversible processes in the fuel cell, i.e.:

Ve=Voc — AVigss (17)

where A Vo is the sum of the activation, ohmic and concentra-
tion over-potentials. In the present study, only the activation and
ohmic losses, AV,ct and AV, are taken into consideration:

AVigss = AVact + AVohm (1 8)

The empirical equations by Achenbach [25] are adopted for
the activation polarization. The ohmic losses in the tubular SOFC
are considered not only for radial ionic current across the elec-
trolyte, but also for circumferential electric current through the
anode and cathode. Detailed empirical formulas of the over-
potential can be found in Refs. [17,25].

In the following, electricity generation efficiency will be pre-
sented separately for the SOFC module of the system and for the
SOFC-MGT hybrid system for the convenience of discussion.
They are defined, respectively, as follows:

Wrc
_ 19
NEC Ji LHV; (19)
Wec + Wamer — Wer
nsys = (20

me LHV¢

where LHV; is the lower heating value of fuel.

Table 2
Typical gas composition (dry basis) considered as fuel in this study

Composition (mol%) Pure methane Gasifying agent

Air-blown Oj;-blown H,O-blown
CHy 100 5 10 10
H; - 10 20 40
CO - 15 30 25
CO, - 15 35 20
N; - 55 5 5
LHV (kJkg™1) 50,019 3911 7843 12,624

3. Results and discussions

In the following, comparison will first be made among the
three cases of dry gasified biomass fuel with typical composi-
tions to be produced with different gasifying agents, i.e. steam,
oxygen and air. The fuel compositions are shown in Table 2 and
pure methane case is included as a reference for comparison, of
which results have been presented elsewhere [28].

Steam is included sometimes high in concentration in the
gasified biomass fuel [7] depending on the specific gasifica-
tion process to be adopted. For example, difference exists just
between dry biomass fuel and wet biomass fuel. In case of dry
biomass fuel, water is condensed after the purifier at an appropri-
ate temperature and then heated up to a pre-specified temperature
before entering into the fuel compressor in the system. In case
of wet biomass fuel, fuel is directly cooled down after the puri-
fier to the same pre-specified temperature without condensing
water. Therefore, steam content is higher in the latter case. Steam
concentration of the gasified biomass fuel depends certainly on
the kind of gasifying agent, on the type of the gasifier, and on
the type and moisture level of biomass resources as well. Thus,
concentration of water in the biomass fuel varies case by case.
Therefore, effects of the steam concentration in fuel will be dis-
cussed next in this article. To cover the wet biomass fuels, steam
is increased up to 40% in mole concentration.

Lastly, discussion will also be developed for the effects of
further modification of fuel composition. This is based on the
fact that chemical composition of biomass fuel is diversified as
already discussed with Table 1 even among the cases using the
same gasifying agent.

3.1. Performance of the SOFC-MGT hybrid system with
dry biomass fuel

The condition for the present performance analysis of a tubu-
lar SOFC-MGT hybrid system is given in Table 3. Most of
the data tabulated in Table 3 are based on the published data
[20-22]. Some of those values, including compressor and tur-
bine efficiencies, were assumed considering their current general
performance trends. As seen in Table 3, all of the net total power
to be produced, turbine inlet temperature and averaged current
density are fixed as constant. This gives simpler background for
the discussion of the effect of the different composition of the
gasified biomass fuel. However, one point to be noticed is that
the effective cell area is adjusted to keep the total power to be
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Table 3
Physical conditions for the performance analysis
System
Net total power (kW) 220
Ambient conditions 25°C, 1 atm
Fuel cell
Steam-carbon ratio 2.5
Fuel utilization factor 0.85
Average current density (A m~?) 3200
Fuel inlet temperature (°C) 150
Gas turbine
Pressure ratio 2.9
Turbine inlet temperature (°C) 840
Compressor adiabatic efficiency (%) 78
Turbine adiabatic efficiency (%) 82
Recuperator effectiveness (%) 89
Geometry of tubular SOFC
Cathode thickness (mm) 2
Electrolyte thickness (p.m) 40
Anode thickness (pm) 125
Interconnector thickness (um) 100

produced. In this relation, ratio of the power to be obtained,
respectively, with SOFC module and that with MGT is automat-
ically changed, as will be discussed later.

It is important to note that efficiency achieved for all the
three cases of different types of biomass fuel is reasonably high
and so that the biomass SOFC-MGT hybrid system is feasi-
ble. However, in all the three cases, efficiency is lower than the
counterpart of pure methane case, both for the SOFC and for
the hybrid system, as shown in Fig. 3 (at 0% H,O concentra-
tion). This is mainly due to the lower heating value of biomass
fuel and the effect of inactive species existing in biomass fuel
at a certain concentration (see Table 2). For the same reason,

among the three cases of different biomass fuel, efficiency is
found to be highest with steam-blown biomass fuel both for the
SOFC module and for the hybrid system, i.e. for example effi-
ciency is 38.0% for the SOFC module and 50.8% for the hybrid
system, respectively, in that case. With oxygen-blown fuel, the
efficiency is 35.9% and 48.9% for SOFC module and hybrid
system, respectively. The lowest efficiency is found in the case
of air-blown fuel, i.e. the efficiency of the SOFC module being
34.9% and the efficiency of the hybrid system 46.4%.

As has been listed in Table 3, the net total power or elec-
tricity generation and the averaged current density are fixed in
the computation. Therefore, the active cell area of the SOFC or
total electric current to be produced is automatically adjusted
in the calculation. For example, in the pure methane case, total
electric current is calculated to be 306.2 kA, as found in Fig. 4.
However, with air-blown biomass fuel, total electric current is
highest among all the studied cases, i.e. 331.0 kA. With oxygen-
blown fuel, the electric current is found to be 314.5 kA. With
steam-blown fuel, 304.1 kA is enough for electric current and it
is smallest among the three cases. These results indicate that the
necessary cell active area is largest for air-blown biomass fuel.
Namely, it is 103.4 m? for air-blown biomass fuel, 98.3 m” with
oxygen-blown fuel, and 95.0 m? with steam-blown fuel.

Highest total electric current found in air-blown fuel case
results in the largest power produced by SOFC module among
the three biomass fuel cases. It may be valuable, however, to
note that the produced power is still lower than that of pure
methane case. This is related to the low operating cell voltage.
As is found in Fig. 4, with air-blown biomass fuel, operating
cell voltage is 0.526 V, with oxygen- and steam-blown fuel the
cell voltages are 0.541 and 0.569V, respectively. The lowest
cell voltage basically comes from the lowest concentration of
H; and CO, the effective fuel, in the inlet of the cell or in the
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outlet of internal reformer, as shown in Fig. 5. It is concluded
that cell voltage tends to increase with an increase of H, and CO
concentration at the inlet of the cell.

In this study, fuel air ratio is automatically adjusted to keep
TIT constant at 840 °C. In all the gasified biomass fuel cases, the
heating value of fuel is lower compared to that of pure methane
as has been mentioned above. This indicates that SOFC power
generation tends to decrease unless the fuel flow rate is increased
and combustor outlet temperature tends to decrease unless the
fuel air ratio is increased. Therefore, larger fuel air ratio and
larger fuel flow rate must be introduced to keep both TIT and
net total power generation constant. This is confirmed in Fig. 6.

In air-blown biomass fuel case, higher flow rate of fuel means
the necessity of larger power to drive the fuel compressor, there-
fore to meet this, larger MGT power and SOFC power to be
generated. For example, with air-blown fuel, the power pro-
duced by the SOFC and the one by the MGT are 165.3 and
79.3 kW, respectively, as shown in Fig. 7. With oxygen-blown
fuel, SOFC power is 161.8kW and MGT power is 69.7 kW.
With steam-blown fuel, they are found to be 164.4 and 65.2 kW,
respectively.
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Itisinteresting to note that averaged cell temperature is a little
higher in the cases of the oxygen- and steam-blown biomass fuel
compared to the case of air-blown biomass fuel or even com-
pared to the pure methane case, as is shown in Fig. 8. Compared
to the pure methane case, necessary heat to support the steam
reforming process in the internal reformer is smaller in those
two cases because of smaller methane concentration in the fuel
even if fuel flow rate is larger. Reforming of methane is treated
in this study to proceed up to a certain degree in the pre-reformer
and concentration of methane is already low at the inlet to the
reformer, as is seen in Fig. 5. However, lower heat transfer rate
from the cell to the reformer wall to support milder reforming
process is countered by the larger flow rate of air, the cell coolant,
in the cases of the oxygen- and steam-blown biomass fuel, as
shown in Fig. 8. This results in only a little higher averaged cell
temperature in case of oxygen- and steam-blown biomass fuel.
This heat transfer trends are confirmed in Fig. 9.

As is found in Fig. 10, in all the three cases of biomass fuel,
gas temperature distribution in the internal reformer becomes
flatter than in the pure methane case. Similar tendency is found in
Fig. 11 for the reformer wall temperature and for the cell temper-
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Fig. 7. Changes of power produced by the SOFC module and by the MGT.
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Fig. 9. Changes of radiative and convective heat transfer rate in the SOFC module.

ature. This means temperature difference between the cell stack
and reformer is smaller. This is due to the fact that lower heat
transfer rate is enough to support endothermic reforming reac-
tion of methane of lower concentration in biomass fuel cases.

3.2. Effects of the steam content in wet biomass fuel
Now the effects of the steam concentration in the wet biomass

fuel are studied. Addition of steam to 50% in mole concentra-
tion has been found not to result in any significant change in the
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efficiency when it is mixed to pure methane [28]. However, this
is not the case where steam is added to biomass fuel. If steam
is added up to 40% in concentration in case of biomass fuel,
performance of the SOFC-MGT hybrid system can change sig-
nificantly as is seen in Fig. 3. For example, with wet air-blown
biomass fuel having 40% steam concentration, efficiency of the
SOFC decreases from 34.9 to 25.7% and efficiency of the hybrid
system from 46.4 to 37.0%. However, drop in efficiency is not
always so significant. In case of wet oxygen-blown fuel, effi-
ciency of the SOFC decreases from 35.9 to 34.2% and efficiency
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Fig. 10. Temperature distribution of fuel in the SOFC module.
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of the hybrid system decreases from 48.9 to 46.2%, respectively.
In case of wet steam-blown fuel, efficiency of the SOFC module
decreases from 38.0to 36.7% and efficiency of the hybrid system
from 50.8 to 48.8%. This reduction of the efficiency accompa-
nying the steam addition is caused by the decrease of heating
value of the fuel.

As discussed above, fuel flow rate and fuel air ratio should be
increased to keep both TIT and the net total power generation
constant to counter the lower value of fuel heating value caused
by an increase of steam concentration in the wet biomass fuel.
With wet air-blown biomass fuel, SOFC power decreases from
165.3 to 152.8kW but MGT power dramatically increases
from 79.3 to 118.3kW to supply the fuel compressor power
increased with an increase of steam mole concentration from
0 to 40% as is confirmed in Fig. 7. On the other hand, change
is not so dramatic in other two cases of the wet oxygen-blown
and wet steam-blown biomass fuels; namely in the former case,
an increase of the power of SOFC module is from 161.8 to
162.5 kW and the one of MGT is from 69.7 to 77.7 kW and in the
latter case, change of the SOFC module power and MGT power
from 164.4 to 165.8 kW and from 65.2 to 70.9 kW, respectively.

AsisseeninFig. 4, in case of wet air-blown biomass fuel, with
an addition of steam mole concentration up to 40%, a significant
increase of total electric current is required to keep the total
power and electric current density constant, i.e. the total electric
current is 414.9 kA and 129.7 m? is necessary for the cell active
area. With wet oxygen- and steam-blown fuel, the cell active
area is 103.9 and 99.0 m?, respectively. On the other hand, a
significant decrease of cell voltage is observed with wet biomass
fuel in the same figure. For example, with wet air-blown biomass
fuel, cell voltage is 0.388 V and with wet oxygen- and steam-
blown fuel, cell voltages are 0.515 and 0.551 V. This basically
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comes from the decreases of heating value and Gibbs free energy
of the fuel.

Increasing the steam concentration in the biomass fuel, reduc-
tion of the recirculation ratio is needed to keep the steam-carbon
ratio in the cell stack constant. This results in the decrease of the
gas temperature at the inlet of the internal reformer as shown in
Fig. 12. This is an important secondary effect of the effect of
steam concentration to be considered.

Methane concentration decreases in wet biomass fuel. How-
ever, increase of fuel flow rate and decrease of the gas
temperature at the inlet of the internal reformer result in an
increase of radiative heat transfer rate from the cell to the
reformer wall. These are confirmed in Fig. 9. Accompanying
these conditions, averaged cell temperature are found to decrease
in all wet biomass fuel cases as is confirmed in Fig. 8. In case
of wet air-blown biomass fuel, the largest decrease of averaged
cell temperature is observed; i.e. averaged cell temperature being
845.0°C. Averaged cell temperatures are found to be 904.5 and
917.1°C, respectively for the cases of wet oxygen- and steam-
blown fuels.

3.3. Effect of the species concentration

As is found in Table 1, three types of gasified biomass fuels
are different from each other in what species are rich in concen-
tration and in how large the variation range of each species is.
In this relation, it may be worth further to study the effects of
the difference in the fuel composition. Therefore, performance
analysis has been made for totally nine cases of different fuel
compositions, 1A-3A, 10-30 and 1S-3S, tabulated in Table 4.
Bold letter cases in the table are the cases of which results have
been discussed already in the previous sections. For air-blown
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Fig. 12. Changes of recirculation ratio and inlet gas temperature to the internal reformer.
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Table 4
Fuel composition of each gasifying agent
Composition (mol%) Air-blown case 0O,-blown case H,O-blown case
1A 2A 3A 10 20 30 1S 28 3S
CHy4 5 5 5 10 10 10 10 10 10
H; 10 10 10 20 20 20 30 40 50
co 10 15 20 20 30 40 35 25 15
CO, 10 15 20 45 35 25 20 20 20
N, 65 55 45 5 5 5 5 5 5
LHV (kIkg™1) 3493 3911 4306 6426 7843 9437 11,332 12,624 14,309
42 54
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Fig. 13. Changes of efficiency of SOFC module and of hybrid system for all cases.

biomass fuel, N, concentration is changed with compensation
by the change in CO and CO; concentration. For O;-blown
biomass fuel, CO concentration is changed compensating the
change in CO; concentration and for steam-blown biomass fuel
Hj concentration is changed accompanying the change in CO
concentration.

It is found in Fig. 13 that the change of compositions does
not significantly affect either SOFC efficiency or hybrid system
efficiency in the cases of air- and oxygen-blown biomass fuels
but that, in the case of steam-blown biomass fuel, both efficien-
cies are noticeably changed. Efficiency of SOFC and the one of
hybrid system, respectively increase from 37.0 to 39.0%, and
from 50.1 to 51.6% between case 1S and case 3S. This is due
to the increase of H, concentration replacing the CO concentra-
tion. CO is fuel but its heating value per unit mass is lower than
that of Hp.

Efficiency rise in the steam-blown biomass fuel cases 1S, 2S
and 3S resulting from the increase of heating value does not
need to accompany the increase of active cell area. Conforming
with this, both of total electric current and cell voltage weakly
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increase. This is confirmed by almost constant value of total
electric current among those three cases in Fig. 14.

However, total electric current or necessary cell active area
changes a little more noticeably in other two cases of air-
and oxygen-blown biomass fuels. For example, with air-blown
biomass fuel, total electric current decreases from 339.8 to
325.2 kA between case 1A and case 3A. With oxygen-blown
fuel, change of fuel composition from case 10 to case 30 results
in the decrease of total electric current from 325.4 to 306.4 kKA.

Change in total electric current results in the similar change
of the SOFC power as is seen in Fig. 15. This is because the cell
voltage does not change significantly with varying the compo-
sition of biomass fuel except for its little increase observed in
case of oxygen-blown fuel from 0.526 V in case 10 to 0.553 V
in case 30 as is found in Fig. 15. Small increase of cell voltage
in this case brings about less significant decrease of the SOFC
power different from the air-blown fuel case.

As has been discussed above, effects of the fuel composition
can be explained mostly with the change in heating value of fuel,
heat supplying rate needed in fuel reforming and concentration
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Fig. 14. Changes of total electric current and operating cell voltage for all cases.
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Fig. 18. Changes of recirculation ratio and gas temperature in inlet of internal reformer for all cases.

of non-participating species of fuel relating to fuel heat capacity
and fuel compressor power. However, sometimes, more careful
discussion is needed to discuss the detail of the results or to see
the consistency among all the results. For example, cell temper-
ature increases in case 3A than in case 1A although the flow rate
of air, the main coolant, increases. This is related to the change in
the recirculation ratio. In case 3A, carbon concentration in fuel
is higher than in case 1A so that recirculation ratio is increased

to keep the steam-carbon ratio constant. This brings higher fuel
temperature at the inlet to the fuel reformer which brings about
the higher cell temperature. These are confirmed in Figs. 16—18.

4. Conclusions

Analysis of electricity generation efficiency of the biomass
SOFC-MGT hybrid system has been studied for several cases of
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different fuel composition relevant to typical air-, oxygen- and
steam-blown biomass gasification processes:

(1) In all the studied cases of biomass fuel composition, effi-
ciency is lower than the reference case, both for the SOFC
and for the hybrid system. This is mainly due to lower heat-
ing value of biomass fuel and the effect of non-participating
species existing in biomass fuel. For this reason, efficiency
is found to be highest with steam-blown biomass fuel both
for the SOFC module and for the hybrid system. Lowest
efficiency is found in the case of air-blown biomass fuel.

(2) Mixing of steam to the biomass fuel up to 40% in mole con-
centration results in the decrease of the efficiency both of the
SOFC module and of the hybrid system significantly. The
lowest efficiency is also the case of wet air-blown biomass
fuel.

(3) An important point to be noted here is that a larger size of
hybrid system is needed to produce the same total electric-
ity generation with air-blown biomass fuel, since the lower
performance of the SOFC module leads to the necessity of
larger cell active area and to the increase in the MGT power.

(4) Further study has been made for the cases of larger variety
of fuel composition considering that various fuel compo-
sitions are obtained depending on the types of gasification
processes, on the kinds of biomass and on the location for
biomass plantation. Noticeable change of efficiency is found
both for the SOFC module and for the hybrid system with the
change of fuel composition in case of steam-blown biomass
fuel. On the other hand, change of fuel composition does
not affect both the efficiency of the SOFC module and of the
hybrid system noticeably in cases of air- or oxygen-blown
biomass fuel except for a little change in the necessary cell
active area.

(5) Effects of the fuel composition can be explained mostly
with the change in heating value of fuel, heat supplying
rate needed in fuel reforming and concentration of non-
participating species of fuel relating to fuel heat capacity
and fuel compressor power. However, to see the consistency
among all the results, other parameters like fuel air ratio, fuel
flow rate, air flow rate and recirculation ratio relating them
have to be paid attention.
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