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Summary
The paper presents an analysis of a compact plate fin heat exchanger with catalytic coating. The unit is used to convert various fuels into hydrogen‐rich gas,
which is then fed into the anodic compartments of a solid oxide fuel cell
(SOFC) stack. The study looks at the fuel processor for methane, biogas, and
dimethyl ether (DME). In the first phase, the reaction kinetics model was based
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on data from the literature. This was followed by tuning and validation of the
numerical model using data collected during an experimental campaign. Four
values of the steam to carbon ratio (2.0, 2.5, 3.0, and 3.5) were used to analyze
the performance of the heat exchanger, which was investigated in a temperature range of 500°C to 750°C. The experimental data are compared with predic-
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tions of the model implemented in Aspen HYSYS modeling software and
discussed. It was found that the relative prediction error of the simulator does
not exceed 3.5%.
KEYWORDS
heat exchanger, modeling, steam reforming, validation

1 | INTRODUCTION
Solid oxide fuel cells (SOFC) are highly efficient energy
conversion devices, which enjoy good flexibility as
regards use of alternative fuels. The recent literature
reports experimental and numerical studies related to
fueling single cells and SOFC stacks with ammonia,
methane, ethane, propane, biogas, dimethyl ether
(DME), gasoline, diesel, and others. In stationary, especially residential applications, the adaptation of systems
with fuel cells to operate on locally available fuel
resources is attracting great attention. The development
of fuel processors for fuel cell–based power systems
requires further numerical and experimental studies.
SOFCs attract high interest due to their fuel flexibility,
including the ability to operate in direct internal
reforming mode (DIR‐SOFC). This, however, requires
Int J Energy Res. 2019;1–10.

dedicated materials and geometries to allow steam
reforming to take place at the surface of the anode.1-7 Several previous studies demonstrated that various types of
fuels can be converted into hydrogen‐rich gas without
using an external fuel processor.8-11 In order to prevent
the accelerated degradation, operation in DIR‐SOFC
mode requires additional means to control temperature
distribution at the level of the single cell and the complete
stack.12-16 For that reason, external fuel processors are
commonly used to generate gas in order to supply the
anodic compartments of fuel cell stacks.
The steam reforming reaction can take place at moderate temperatures in the range 25°C to 400°C or in the
temperature range of the SOFC stack: 700°C to 850°C.
The former requires thermal separation of the reforming
unit from the fuel cell stack, while the latter allows for
a high level of thermal integration of the stream reformer
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and the stack, for example, in a high temperature chamber. In order to achieve high conversion factors and selectivity to hydrogen, various systems were studied. Previous
studies related to dynamic simulation of the steam
reformer include analysis of the kinetics, rate equations,
mass, and energy balances. Selected earlier works merit
some attention. The reaction rates for the combined
steam reforming and water‐gas shift reaction over a
Ni/MgA12O4 catalyst are presented by Xu and Froment.17
In the work, several reaction mechanisms were taken
into account. As a result of thermodynamic analysis, the
number of possible mechanisms was limited.
Kvamsdal et al18 studied the characteristics of a fixed‐
bed catalyst reformer using a dynamic, two‐dimensional
pseudo‐homogeneous dispersion model. It transpired that
the choice of equation for conductivity through the wall
and effective bed conductivity has only a minor effect
on the expected conversion rate but a strong effect on
wall temperature. Since it is impossible to determine
which equations will be the most suitable, they should
be modified accordingly. In physical systems, wall temperature affects the working conditions of a reactor. As
it was verified that the De Wash and Froment equation
provides the most accurate results under conservative
assumptions related to wall temperature, it was used for
the dynamic simulations.
A dynamic model for a steam reformer plant is presented by Nandasana et al.19 The influence of several disturbances was examined. The model (created earlier) was
used to investigate two problems related to the
multicriteria optimization of a reactor, and this informed
the finding of Pareto‐optimal solutions. Adopting this
approach, a set of similar control methods can be
obtained for various disturbances.
A 2D model addressing the diffusion phenomena in
commercial catalysts from Haldor Topsoe was used to
represent the reactor of a given geometry.20 Large temperature gradients were observed in the reformer tube
(mainly in the inlet). The gradients heavily affected the
degree of methane conversion in the radial direction. It
was concluded that in such a configuration, the catalyst
near the center of the reformer tube was poorly utilized.
Jahn and Schroer21 proposed a lumped volume model
of a natural gas steam reformer integrated with a heat
exchanger. The fuel processor formed part of a residential
fuel cell unit with nominal electric power of 5 kW. The
authors analyzed the thermal behavior over the whole
operating range, including the start‐up phase. Chemical
equilibrium was assumed for the reforming reactions.
The derivation of the model based on the principles of
thermodynamics and chemistry was demonstrated.
Thanks to this, the parameters used in the model have a
physical justification. The model parameters were tuned
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to achieve a better match of the numerical prediction
with the experimental data. The model was then validated using data from the prototype installation.
A cylindrical steam reformer of methane used for
domestic fuel cell system was proposed and modelled by
Zhang et al.22 A kinetic model (transient triple‐phase
lag) was constructed to investigate heat and mass transfer
within the reformer. The model was successfully validated with the experimental data of a cylindrical
reformer. Simakov and Sheintuch23 proposed a model of
an autothermal steam reformer with two separate catalytic beds (one for methane oxidation and the other for
steam reforming of methane) and with hydrogen separation membranes to feed a polymer electrolyte fuel cells
(PEFCs). This model was then validated with measured
data and used to optimize hydrogen production in terms
of efficiency and power output.
The article presents mathematical models of the
Catacel Heat Exchanger Platform (HEP) #1928 steam
reformer, which was experimentally investigated in the
laboratories of the Institute of Power Engineering. Chemical reactions of three fuels, (1) methane, (2) pretreated
biogas, and (3) dimethyl ether (DME), were modelled.
In the first step, literature data were used to define the
kinetics coefficient of steam reforming reactions.24-26 In
the next step, the model was validated and calibrated
using experimental data obtained during the experiments.27-29 The model was used to simulate the operation
of a steam reformer, which is integrated with plate‐type
heat exchanger and supplies hydrogen‐rich gas into the
anodic compartments of a SOFC stack.

1.1 | Specification of the steam reformer
The steam reformer considered in this study is based on a
plate‐type heat exchanger with catalytic coating.30 A picture of the unit is shown in Figure 1.
Specification of dimensions of Catacel HEP steam
reformer is shown in Figure 2. It can be observed in Figures 1 and 2 that plates covered with catalytic layer are
mounted in one side of the heat exchanger. A catalyst is
deposited on the corrugated surface using dedicated
method by the manufacturer.
The heat exchanger can operate in either the coflow or
counterflow configuration. In the current analysis, the
counterflow arrangement was chosen. The heat
exchanger was placed inside a heated and insulated test
rig in order to maintain a stable operating temperature.
The preheating from 25°C to 750°C was done using a
stream of hot air delivered to the side without the catalytic bed. The value of air flow was constant at 12 m3/h.
The temperature change profile can be seen in Figure 3.
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FIGURE 3 Profile of temperature during preheating phase of the
steam reformer. Based on Zieleniak27

Pobrano z http://repo.pw.edu.pl / Downloaded from Repository of Warsaw University of Technology 2023-01-08

_ cold ·ðhin −hout Þcold − Qloss cold þ Q ¼ ρ
m

FIGURE 1 View of Catacel HEP steam reformer #1928 [Colour
figure can be viewed at wileyonlinelibrary.com]

dðV ·hout Þcold
; (2)
dt

_ hot is the flow rate of working medium in hot
where m
side, zm cold is the flow rate of working medium in cold
side, ρ is the density of heated/cooled medium, h is the
enthalpy of the working medium, Q is the heat transfer
between cold and hot side, Qloss is the heat losses, and
V is the volume of holdup in hot or in cold side.
The equations are applied to each of the exchanger
(Equation 1 for the hot side and Equation 2 for the cold
side).

2.2 | Kinetics of chemical reaction

FIGURE 2

Dimensions of Catacel HEP steam reformer #1928

2 | METHODOLOG Y
2.1 | Heat transfer model
Due to the fact that reforming takes place over the surface
of plates installed in the heat exchanger, it is necessary to
include energy balance related to heat exchange in the
numerical model. The relationship describing heat
exchange in hot side of heat exchanger follows Equation 1.
dðV ·hout Þhot
_ hot ·ðhin −hout Þhot − Qloss hot − Q ¼ ρ
;
m
dt

(1)

The relationship describing heat exchange in cold side
of heat exchanger

The speed of reaction depends on many factors, such as
governing reaction, temperature, and presence of a catalyst. Currently, various techniques based on numerical
tools may be applied to determine the occurrence of a
reaction (called the reaction rate). However, these calculations require an individual approach to each test question, due to difficult issues on the one hand and
computational algorithms enabling automatic calculations on the other hand.31
A generic chemical reaction can be written in the following form:
aA þ bB þ …↔kK þ lL þ …;

(3)

where a, b, …, k, l, … mean the number of moles of individual substances A, B, …, K, L, … involved in chemical
reactions and are called stoichiometric coefficients.
In the general chemical reaction described by Equation 3, subscripts a, b, k, and l represent stoichiometric
coefficients while the products and reagent are identified
with K and L, and A and B, respectively. The chemical

4
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reaction rate r in a closed, fixed volume system s can
therefore be written according to Equation 4.
r¼−

1d½A
1d½B 1d½K  1d½L
¼−
¼
¼
;
a dt
b dt
k dt
l dt

(4)

where [i] denotes the concentration of component i.
r¼

d½A
:
dt

(5)

The degree of reaction together with the partial pressure of reactants and fixed parameters can be correlated.
The rate equation can be found by combining the reaction rate with the mass balance for the considered system.
The simplest form of the equation for the degree of occurrence in the reaction for components A and B is described
by Equation 6.31
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r ¼ k·½Aa ·½Bb ·½X x ;

(6)

where k is the coefficient of reaction rate, [] is the concentrations of reactants, [X] is the influence of a catalyst, and
b, c, x are the coefficients (orders of reaction) that take
into account the type of catalyst and the type of reaction
and reaction mechanism.
The order of reaction is related to the algebraic summation of exponents in Equation 6. Theoretically, these
values should correspond to the stoichiometric coefficients of the reaction. As a result, the reaction order cannot be determined from the chemical reaction equation.
The reaction order affects the speed of reaction. The
half‐life of the reaction means the time it takes to react
half of the reagents (for example, the half‐life of plutonium may be defined by the first order reaction). For
reactions that take place in a flow system, the reaction
degree of occurrence is the result of the speed of reaction
and is related to the behavior of reactants. The corresponding coefficients of Equation 6 are found
experimentally.
The influence of temperature on the rate of reaction k
is determined by the Arrhenius equation (Equation 7).
Ea
−R·T

k ¼ A·e

;

(7)

where Ea is the activation energy and A is the pre‐
exponential coefficient. The values of A and Ea are different for individual reactions. There are also more complex
relations describing the effect of temperature. Those formulas are not consistent with the equation given above.
In the kinetics of chemical reactions, the reaction rate
k (rate coefficient) determines the speed of reaction. The
value of the rate coefficient depends on parameters such
as temperature, surface area of adsorbent, ionic strength,
and light irradiation.32 In the case of elementary
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reactions, the rate equation can be determined on the
basis of, eg, collision theory. The rate equation of the
multistage reaction must be determined experimentally.
In order to determine the concentration of products of
a reaction in non‐equilibrium condition, the following
factors must be taken into account32:
• Nature of the reaction: Reactions differ in speed, number of reagents, phase in which the reaction takes
place (gaseous, liquid, or solid), and complexity of
the reaction system.
• Concentration: The rate coefficient is higher for
higher concentrations according to the rate law and
the theory of collisions. The higher the concentrations
of reagents, the higher the probability of collisions.
• Pressure: The reaction rate in the gaseous phase
increases with pressure, which directly correlates with
gas concentration. With condensed reagents, this
effect is negligible.
• Order: The reaction order determines the effect of
reagent concentration (or pressure) on the rate
coefficient.
• Temperature: Increase of the temperature is followed
by a higher rate coefficient. Typically, a temperature
increase of 10°C results in a doubling of the reaction
rate.
The coefficients are commonly obtained as a result of
approximation of data from the experiment and by using
several methods based on theoretical assumptions. As
regards the Arrhenius equation, additional data are
needed to compute the reaction rate. This is typically
used to determine the effect of temperature or to compare
the reaction course at the current temperature. Details
can be found in Milewski et al.32

2.3 | Method for calculating the error
In terms of the error analysis, the prediction of the model
was compared with measured values. The method used
for determination of the prediction error relates to computation of the mean absolute percentage error (MAPE)
following Equation 8.

MAPE ¼

100% n At − F t
∑t¼1
;
At
n

(8)

where At is the value measured for tth data point, F t is
the value predicted by the model for tth data point, and
n is the total number of data points.
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TABLE 1 Coefficients calculated from literature24

3 | MODEL B ASED ON
LITERATURE DATA
Based on the literature data,24-26 seven main chemical
reactions can be identified for the steam reforming of
methane, biogas, and dimethyl ether.
CH4 þ H2 O↔CO þ 3H2

(9)

CO þ H2 O↔CO2 þ H2

(10)

CH3 OCH3 þ H2 O↔2CH3 OH

(11)

CH3 OH↔CO þ 2H2

(12)

CH3 OCH3 →H2 þ CO þ CH4

(13)

E, kJ/kmol

Reaction

A

Equation 12

1.198·1017

Equation 13

1.767·10

−2

223 091
−36 586

4.1 | Methane
Results obtained from the model for steam reforming of
methane in the temperature range 500°C to 750°C can
be seen in Figure 4. The prediction of the model matches
the experimental data at temperatures in excess of 650°C.
Increasing the steam to carbon ratio aids in achieving
convergence at intermediate temperatures (550°C‐
650°C), which can be observed in Figure 4C,D.
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4.2 | Biogas
CH3 OH þ H2 O→CO2 þ 3H2

(14)

Reactions described by Equations 9 and 10 correspond
to steam reforming of methane and biogas, respectively.
Steam reforming of DME is accounted for by Equations 10
to 14. According to Hou and Hughes,24 coefficients of
equilibrium of the reaction for Equations 9 and 10 can
be expressed as follows:
−26830
T

;

(15)

k ¼ 1:767·10−2 e T :

(16)

k ¼ 1:198·1017 e

440

These factors can be used to model the reforming of
methane and biogas after some calculation, knowing that
the equation describing the kinetics is as follows:
k ¼ Ae−BT ;
E

(17)

where A and E are coefficients that could be directly written to Aspen HYSYS and B is universal gas constant.
These coefficients are summarized in Table 1. The activity
model used here was UNIQUAC (base property package
in Aspen HYSYS).

4 | RESULTS
The execution of the model comprises two stages. In the
first step, the literature data were used to assess the functionality of the numerical tool and compare the theoretical values with the predictions of the model. The second
step used the experimental data for the specific heat
exchanger described earlier. In the entire analysis, four
values of the steam to carbon ratio were used: 2.0, 2.5,
3.0, and 3.5.

Analysis of the results obtained from the model based on
the literature data for biogas indicates a discrepancy at
intermediate temperatures (500°C‐600°C). The results
shown in Figure 5 indicate that the disagreement
between the experimental data reported in the literature
and the model is observed until the temperature reaches
650°C. This can be explained by the fact that the model
was based only on the kinetic coefficients from literature24 and was executed using data from experiments carried out at the Institute of Power Engineering.28 The
catalyst for the literature data from Hou and Hughes24
is different to the one used by Zieleniak.27-29

5 | C A L I B R A T I O N OF TH E M O D E L
For this case, the same working fluid model was used as
in Section 3. For model calibration, the assumption was
made to use values of the methane coefficients for biogas
simulations.
Since the coefficients for dimethyl ether were chosen
separately, most of the reactions describing the reforming
process of DME differ from the reforming of the previous
two fuels (except for the water gas shift reaction (Equation 10). This calibrated model is able to calculate the
reforming reactions for all three considered fuels; moreover, by using the reactions described by Equations 12
and 14 complemented by the water gas shift reaction
(Equation 10), the process of reforming of methanol can
be simulated. However, this was not one of the goals of
this study.
In the case of equations describing the reforming of
DME, activation energies were taken from the literature
(Table 2). The kinetics coefficients (suitable for
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FIGURE 4 Results for methane. Comparison of the results obtained from the model based on the kinetics coefficients from literature with
experimental data. Steam to carbon ratios: A, 2.0; B, 2.5; C, 3.0; D, 3.5 [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 Results for biogas (60%Vol. CH4 and 40%Vol. CO2). Comparison of the results obtained from the model based on the kinetics
coefficients from literature with experimental data. Steam to carbon ratios: A, 2.0; B, 2.5; C, 3.0; D, 3.5 [Colour figure can be viewed at
wileyonlinelibrary.com]
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TABLE 2 Activation energy for reactions of reforming of DME
(in case of the water gas shift reaction [Table 1])
Reaction

E, kJ/kmol

Reference

Equation 8

173 900

Creaser et al25

Equation 9

107 300

Creaser et al25

Equation 10

114 800

Creaser et al25

Equation 11

57 000

Lee et al26
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Equation 17) of the reactions after calibration of the
model were described in Table 3.
The data in Table 3 indicate that during model calibration, only A coefficients were changed, while the activation energies were the same (as in the literature). These
energies depend mostly on the presence of a catalyst
and on the type of catalyst. The activation energy is lower
for the more effective catalysts. Since all the activation
TABLE 3

Kinetics coefficients after calibration of the model

Reaction

E, kJ/kmol

A
16

Equation 6

2.5·10

223 091

Equation 7

1.767·10−2

−36 586

Equation 8
Equation 9
Equation 10
Equation 11

FIGURE 6

16

173 900

5

107 300

10

114 800

17

57 000

1.0·10
1.0·10
1.0·10
2.0·10

energies described above were determined from experiments conducted in the presence of stable and high quality catalysts,24-26 the assumption to leave them
unchanged was correct.

5.1 | Methane
Upon completion of the calibration, the model was used
to simulate the reforming of methane. The results
obtained can be seen in Figure 6. There was relatively
good agreement with the experimental data (relative prediction error below 5%). A slight increase in error was
observed for higher steam to carbon ratios (relative prediction error in the range 7%‐9%).

5.2 | Biogas
In the case of biogas (Figure 7) converted with low S/C
ratio, major disagreement was observed between the
model and experiments. This may be due to the fact that
commercial software was used for calculations, and more
detailed chemical research is needed here. Better results
could be obtained by creating three separate models (for
each fuel), but the authors wanted to create a universal
model.

Results for methane. Comparison of the results obtained from the model after calibration. Steam to carbon ratios: A, 2.0; B, 2.5;
C, 3.0; D, 3.5 [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 Results for biogas (60%Vol. CH4 and 40%Vol. CO2). Comparison of the results obtained from the model after calibration. Steam
to carbon ratios: A, 2.0; B, 2.5; C, 3.0; D, 3.5 [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 8 Results for dimethyl ether. Comparison of the results obtained from the model after calibration. Steam to carbon ratios: A, 2.0;
B, 2.5; C, 3.0; D, 3.5 [Colour figure can be viewed at wileyonlinelibrary.com]

SZABLOWSKI
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5.3 | Dimethyl ether
In the case of dimethyl ether, compatibility of the model
with the experimental data was very good, due to the
high convergence of results at lower temperatures. This
can be seen in Figure 8.
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6 | CONCLUSIONS
Firstly, raw literature data were used for modeling the
reformer reactions. It was shown that the model based
on data taken from the literature was not sufficiently
accurate to describe the discussed processes. This is most
noticeable in the case of CO and CO2 in particular as well
as for all products at the lower temperatures of reforming.
Kinetic coefficients describing the process of reforming of
DME were not found in the literature.
Starting from kinetic coefficients obtained from the literature, the reformer model was calibrated using experimental data provided by the Institute of Power
Engineering. The results of simulation conducted using
the calibrated model show good agreement between the
prediction of the model and the experiments for the four
values of steam to carbon ratio that were considered (2.0,
2.5, 3.0, and 3.5). In the case of biogas, better agreement is
achieved for higher values of steam to carbon.
Temperature has positive effect on the performance of
the steam reformer in terms of the conversion of raw
hydrocarbonaceous fuel. It was both measured and predicted by the model (see Figure 8). The rise of temperature results in higher hydrogen content in the outlet
streams for all fuels, which were considered in the analysis. Steam to carbon ratio has its optimal value equal to
approximately 2.0, but in order to avoid carbon formation
and deposition, it is advised to maintain value slightly
above the optimum value. For that reason, 2.5 and 3.0
were studied. Further increase of S/C ratio does not
improve the reformer performance significantly. Contrary, it results in dilution of hydrogen with steam in
the outlet.
Since reformer start‐up/shutdown procedures were carried out using hot air on both sides of the reformer, no reactions occurred in dynamic mode during this process. The
thermal inertia of the reformer can be modeled by using
the heat exchanger model discussed in the article.
The use of the proposed modeling approach makes it
possible to analyze the operation of a steam reformer of
alternative fuels, which is embedded in a heat exchanger.
The coupling of energy balance with the kinetics of reactions makes it possible to simulate the composition of
gases exiting the unit under different operating conditions. So far, no models of such a high level of versatility

9

were proposed. The numerical tool that was developed
can find application in system‐level simulations under
nominal and off‐design operating conditions.
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