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Abstract

A new concept for production of electricity from biomass or coal using molten carbonate fuel cells is proposed. It involves feeding fine coal
particles or biomass, for sustainable energy future, with steam into the anode compartment of the fuel cell in which the waste heat from the fuel
cell is used to produce synthesis gas which reacts electrochemically. This concept is illustrated using carbon nanoparticles as the fuel.

A computational fluid dynamics (CFD) model for the gasifier-fuel cell has been developed. Concentration, temperature and current density
profiles have been computed. The computations show that practical current densities can be achieved. However, for the new concept to work
well the carbon monoxide produced by the gasification should be allowed to react electrochemically. The computed temperature distributions for
adiabatic operation show an initial drop in temperature due to gasification, followed by a rise which will have to be balanced by staggering the

cells or by other means using the CFD design method.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

There is an urgent worldwide need to develop sustainable
energy sources and means of production of nonpolluting elec-
tricity. Biomass is one such source of energy. It has been known
for over a century than biomass particles, such as saw dust, can
be used a source of fuel in a high temperature fuel cell to pro-
duce electricity. Unfortunately a direct feed of particles into a
fuel cell gives very low current densities. Fig. 2.7-2 in Liebhaft-
sky and Cairns’s book [1] shows that fuel particles fed into a fuel
cell do produce appreciable current. But for practical applica-
tions the current density must be increased by almost two orders
of magnitude. This should be possible by feeding biomass or
coal nanoparticles with steam into a high temperature fuel cell
(Gidaspow’s Patent application [2]).

2. Biomass gasification integrated with fuel cell
literature

The use of carbon nanoparticles has recently been sug-
gested [3—6] for the development of a direct carbon fuel cell,
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C+ 0y < COg, to take advantage of the fact that in an ideal
situation all of the enthalpy of combustion of carbon can be
transferred into electrical work in the reversible cell. In this
innovative concept the carbon is dissolved in the molten car-
bonate electrolyte which is recirculated in the fuel cell and is
oxidized at the anode. Although the concept proposed here is
different, the idea of circulating the molten carbonate may be
used to remove impurities, such as ash and sulfur found in coal.
The solids produced will be removed using steam with a cyclic
operation to clean the electrodes. The sulfur and ash will then
removed by recirculating and filtering the electrolyte.

U.S. Patent 6,680,137 B2 [7] described a biomass gasification
and fuel cell system. The fuel gas from the gasifier is directed
to the anode of the fuel cell and at least a portion of the exhaust
gas from the anode is directed to the combustor. The idea of
gasification inside the fuel cell compartment is not described.
This important new idea proposed here eliminates the expensive
cryogenic air separation system in the Department of Energy
FutureGen System for producing hydrogen from coal and using
hydrogen in a fuel cell.

Donolo et al. [8] and Tomasi et al. [9] described the use of
biomass in molten carbonate fuel cells. The gases are produced
in separate gasifiers and reformers. Panopoulos et al. [10,11]
described the use of a heat pipe to transfer heat from the fuel
cell to the gasifier. Morita et al. [12] described electrochemical
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Nomenclature

Cq drag coefficient

Ci heat capacity of phase “k” Jkg~! K~1)

Gy heat capacity of gas (Jkg™! K~1)

C?: initial concentration of fixed carbon in the parti-
cles

dp particle diameter (m)

D; bulk gas diffusivity of gas species i (m?s~!)

De effective diffusivity of gas species i in the core
(m*s™")

D, effective diffusivity of gas species i in the shell
(m?s71

E(P;) reversible emf of fuel cell (V)

Ey Standard emf of fuel cell (V)

F Faraday constant (C kmol™1)

g gravitational acceleration (m s72)

g0 radial distribution function

Gy solid modulus (Pa)

h heat transfer coefficient (kg sTIK1m™)

Nk heat transfer coefficient (kg s3Kh

H enthalpy (Jkg™!)

I current density (A m~2)

K, gas phase heat transfer (kgms— K1)

Ky mass transfer coefficient of gas species i through
gas film surrounding a particle

K; rate constant (kmol (kmol C)~! atm=1 s~1)

K particulate phase heat transfer (kgms—> K~1)

m} mass production or consumption (kgm~3 s~ 1)

M; molecular weight of species i (kgk mol™!)

n number of electrons

Nu Nusselt number

P continuous phase pressure (atm)

Pr Prandt]l number

P; partial pressure (atm)

Py particulate phase pressure (atm)

P* equilibrium pressure (atm)

R gas constant (8.314kJ kmol~! K1)

Re Reynolds number

Resr effective cell resistance of a molten carbonate fuel
cell (ohm m?)

R; rate of reaction of reaction i (kmolm 3 s~1)

t time (s)

T temperature (°C)

%4 velocity (m s7h

Vi terminal cell potential (V)

Wc weight fraction of carbon

Y; weight fraction of species i

Xi mole fraction of species i

Greek letters

anode channel thickness

interphase transfer coefficient
stoichiometric coefficient of reaction i
volume fraction of phase “k”

effectiveness factor for the reaction in core

Oc void fraction of the particles in core
Os void fraction of the particles in shell
7 viscosity

0 density

oUC fraction radius of the unreacted core
bi Thiele modulus for reaction i
Subscripts

S solid phase

g gas phase

production of current in a molten carbonate fuel cell with oxida-
tion of hydrogen and carbon monoxide produced from biomass.
At IIT Chuck [13] using a molten carbonate cell manufactured
at IGT (Institute of Gas Technology), now GTI (Gas Technology
Institute), systematically measured the current density of oxida-
tion of carbon monoxide as a function of polarization from 10 to
70% inlet carbon monoxide concentration and temperatures of
750-875 °C. All the data were correlated by the relation current
density equals Nernst potential minus voltage divided by cell
resistance. The same model is used here.

3. Inherent efficiency of molten carbonate fuel cell
systems for electricity production

Production of electricity from coal, biomass or organic waste
according to the second law thermodynamics is best done using a
fuel cell. In a fuel cell the differences of chemical potential of the
fuel and air are forced to produce electric work [1]. In combus-
tion the fuel and air are mixed producing heat, a random form of
energy. Then this randomness is used to produce work using vari-
ous cycles. Hence, inherently such systems are less efficient than
those utilizing fuel cells. This is the advantage of gasification of
fuels over combustion, as in the FutureGen project [14]. Unfor-
tunately the present version of FutureGen involves gasification
with oxygen to enable sequestration of carbon dioxide.

The new concept proposed here eliminates the oxygen plant
and uses the waste heat from the fuel cell to supply the energy for
production of synthesis gas in the same unit eliminating entropic
losses due to heating and cooling. The molten carbonate fuel
cells require carbon dioxide in the cathode for the transfer of
carbonate ions [1]. Hence, they are the natural fuel cells to be
used with fuels containing carbon, such as natural gas, coal or
biomass. When the carbon dioxide is mixed with air in the cath-
ode compartment at high concentrations, it provides additional
electricity due to the differences in concentrations in the anode
and the cathode. The carbon dioxide can be transferred from the
anode to the cathode using a mass-exchanger in which the carbon
dioxide reacts with potassium carbonate contained in a porous
Teflon sheet [15]. The carbon dioxide is produced by the ther-
mal decomposition of the product, bicarbonate using waste heat.
Furthermore the carbon monoxide that will be present during the
reaction with any carbonaceous fuel is itself electrochemically
oxidized, and does not act as a poison [13].
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Fig. 1. The large random kinetic energy, Granular temperature, of nanoparticles
[18] compared to micron size particles [39—41].

4. New concept

The new concept is based on our recent discovery of the
unique flow properties of nanoparticles [16—18]. Nanoparticles
fluidize without formation of bubbles due to their Brownian
type interaction with air. Fig. 1 shows that their random kinetic
energy, called granular temperature, is very high at rather low
gas velocities. This random motion, of the order of 1 m? s =2 pro-
duces a mass flux equivalent to a current of 7 A cm~2. Hence,
mass transport of particles will not limit the performance of the
fuel cell. The rate of gasification of the nanoparticles will also
be very high due their small size.

Hence, the proposal is to feed carbon or biomass particles
with steam into a molten carbonate fuel cell operating at about
600-800 °C, as shown in Fig. 2. In the fuel compartment of the
fuel cell water will be split using biomass or carbon nanoparti-

Biomass
or
Carbon
nanoparticles

cles, with the additional energy supplied by the heat generated
by the fuel cell. The hydrogen generated will react electro-
chemically to produce current. Unreacted fuel will be burned to
maintain the high temperature and to provide the carbon dioxide
to the cathode of the molten carbonate fuel cell.

The fuel cell will be initially similar to the molten carbonate
fuel cell being commercialized by the Fuel Cell Energy Corpora-
tion, founded by the late Baker [19]. In these fuel cells, natural
gas, essentially methane is internally reformed with steam to
produce hydrogen which then reacts at current densities of over
100 mA cm~2 and an efficiency of about 50%. The concept has
been scaled up to 1.8 MW [20] and is near commercialization.
The novel idea proposed here is to use a storable fuel, carbon or
biomass nanoparticles. Such a fuel cell battery can be used to
power an automobile or a tractor without the need of an addi-
tional fuel. Nanoparticles will be stored in the fuel tank and
delivered to the fuel cell with steam or carbon dioxide.

Commercial carbon nanoparticles are available. Biomass
fuel, such as switch grass, has a high reactivity for reaction with
steam [21].

5. Computational fluid dynamics (CFD) model
5.1. Hydrodynamics model

The CFD model is a predictive hydrodynamics multi-phase
model developed to model fluidization [22,23] and nanoparticle
flow [17]. In view of the measured nanoparticle viscosity and
stresses we used the viscous model in Jiradilok et al. [17] to
predict the hydrodynamics of nanoparticles in a gasifier fuel
cell. The equations are the conservation of mass, momentum and
energy equations for each phase given in Gidaspow’s book as
model B. All equations are written in rectangular coordinates, as
summarized in Table 1 . These are 4(N + 1) nonlinear-coupled
partial differential equations for 4(N+ 1) dependent variables,
for 1 gas phase and N solids phases. The variables to be computed

Steam Unreacted fuel to
ANODE steam generator and
CURRENT COLLECTOR +combustor
MOLTEN SALT
ELECTROLYTE, 600 — 800°C Current

Burned anode gases _Jy CATHODE:
1 2 "
~0,+C0, +2e & COF > Heat Exchanger

Preheated air P

Fig. 2. Nanoparticle gasifier fuel cell. Anode reactions [34,33], gasification (for carbon feed), carbon steam reaction: C+H;O — CO+H; (endothermic
AH=32kcal gmol™ 1 ); water shift reaction: CO + H;O <> CO; + H; (exothermic AH = —9.8 kcal gmol_l ); electrochemical reaction: Hy + CO§7 — H,O+ CO;, +

2e (exothermic —AH=(E — V)I — (T AS/nF)I.
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Table 1
Mathematical model

Continuity equations

a .
g(pis,-) + V- (pigiv;) =m; (i = gas or solid)

Momentum equations

9(pgegvy)
S 1V - (pgegugvy) =
~VPI+V Ty — B(vg — vs) + peg
(s E¢ Vs
(Pssts) + V- (ps&svsvs) =
ot
N
= = &5

~VPT4V Tt Palo — )+ = | > e | 8

g

k=g,s

Energy equations

N

D (egpeHy) + V - (8gpgHavg) = (£ 40, - VP) + ) h(T; —

o \EgPg g gPgMglg a 4 k
Hyco K=l

Ty) + V- (KgegVTy) + eZRig AHiy +¢ Z AH; el cell

i i

d
&(SSPSHS) + V- (espsHsvs) = h(Tg —T5) + V- (K& VTy)

Constitutive equations
(1) Definitions: g + &5 = 1

(2) Gas pressure: Py = pyRT,
(3) Stress tensor (i = gas or solid)
— — 2 —_= | = 1
% = 2D + (O = S ) (DT with Dy = 2 [Vv; + (Vo]
(4) Empirical particulate phase viscosity and stress model
VP = G(eg)Ves with G(gg) = 107149268 +18:667 gy ¢y =2
us = 0.017¢}3 gy (Poise)
(5) Fluid-particulate interphase drag coefficients
for £ <0.8 (based on the Ergun equation)

2
& &
Szﬂf +175 Pgé€s
agdp ggdp
for & > 0.8 (based on the empirical correlation)

3
=2c
B 7€

B =150

|Ug*vs|

Pg€slvg — vl £—265

dp &
24 0.697 ¢,
where Cq = R—[l + O.lSReP' ] for Rep <1000 and Cq = 0.44
e
for Re, > 1000
(6) Enthalpy

Hg = Cp(Ty — T)

Hy = Cp (T, — T?)
where Tgo, TSO: the standard temperature, 25 °C, 298 K

(7) Heat transfer coefficients
(7.1) Gas-particle heat transfer coefficient, A

for e <0.8

Nuy = (2 + 1.1Re*S Pr!/3)S; (Re <200)
4Re 0.83

=0.123( — ) %17 (200 < Re < 2000)
= 0.61Re0ﬁ7ksk (Re >2000)

for£>0.8
Nug = (2 + 0.16R%7) S, (Re < 200)
= 8.2Re"0S; (200 < Re < 1000)
= 1.06Re"7S;. (Re > 1000)

9 0g Vg — Vg |di Pr Cpghte S 6
Ee Bk % = =& =
Tr— % Sk=ekgr

Nu = "k = S by [36]
g

where Re =

Table 1 (Continued )

(7.2) Gas heat transfer coefficient

. (T 1.786 s
Kg:8.64>< 10 (m) (gems™K™)

Ky =(1— ﬁ)Kg
(7.3) Particle heat transfer coefficient, K [23]

K AL
ng:(l—«/EH\/?sPRJr(l—@%}
g 3
with =2 =
A
2 B/R(R—1) B B-1 B+1
xh—-—————-———1], R=
1—B/R \ (1- B/R)? R 1—B/R 2
K q 10/9
— &
—L . B=125 £ , 9=726x1073
K(g) Eg

are the pressure P, the solids volume fractions ¢ (k=1,...,N),
the gas velocity components U, and V, and the solids velocity
components Uy and Vi (k=1, ..., N) in the —x and —y direction,
respectively, and the temperature Ty and Ty (k=1, ..., N) of gas
and solids phases, respectively. The numerical scheme used in
the II'T code is the Implicit Continuous Eulerian (ICE) approach.
The model uses donor cell differencing. The conservation of
momentum and energy equations are in mixed implicit form. The
continuity equations excluding mass generation are in implicit
form. In this study there is one solids phase.

The solid viscosity and solids modulus are input data into
the viscous model. The solid viscosity increases with increasing
solid concentration, which was estimated as a function of radial
distribution function [17]:

ps = 0.0017¢3 gy (Pas) 1)

The above expression for the solids viscosity is based on the
experimental data. The radial distribution function at contact,
g0, is calculated as follows:

-1

1/3
go=[1-(-2 )
Es, max

where the maximum solids packing, &s max Was estimated from
the solid compression in the IIT fluidized bed and simulation
data which was 0.08.

The correlation for particulate viscosity given by Eq. (1) is a
semi-empirical equation based on kinetic theory. The viscosity
increases to the one-third power due to isentropic compression
[24]. The radial distribution function is based on Bagnold’s equa-
tion. It is similar to the viscosity of a concentrated suspension
of Frankel and Acrivos [25].

The solid stress modulus of nano-size particle for 10 nm Tul-
lanox was estimated by Jung and Gidaspow [26]. They measured
the solid volume fraction as a function of bed height using a y-ray
densitometer in a settling experiment giving the solid pressure
as a function of the solids volume fraction. Hence, the deriva-
tive of solid pressure equals the solid stress modulus. The solid
modulus is expressed as a function of the gas volume fraction.
An exponential form is used.

G(Eg) — 10—14.9268g+18.667 (dyn Cm—Z) (3)
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The gas and solids phase energy equations are written in their
enthalpy form. The viscous dissipation of two phases and the
slip work between phases were assumed to be not important
and were not included in the energy equation. There are two
important heat sources, endothermic heat from gasification reac-
tions and exothermic heat from fuel cell. Therefore, in the fuel
compartment of the fuel cell water will be split using carbon
nanoparticles, with the additional energy supplied by the heat
generated by the fuel cell. The hydrogen and carbon monoxide
generated will react electrochemically to produce current.

5.2. Gasification

5.2.1. Description of gasifier

The gasification reactions are similar to those for a moving-
bed coal gasification reactor of Yoon et al. [27]. The dominant
processes of the gasification are heterogeneous reactions
between carbon and components of the gas phase.

The gasification reactions consist of three reactions as fol-
lows:

Reactionl: C 4+ CO, — 2CO
Reaction2: C + 2H; — CHy4
Reaction3: C + H,O — CO + H»

In addition to the three heterogeneous reactions, the water
gas shift reaction occurs in the gas phase catalyzed by carbon
particles.

Water shiftreaction : CO 4+ H,O < CO;+H;

Skinner and Smoot [28] have reviewed the literature of the reac-
tions of char and carbon.

5.2.2. Model

For the gasification the conservation of species equations are
added into the code to describe gasification reactions. The left-
hand side terms of the continuity equations for solids and gas
phase do not equal to O due to mass changing with reactions.
They are summarized as follows:

e Continuity equation for solid phase:

a
7, (PsEs) V- (psesVs) = Mc(=Ri — Ry — Rs) “

e Continuity equation for gas phase:

g(/’ggg) TV (pgeeVe)
= Ri(—=Mco, + 2Mco) + Ra(—2Mu, + Mcn,)
+R3(Mco + My, — Mu,0)
+R4(Mco, — Mco + Mu, + Mwu,0) Q)

e The conservation of species balance in solid phase:

component balance for C:

a
E(ps&Wc) + V- (psesWeVs) = Mc(—=R1 — R2 — R3)

(6)
e The conservation of species balance in gas phase:
component balance for CO; :
d
5(0g8gYC02) + V- (pgee¥c0o,Ve) = Mco,(—R1 + R4)
(N

component balance for CO :

d
g(pgf?cho) + V- (pgeg¥coVe) = Mco(2R1 + R3 — Ry)
3

component balance for Hj :

0
&(pgngHz) + V- (pgee¥n, Ve) = Mu,(—2R2 + R3 + R4)
)

component balance for CHy :

d

&(nggYCHH + V- (pgeg¥cu, V) = Mcu, Ro (10)
component balance for HyO :

d
&(pgSgYHZO) + V- (PgSgYHzOVg) = Mu,0(—=R3 + R4)
(11)

where Y; is the weight fraction of species i in gas phase and
W is the weight fraction of carbon.

5.2.3. Kinetic study
5.2.3.1. Heterogeneous reaction model. The shrinking core
model used to calculate the rate of the heterogeneous reaction
is given by:

_ (P — Pf)

 (dp/6Kyp.i) + (d2(1 — puc)RT/12puc Du.i) + (1/1ipyc KriCQ)

Similar to that given by Yoon et al. [27] there are three main
resistances in this model, mass transfer, diffusion and reaction
effects. In the system of flow of nanoparticles, the first two
effects, mass transfer and diffusion are small due to the small
particle diameter. The reaction part in the shrinking core model
plays the important role.

The effectiveness factor for the reaction in the core, 5;, is
defined by:

12)

i

1 1 3
”“@(tanh@@») 3¢>i> (3

The Thiele modulus for reaction i is defined by:

d K. ;iC2
b = pPucC rniCc (14)
6 ViDe,i/RT
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The effective diffusivities in the outer shell and also in the core
of the particles are estimated by Walker et al. [29] as follows:

Shell : Dyi; = Di63 (15)
Core: De; = Di6% (16)

The Gasification reactions consist of three heterogeneous reac-
tions as follows:

Reaction 1: C+ CO,; — 2CO
(AHR {208k = 40.273 keal gmol ') a17)
45, 000
K:co, =930exp (— RTs )
(gmol (gmol C) ' atm ™' s71) (18)
P2 40, 300
Keq = =59 =1.222 x 10”7 exp (— ) (19)
0, RTs
Peo

€027 1222 x 10% exp (=40, 300/ RTs) 0)
The rate constant, K, co,, is for Pittsburgh 8 coal [30]. Skinner
and Smoot [28], Table 2 gives the Arrhenius constants for reac-
tion 1 for charcoal, coke etc. The equilibrium constant, Keg, is

the one given in Yoon et al. [27].

Reaction 2: C+2H, — CHy

(AHQ 5|03k = —21.849 keal gmol ™) (1)
Ken, = 836 x 10~ exp [ -89

r,Hy = O. P RTS
(gmol (gmol O latm's7h) (22)
Table 2

System geometry, all properties the gas and the solid and operating conditions

Fluidized bed dimension

Height 30.00 cm
Width 10.85cm
Number of cell x cell size in x direction 31 x0.35cm
Number of cell x cell size in y direction 20 x 1.5cm
Fluid properties
Initially the bed was filled with the Np
Steam, H, O was fed into the bed.
Solid properties
Initially the bed was filled with the carbon nanoparticles
Agglomerate particle diameter 204 pm
Agglomerate particle density 440kgm™3
Initial solid volume fraction for agglomerate particles 0.44
Operating conditions
Pressure 1 atm
Temperatures 750°C
Inlet velocity of steam, HyO 3.20cms™!
Initial bed height 4.50cm

Initial weight fraction of C particles 0.95
Time interval, At 10735

P 21848.52
Keq = CH42 =15x107% exp <) (23)
(P,) RTs
Py = Fen, 24)
H 1.5 x 107 exp (21848.52/RT)

Therate constant, Ky, ,is givenin Yoonetal. [27]. However, the
activation energy used is much lower. Hence, there is essentially
no methane production.

Reaction 3: C+ H,O — CO+ Hp

(AHR 5108k = 32.432keal gmol ') (25)

45, 000
K:co, =930exp (— >

RTs
(gmol (gmol C) ' atm ™' s71) (26)

Py, P 16326.1
= 20 = exp (17.2931 - ) 27)
(PH20) Ts
P = P, Peo (28)
H20 exp (17.2931 — 16326.1/Ts)

The numerical values are for Pittsburgh 8 coal. They are similar
to those of Yoon et al. [27]. Skinner and Smoot [28] give the
Arrhenius constants for graphite, charcoal and coke.

Water shift reaction [27]:

CO + H,0 < CO; + Hy
(AHY 4198k = —9.838 keal gmol ™) (29)

—8421.3
R4 = 0.775exp () pO->—F/250
Tc
Xco,Xn
X (XCOXHZO - 22) (I = We)pces
Kye
(gmol em s 30)

€19}

7860
Kwg = 0.0265 exp ( >

RTg

Wen [31] reviewed the details of the shift reaction.
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5.3. Gasifier fuel cell

5.3.1. Description of gasifier fuel cell

A complete derivation of the basic model equation ;=
(E(P;) — VE)/Res to obtain the current density is given in Dharia
[32], in Gidaspow’s report [33,34] and his book [35].

The fuel cells produce electricity by the electrochemical oxi-
dation of hydrogen and carbon monoxide. The half-cell reactions
are:

e Hydrogen system:

Anode H,+00; < H,0+C0,+2&
Cathode 1/20, +2e” +CO, < CO"
Overall H,+1/20, & H,0

e Carbon monoxide system:

Anode CO+CO;” ¢>2CO, +2¢”
Cathode CQ +1/20,+2e” «&>COF
Overall CO+1/20, « CO,

5.3.2. Model

For the hydrogen-carbon monoxide gasifier fuel cell the con-
servation of species equations of hydrogen and carbon monoxide
are added into the gasification code to describe electrochemical
reactions. The left-hand side term of the continuity equation for
gas phase does not equal to 0 due to mass changing with gasi-
fication and electrochemical reactions. They are summarized as
follows:

e Continuity equation for gas phase:

d
a*t(/oggg) + V- (pgegVy)
= Ri(—=Mco, + 2Mco) + R2(—2My, + Mcn,)

+R3(Mco + My, — Myu,0) + R4(Mco, — Mco

1

1
+My, + Mu,0) — ——Mu, — ——Mco (32)

nka

e The conservation of species balance in gas phase:

component balance for Hj :

d

&(pgSgYHz) +V. (PgSgYHz Vg)

1
= Mu,(—2Ry + R3 + R4) — —— My, (33)
nlo

component balance for CO :

a

&(pg'?gYCO) +V. (pgggYCOVg)

1
= Mco(2R1 + R3 — R4) — ——Mco (34)
nFo

The reversible emf of fuel cell, E(Py,) and E(Pco) are
obtained from the Nernst equation, calculated as a function of

concentration of hydrogen and carbon monoxide as follows:

1/2
RT PH2 PO
E(Py,) = Eo 4+ —In —2-% (v 35)
H» 0 F P]-[zo

1/2
RT . PcoP,
E(Pco) = Eg+ —In ——22

°F Peo, V) (36)

Rate consumption of hydrogen and carbon monoxide in a fuel
cell is I;/n; Foo (mol em~3s71), where I; is the current density
(Acm™2), n;: 2 (number of electron produced per Hy mole); 2
(number of electron produced per CO mole), F: 96,500 C mol~!,
o: 2 mm, thickness of anode channel.

5.4. Initial condition and boundary condition

To solve the equations listed in Table 1, appropriate initial
and boundary conditions are needed. The initial conditions can
be specified according to the computed system. In this study, we
simulated the gasifier fuel cells in a batch mode. At the inlet, the
gas velocity, the gas compositions, gas temperature and pres-
sure were prescribed. In the reactor, the carbon nanoparticles
were contained at minimum fluidizing velocity. Therefore, the
volume fractions, velocities, compositions, temperatures of gas
and solids phases and pressure were prescribed. The simulations
were carried out for a two-dimensional fluidized bed. The sys-
tem geometry, all properties the gas and the solid and operating
conditions are summarized in Table 2.

5.4.1. Initial conditions for gasifier fuel cell

In the simulations, only the anode is simulated. The con-
centration of oxygen, Po,, is assumed to be constant. The gases
produced from the fuel cell, carbon dioxide and steam, Pco,and
Py,0, are also assumed to be constant with no feedback to
gasification. The mole fractions of oxygen, carbon dioxide
and steam are 0.21, 0.01 and 0.01, respectively. The standard
emf of a fuel cell is Eg=1.2605 — 0.00025T. The terminal cell
potential, Vi, was varied to be 0.8 and 0.6 V. The effective cell
resistance for a molten carbonate fuel cell, Reff, estimated from
the slope of cell potential and current density is 1.987 ohm cm?
[32]. Chuck [13] had shown that the polarization of the carbon
monoxide fuel cell at 875 °C is the same as that of the hydrogen
fuel cell at 800 °C. Hence here we used the same resistance for
the carbon monoxide fuel cell.

5.4.2. Boundary conditions

At an impenetrable solid wall the gas velocities in two direc-
tions are generally set to be zero. The no-slip condition was
applied for solids phase. At the outlet, the mass flux is assumed
to be continuous.

6. CFD simulations

During the energy crisis in 1970s, the design of gasifiers and
fluidized bed combustors could not be done from first principles
due to a lack of understanding of gas-particle flow. With funding
from National Science Foundation and Department of Energy
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in 1980s and 1990s and the development of fast computers it
became possible to solve the coupled Navier—Stokes equations
using the computational fluid dynamics (CFD) approach.

An example of the acceptance of CFD in the fluidization
community is the plenary lecture by Kuippers et al. [36] at Flu-
idization IX. Two plenary lectures in the Flour—Daniel AIChE
lecture series have summarized the progress made in the last
decade. Jackson’s [37] 1994 lecture discussed the equations of
motion and hydrodynamic instability, while Arastoopour’s [38]
1999 lecture emphasized their numerical solution. Commer-
cial codes, such as Fluent, allow the solution of transient multi
dimensional problems. Gidaspow [35] had reviewed the theory.

Table 1 summarizes the conservations of mass, momentum
and energy equations for the gases and the particles. The con-
servations of species equations are shown in the gasification
and gasifier fuel cell sections. The gasification reactions are
similar to those for a moving-bed coal gasification reactor of
Yoon et al. [27]. The molten carbonate fuel cell model is based
on the research at The Institute of Gas Technology and Fuel
Cell Energy Corporation as reviewed by Gidaspow [34]. In the
present simulations the gasification kinetics were limited by the
rates of chemical reactions determined for large coal particles.
For nanoparticles we expect the rates of reactions to be much
higher due to their large surface area.

Figs. 3-7 show our simulations for a fuel cell reactor at
isothermal conditions, 30.0 cm x 10.9 cm, initially filled with
close to pure carbon up to the height of 4.5 cm fluidized with
nitrogen. Fig. 3a shows the carbon distribution after 20 s of reac-
tions. Fig. 3b and ¢ shows the hydrogen concentration and the
current density, respectively. In this simulation the inlet steam
velocity was low, 3.2 cm s~ ! and the bed was only partially filled

407
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Fig. 4. Gasification axial profiles with no current production, 1023 K,3.2ms™!
steam.

with carbon. Hence, the reaction and current generation were all
at the bottom of the reactor. The current density in Fig. 3c is
with no carbon monoxide reaction. In a later section, it is shown
that the current density is higher when carbon monoxide reacted
electrochemically.

Fig. 4 shows gasification with and without the shift reac-
tion. With the water shift reaction the hydrogen concentration
increases from 40 to 50%. Similar to the Lurgi gasifier [27] there
is appreciable carbon monoxide formation.

Fig. 5 shows the compositions in the gasifier fuel cell fed
with a low steam velocity, 3.2 cms~! and a high steam velocity,
32cms~!. At the low velocity no hydrogen leaves the reactor.
The product is almost all carbon monoxide. At the high veloc-
ity, about 40% hydrogen and 50% carbon monoxide leave the

(a) Solid Volume Fraction
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Fig. 3. Computed (a) solid volume fraction of carbon, (b) weight fraction of hydrogen and (c) current density at 0.8 V with no electrochemical reaction of carbon

monoxide, 1023 K.
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Fig.5. Concentration axial profiles of a gasifier fuel cell, with no electrochemical
reaction of carbon monoxide, at high and low steam velocities, 1023 K, 0.8 V.
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Fig. 6. Current density axial profiles of gasifier hydrogen and carbon monoxide
fuel cells, operating at high and low steam velocities, 1023 K, 0.8 V.

cell. In the first study, we assumed that carbon monoxide does
not contribute to the formation of current. In the molten carbon-
ate fuel cell it was shown by Chuck [13] that carbon monoxide
can be oxidized electrochemically to produce reasonable cur-
rent densities. Morita et al. [12] computed the electrochemical
work output from the molten carbonate fuel cell by considering
both the electrochemical oxidization of hydrogen and carbon
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§ 0.96 e Gasifier with fuel cell 0.6V
(=] [ e
8 -
= 0947
] [
&
= 0924
= :
= [
094 —
088 L . . . .
0 3 6 9 12 15

Time, sec

Fig. 7. Carbon conversion in a batch mode as a function of operating time, at
1023K, 3.2cms™! steam.

BT ———( RXN (Endothermic) 0.8V
———Q FUEL CELL (Exothermic) 0.8V
12
------- Q RXN_ 06V
gf R s Q FUEL CELL 0.6V
5 L
T OOTN
31 y T —— .
0 = + + - +— +
Q 0.5 1 1.5 2 25

Heat, J/cm3.s

Fig. 8. Heat generation in the fuel cell with hydrogen oxidation only and gasi-
fication at 0.8 and 0.6V, 3.2ms™!.

monoxide. Hence, in the next modeling study we included the
production of current due to the electrochemical oxidation of
carbon monoxide.

Fig. 6 shows the current densities for the low and high steam
velocities with an electrochemical production of current by
hydrogen and carbon monxide. At the high steam velocity the
current density is uniform, except at the inlet. The current den-
sity with electrochemical carbon monoxide reaction is double
that with hydrogen oxidation only.

Fig. 7 shows the weight fraction of carbon conversion as a
function of operating time in the gasifier only and the gasifier
fuel cell operating at 0.8 and 0.6 V. Gasification speeds up with
afuel cell due to the shift in equilibrium. We plan to simulate the
gasifier fuel cells in a batch and continuous carbon feed modes
and find optimum operating conditions.

Figs. 811 show the operation of gasifier fuel cells at
adiabatic conditions. The initial temperature was 1023 K.
Figs. 8 and 9 show that we have to supply heat at the inlet of the
gasifier fuel cell and remove it in the second part of the reactor.
The corresponding temperature profiles in Fig. 10 shows a drop
in the temperature near the inlet followed by a rise. The drop in
temperature in the upper portion of the system is due to the tran-
sient operation at the low steam velocity. There is no reaction in

15 ————— —— Q_RXN (Endothermic)_0.8V —
- —— Q_FUEL CELL _CO (Exothermic)
Q_FUEL CELL _H2 (Exothermic)

Height, cm

=2
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Heat, J/em® s

Fig. 9. Heat generation in the hydrogen—carbon monoxide gasifier fuel cell at
0.8V,3.2ms™ .
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Fig. 11. Concentration axial profiles of a hydrogen—carbon monoxide gasifier
fuel cell, at 0.8V, 3.2ms~! at adiabatic conditions.

the top part. An optimum steam velocity needs to be determined.
We also plan to add the cathode stream and the boiler to produce
steam.

Fig. 11 shows the concentration profiles at adiabatic condi-
tions for the gasifier carbon monoxide—hydrogen fuel cell. The
computed temperature distributions for adiabatic operation show
an initial drop in temperature due to gasification, followed by a
rise which will have to be balanced by staggering the cells or by
other means using the CFD design method. Unlike at isothermal
conditions shown in Fig. 5, here the carbon monoxide decreased
to zero at the outlet. Hence, here we have a complete conversion
of hydrogen and carbon monoxide.

7. Conclusions

(1) Traditionally [31] coal gasification processes were opti-
mized using measured rates of gasification reactions and
macroscopic type balances of species and energy, such as
now found in commercial codes like ASPEN. The devel-
opment of multiphase flow theory [35] and fast computers
now permits the detailed design of such reactors using com-
putational fluid dynamics. This study provides an example

of such an approach using a nanoparticle size CFD model
of Jiradilok et al. [17].

(2) Integration of gasification and molten carbonate fuel cells
has been previously suggested in the literature. Here, we
show using CFD calculations that gasification and electric-
ity production can be done in the same unit, similarly to
the production of electricity from natural gas with internal
reforming using the molten carbonate fuel cell.

(3) Fig. 11 shows that carbon monoxide will react completely in
the fuel cell with electrochemical reaction. With no reaction,
Fig. 5 shows that it will leave the fuel cell gasifier partially
unreacted. Hence, to take full advantage of the new concept,
carbon monoxide will have to react electrochemically in the
fuel cell gasifier.
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