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Abstract

Internal reforming is an attractive option offering a significant cost reduction, higher efficiencies and faster load response of a solid oxide

fuel cell (SOFC) power plant. However, complete internal reforming may lead to several problems which can be avoided with partial pre-

reforming of natural gas. In order to achieve high total plant efficiency associated with low energy consumption and low investment costs, a

process concept has been developed based on all the components of the SOFC system. In the case of anode gas recycling an internal steam

circuit exists. This has the advantage that there is no need for an external steam generator and the steam concentration in the anode gas is

reduced. However, anode gas recycling has to be proven by experiments in a pre-reformer and for internal reforming. The addition of carbon

dioxide clearly shows a decrease in catalyst activity, while for temperatures higher than 1000 K hydrogen leads to an increase of the measured

methane conversion rates. # 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Fuel cells have the potential to become one of the most

important energy conversion tools for the next century.

Fuel cell technology shows advantages concerning fuel

efficiency, emissions, maintenance and noise pollution.

Fuel cell systems including peripherical components like fuel

processors, heat exchangers and blowers, are under devel-

opment for mobile, stationary and portable applications. For

stationary applications, i.e. for power plants (300 MWel) [1]

or as combined heat and power generation [2] the solid oxide

fuel cell (SOFC) is generally preferred. With respect to

the production of heat and electricity in residential heating

by fuel cell systems, more low-temperature (PEFC: polymer

electrolyte fuel cell) than high-temperature fuel cells

(SOFC, [3,4]) are under development. Also, it is being

examined if the SOFC can be used in future as an auxiliary

power unit (APU) in mobile applications [5] and for portable

systems [6]. Some developers have recently announced

preparations for pilot cell manufacturing [7,8]. SOFCs

operate at temperatures between 973 and 1273 K using

hydrogen-containing gas mixtures as the fuel, and oxygen

in the air as the oxidant. At Forschungszentrum Jülich

(FZJ) an anode-supported planar substrate concept has been

developed [9] consisting of thin electrolyte films (10 mm)

deposited on thick substrates (1.5–2 mm). The thin electro-

lyte allows operating temperatures between 973 and 1073 K

and, thus the use of cheaper materials for the stack and the

peripherical components compared to conventional systems

with temperatures between 1223 and 1273 K. New devel-

opments in SOFC technology can be found in the literature

[10–14].

The most interesting fuel for SOFC systems is natural gas

consisting mainly of methane, i.e. 80–95% CH4. The H2/

CO-rich gas used in the SOFC can be produced by heated

steam reforming (HSR) [15–17] or by partial oxidation

(POX) [18–20]. The POX process has advantages concern-

ing start-up, load changes and the simpler set-up of the

reformer. On the other hand, lower system efficiency and the

low H2 content in the reformat are drawbacks in comparison

to steam reforming. Therefore, it is useful to apply the POX

process in small systems like portables [6] and the steam

reforming process in systems where high efficiencies are

required.

The reforming process has to be adapted to the energy

balance as part of the SOFC system. The FZJ concept is

foreseen to perform the reforming process by two steps in

different components, i.e. in a pre-reformer and within the

anode chamber of the SOFC stack (internal reforming) [17].

The endothermic steam reforming of methane in the anode

chamber is favourably applied to provide additional cooling

of the cell and to reduce the expense of a pre-reformer.

Because of higher hydrocarbons in natural gas, i.e. 5.5

(vol.%) C2H6, 1.3% C3H8, 0.5% C4H10, 0.1% C5H12, etc.
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(rest: 88.3% methane, 3.0% nitrogen, 1.3% carbon dioxide),

and several problems related to complete internal reforming

a small pre-reformer for higher hydrocarbons has to be

provided in future SOFC-plant concept development. More

detailed information about the pre-reforming of natural gas

is given by Peters et al. [21].

2. Internal steam reforming

Internal steam reforming has been discussed in the

literature for providing additional cooling of the SOFC

thereby reducing the amount of air passing to the cathode

side of the fuel cell [16,17,22]. Generally, in a SOFC stack

the temperature distribution resulting from the current

density distribution, the gas flow distribution and the heat

transfer has to be homogeneous both within the cell plane

as well as perpendicular to the cell plane. Large tempera-

ture gradients in either direction can cause damage to one

or more of the components or interfaces due to thermal

stresses. The experiments on internal methane steam

reforming have shown that the strong activity of the nickel

anode results in a marked temperature reduction directly in

the reaction zone. Since the associated temperature dis-

tribution cannot be tolerated in the SOFC stack, the reform-

ing activity must be reduced by way of suitable measures.

Several measures have been examined by experiments to

optimise the catalyst activity and the flatness of the result-

ing temperature profile [23]. The SOFC-stack performance

concerning temperatures, current densities, reaction zones

and mechanical stresses on a local scale must be calculated

by suitable models [24]. Kinetic models for the internal

steam reforming of methane over nickel/zirconia were

evaluated by different groups and can be found in the

literature [25–28]. Several aspects of methane steam

reforming over new materials like Ni on CGO were dis-

cussed in the literature [29–32].

In order to achieve a high total plant efficiency associated

with low energy consumption and low investment costs,

a process concept has been developed based on all the

components of the SOFC system. One main target of further

process development is to reduce the large amount of air

supplied to the fuel cell stacks, which is necessary to remove

the electrical waste heat. Plant optimisation requires a tool

which takes the characteristic behaviour of the stack, its

peripherical components and their interaction into account.

The balance of plant calculations was performed by

Riensche et al. [33,34] and Unverzagt [35] with a commer-

cial flow sheet simulator (PRO/II, SimSci) for a decentra-

lised natural-gas-fuelled SOFC power plant with 200 kWel

capacity. Starting from a basic plant concept with a simple

flow sheet and a basic set of SOFC operation parameters,

flow sheet and parameter variations were performed. One of

the proposed flow sheets includes an anode gas recycling

loop guiding part of the residual anode gas back in front of

the pre-reformer. Besides some advantages concerning the

recovering of waste heat and the operation parameters of the

fuel cell, no external steam need to be produced. The amount

of recycled anode gas is balanced in such a manner that

steam for steam reforming is totally recovered from the

SOFC. The flow sheet with anode gas recycling is discussed

in more detail in [21]. Typically, the pre-reformer inlet gas

changes from 28.6 (vol.%) natural gas and 71.4% steam

(molar ratio M ¼ 2:5) without anode gas recycling to a

mixture consisting of about 17% natural gas, 43% steam,

20% carbon dioxide, 7% carbon monoxide and 13% hydro-

gen (see [21], p. 434, Table 1, mixture D). The experiments

showed that especially the addition of carbon dioxide leads

to a strong decrease in catalytic activity of the applied pre-

reforming catalyst. In this paper, the influence of anode gas

recycling on the performance of SOFC internal methane

steam reforming was examined in more detail.

3. Experimental

The steam reforming experiments were performed in an

apparatus consisting of a gas supply section, an electric

furnace and a gas analysis system based on gas chromato-

graphy (Hewlett–Packard, HP 5890 Series II) and in parallel

on infrared spectroscopy (Fisher–Rosemount, NGA 2000).

In the electric furnace the reaction temperature can be

adjusted up to 1273 K. The reaction takes place on 1.5 mm

thick anode samples with a surface area of 30 mm � 10 mm.

The anode cermets were located on a semicylinderical carrier.

This construction is placed in a ceramic tube with an inner

diameter of 12 mm and a length of about 1 m. Fig. 1 shows a

Table 1

Different inlet concentrations of gas mixtures given as partial pressures at

psystem ¼ 150 kPa

Mixture pCH4

(kPa)

pH2O

(kPa)

pH2

(kPa)

pCO2

(kPa)

pCO

(kPa)

pN2

(kPa)

CH4–H2O 37.5 112.5 – – – –

Mix A 18.8 56.2 – – – 75

Mix B 21.2 50.6 32.6 40.1 5.6 –

Mix C 16.2 47.6 42.8 31.5 12.0 –

Fig. 1. Experimental set-up for testing the catalytic activity of anode

cermets. Test conditions: area velocity: 20–100 m3
N;CH4

/(m2 h); velocity:

0.3–2 m/s; molar ratio: 3–7 mol H2O/mol CH4; pressure: 150 kPa; furnace

temperature: 773–1273 K.
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schematic of the experimental set-up. Along the tube five

thermocouples are installed at equal distances. The tempera-

ture decrease along the cermet caused by the endothermic

steam reforming reaction is detected with three thermocou-

ples located inside the sample carrier. For the evaluation, the

mean value of the three thermocouples was taken into

account resulting in the so-called cermet temperature. The

experimental set-up is discussed in more detail in [26,36].

The anode cermet consists of Ni-8YSZ (8 mol.% Y2O3-

stabilized ZrO2) substrate with a standard composition of

50% (mass) Ni. They were manufactured by a coat mix

process starting with a powder mixture of NiO (56% mass)

and 8YSZ together with a resin. More information on the

manufacturing process is given by Buchkremer et al. [37].

The anode cermets were reduced in a gas stream consisting

of H2 (5 vol.%) and N2 in the following steps:

1. heating at 2 K/min until 1073 K is reached;

2. reduction for 2 h at 1073 K;

3. heating at 2 K/min until 1123 K is reached.

4. Results and discussion

4.1. Influence of area velocity and partial pressures of

methane and steam

The influence of the partial pressures of methane and

water have been discussed thoroughly in the literature

[16,17,25,28]. Drescher and co-worker reported that the

catalyst activity depends on the partial pressure of methane

and water according to a Langmuir–Hinshelwood relation

[27,28].

r ¼ kKCH4
pCH4

KH2OpH2O

ð1 þ KCH4
pCH4

þ KH2OpH2OÞ2
(1)

These experiments were performed with crushed particles of

the anode cermet material. Figs. 2 and 3 show analogous

experiments with the 1.5 m thick anode cermets. As can be

seen the catalyst activity, i.e. the area-specific methane

conversion (molCH4
=ðm2 hÞ), increases linearly with increas-

ing methane partial pressure. In parallel to the experiments

performed by Drescher varying the methane partial pressure,

a maximum conversion which is included in Eq. (1) could

not be observed. Additionally, the measured data published

by Drescher [28] indicates the influence of methane adsorp-

tion on the catalyst surface by the regressive shape of the

relation between conversion and partial pressure. Fixing the

partial pressure of methane and varying the molar ratio

between steam and methane from 3:1 to 7:1 shows a slight

decline in catalyst activity. The results are in good agree-

ment with those of Dicks et al. [25]. Considering the

measurements of Drescher [28] the maximum catalyst

activity exists for a molar ratio of 1:1. At lower partial

pressures of water versus those of methane (M < 1) the

conversion decreases.

Another aspect of the experiments is the influence of the

gas velocity in the channels above the anode cermet on

methane conversion. The inlet methane flow rate was varied

between 1100 and 2100 molCH4
=ðm2 hÞ. This corresponds to

24:7�47:1 m3
N;CH4

=ðm2 hÞ or 100�190 m3
N=ðm2 hÞ at M ¼ 3.

For a cross-section area of 65.58 mm2 and a cermet surface of

about 390 mm2 gas velocities of about 0.4 m/s (0.6, 0.8 m/s)

are obtained. As can be seen, the experiments only show an

influence of the gas velocity between the data for 0.4

(1100 molCH4
=ðm2 hÞ) and 0.6 m/s (1600 molCH4

=ðm2 hÞ).

Fig. 2. Specific methane conversion and temperature difference between

furnace and cermet as a function of average cermet temperature. Test

conditions: area velocity: 1100, 1600 and 2100 molCH4
/(m2 h);

pCH4
¼ 37:5 kPa; pH2O ¼ 112:5 kPa.

Fig. 3. Specific methane conversion as a function of partial pressure at

1023 K and 150 kPa for a flow rate corresponding to 1340 molCH4
/(m2 h).

Partial pressures: (~) pCH4
on x-axis and pH2O ¼ 3pCH4

; (*)

pCH4
¼ 18 kPa and pH2O on x-axis resulting in MH2O:CH4

in [3,5,7].
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This can be explained by insufficient mass transport from the

bulk phase to the boundary layer.

For higher gas velocities the specific methane conversion

increases nearly linearly with increasing cermet tempera-

ture. For low specific velocities the poorer mass transfer is

indicated by a bending of the slope, i.e. conversion versus

temperature, at temperatures higher than 1000 K. On the

right-hand side, the temperature difference between the

furnace temperature and the cermet temperature is shown.

It is obvious that the furnace is not able to provide the heat

for the endothermic steam reforming reaction by radiation

mechanisms to the small surface area. Also it can be

expected that for the SOFC stack similar differences in

the temperature profile occur. At high temperatures of

1173 K the temperature difference amounts to 50–60 K

corresponding to methane conversions between 27 and

40%. At low temperatures of 850 K the methane conversion

rate amounts to 5–10% with a temperature difference of

about 10 K. At the working temperature of the FZJ substrate

concept of 1023 K the temperature difference amounts to

about 40 K showing a further advantage of this concept.

4.2. Influence of anode gas recycling

From the balance of plant calculations the concentration

behind the pre-reformer can be calculated leading directly to

the SOFC anode inlet concentration. The inlet gas consists

of 10.8% CH4, 31.7% H2O, 21% CO2, 8% CO and 28.5% H2

(corresponding to [21], p. 434, Table 1, mixture D). In order

to understand the effects of the different gases on the catalyst

performance the partial pressures of all components were

varied. Nitrogen was supplied as the balance gas to keep the

system pressure at 150 kPa.

Fig. 4 shows the area-specific methane conversion as a

function of the partial pressures of CO2, CO, H2 for four

different temperatures of the furnace, i.e. 973, 998, 1023 and

1048 K. The partial pressures of methane and water were kept

constant at 17.5 and 52.5 kPa, respectively. As can be seen

carbon monoxide has no influence on catalyst performance up

to 25 kPa. Likewise, at lower temperatures hydrogen shows

no effect on the methane conversion rate, even at elevated

temperatures the methane conversion is higher for high

hydrogen partial pressures. At 1048 K the specific methane

conversion increases from 160 m3
CH4

=ðm2 hÞwithout the addi-

tion of hydrogen to 180 m3
CH4

=ðm2 hÞ for a H2 partial pressure

of 60 kPa. This can be explained by a re-reduction of the

catalyst by hydrogen if the catalyst has previously displayed

some ageing effects. If carbon dioxide is added a strong dec-

rease in the specific methane conversion rate can be observed,

i.e. from 145 m3
CH4

=ðm2 hÞ without CO2 addition down to

105 m3
CH4

=ðm2 hÞ for a CO2 partial pressure of 30 kPa.

In order to describe the effect of carbon dioxide an

additional term was included in Eq. (1). It is assumed that

CO2 adsorbs on the catalyst surface blocking active sites.

r ¼ kKCH4
pCH4

KH2OpH2O

ð1 þ KCH4
pCH4

þ KH2OpH2O þ KCO2
pCO2

Þ2
(2)

The kinetic parameters are given by Drescher [28]. The

adsorption constant KCO2
is calculated from the specific

methane conversion rates determined by experiments in

relation to those rates without CO2 addition.

rðpCO2
Þ

rðpCO2
¼ 0 kPaÞ ¼

D _nCH4
ðpCO2

Þ
D _nCH4

ðpCO2
¼ 0 kPaÞ (3)

It is assumed that the mass transfer at higher conversion rates

is not influenced by the addition of CO2. After rearrange-

ment Eq. (3) is derived.

KCO2
¼1 þ KCH4

pCH4
þ KH2OpH2O

pCO2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rðpCO2

¼ 0 kPaÞ
rðpCO2

Þ

s
�1

 !

(4)

Fig. 5 shows the Arrhenius plot of the calculated constant

KCO2
. As can be seen, the relation between KCO2

and the

reciprocal value of the cermet temperature is only linear for

high partial pressures of carbon dioxide. For this case the

temperature dependence of KCO2
would lead to a heat of

adsorption of about �125 kJ/mol. Other kinetic models have

to be considered in order to describe the effect of CO2 on the

catalyst activity.

In Fig. 6 the specific CH4 conversion rate is plotted as a

function of the reciprocal cermet temperature. Starting with a

methane–water mixture (M ¼ 3) the rate decreases at 990 K

from 230 m3
CH4

=ðm2 hÞ down to 125 m3
CH4

=ðm2 hÞ by redu-

cing the methane partial pressure from 36 to 18 kPa. The

mixtures B, C which correspond to the BOP calculations for

anode gas recycling lead to a further reduction down to

80�100 m3
CH4

=ðm2 hÞ. The inlet compositions of the differ-

ent gas mixtures are given in Table 1. The effect of anode gas

Fig. 4. Effect of individual gases (CO, CO2, H2) on catalyst performance.

Test conditions: area velocity: 950 molCH4
/(m2 h); pCH4

¼ 17:5 kPa,

pH2O ¼ 52:5 kPa.
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recycling increases with decreasing temperature. As can be

seen in Fig. 7 the temperature difference between furnace

and anode cermet does not change dramatically, i.e. 5–10 K

lower for those mixtures assuming anode gas recycling.

An important side reaction concerning steam reforming is

the shift reaction, see Eq. (6)

CH4 þ H2OÐCO þ 3H2 (5)

CO þ H2O ! CO2 þ H2 (6)

according to the equilibrium constant:

Kshift ¼
pCO2

pH2

pCOpH2O

: (7)

In Fig. 8 the equilibrium constant is plotted as an Arrhenius

function. The measured reformat composition was used to

calculate the distance of the experimental data from the

equilibrium values. It is obvious that for the case of standard

conditions the CO concentration is higher than that given by

the equilibrium composition. This corresponds to a stepwise

reaction path of Eqs. (5) and (6), where the shift reaction has

not yet reached equilibrium. For a water–methane mixture

(M ¼ 3) at 1023 K the CO-concentration amounts to about

2.0 vol.% (3.7% CO2) compared to 1.4% CO (4.5% CO2) in

equilibrium.

Fig. 5. Arrhenius plot of the adsorption coefficient for four partial

pressures of CO2 according to Langmuir–Hinshelwood. Test conditions:

area velocity: 950 molCH4
/(m2 h); pCH4

¼ 17:5 kPa, pH2O ¼ 52:5 kPa.

Fig. 6. Arrhenius plot of the specific methane conversion with and without

anode gas recycling. Area velocity: 550–1100 molCH4
/(m2 h); (*) H2O–

CH4 (M ¼ 3); ( ) Mix A; ( ) Mix B; (~) Mix C; Mix A–C (see Table 1).

Fig. 7. Temperature difference between furnace and anode cermet as a

function of the average cermet temperature with and without anode gas

recycling. Area velocity: 550–1100 molCH4
/(m2 h). (*) H2O–CH4

(M ¼ 3); ( ) Mix B; Mix B–C (see Table 1).

Fig. 8. Shift constant (Eq. (7)) as a function of the average cermet

temperature with and without anode gas recycling. Area velocity: 550–

1100 molCH4
/(m2 h); (*) H2O–CH4 (M ¼ 3); ( ) Mix B; (~) Mix C; Mix

A–C (see Table 1); (—) shift equilibrium.
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Assuming anode gas recycling the inlet concentrations for

the cermet given by Mix 2 and Mix 3 were adjusted. These

values correspond to equilibrium states of a pre-reformer

operating at 773 K (Mix 2) and 915 K (Mix 3). As shown in

Fig. 8, the calculated shift constant is higher than the

equilibrium constant in the advised temperature range for

internal reforming. With anode gas recycling 10.9% CO

(20% CO2) was determined at the end of anode cermet. After

internal reforming the calculated shift constant was always

in equilibrium. Applying anode gas recycling to the reform-

ing process carbon dioxide has to be converted over the

anode cermet into carbon monoxide by a reversed CO-shift

reaction. This is inverse to the case for standard operation

without anode gas recycling whereby, CO is converted into

CO2 by the CO-shift reaction. Although, thermodynamics

show that the reaction of CO2 and CO must follow different

directions concerning anode gas recycling or not, this cir-

cumstance is no clear explanation for the reduced methane

conversion in the case of CO2-addition while the CO-addi-

tion does not influence the methane conversion at all. An

oxidation of nickel by carbon dioxide is not expectable due

to the presence of hydrogen during the experiments with

anode gas recycling. One reason could be, that methane can

also be reformed with CO2 according to:

CH4 þ CO2Ð2CO þ 2H2 (8)

It might be possible that carbon dioxide and water compete

in methane reforming. As shown by Rostrup-Nielson and

Bak Hansen [38] carbon dioxide and steam reforming can

proceed over the same catalyst. As can be seen from their

data, the rate of methane CO2 reforming on the tested

catalysts was lower than that for methane steam reforming,

i.e. 30% over Ni/MgO. In order to find a more reliable

kinetic model further investigations must be done to describe

the effect of methane reforming over Ni/YSZ in the presence

of steam and carbon dioxide.

5. Summary

In an SOFC system anode gas recycling can be useful

for dispensing with a separate evaporator unit by recycl-

ing steam. From earlier measurements concerning a pre-

reformer, it is known that the amount of catalyst required is

much bigger in the case of anode gas recycling. Assuming

anode gas recycling for SOFC-internal steam reforming,

the addition of carbon dioxide also leads to a reduction of

methane conversion on the anode cermet material NZ41.

The effect can be accounted for, roughly by an additional

term for CO2 adsorption in the Langmuir–Hinshelwood

kinetics described by Drescher [28]. Further investigations

have to be done to find a more reliable kinetic model to

describe the CO2 influence on methane reforming. For

design purposes the actual kinetic model can be taken to

calculate the influence of CO2 on the temperature profile

across the SOFC.
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