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In this work, the Gibbs energy minimization method is applied to investigate the unmixed steam reform-
ing (USR) of methane to generate hydrogen for fuel cell application. The USR process is an advanced
reforming technology that relies on the use of separate air and fuel/steam feeds to create a cyclic pro-
cess. Under air flow (first half of the cycle), a bed of Ni-based material is oxidized, providing the heat
necessary for the steam reforming that occurs subsequently during fuel/steam feed stage (second half
of the cycle). In the presence of CaO sorbent, high purity hydrogen can be produced in a single reactor.
In the first part of this work, it is demonstrated that thermodynamic predictions are consistent with
experimental results from USR isothermal tests under fuel/steam feed. From this, it is also verified that
the reacted NiO to CH4 (NiOreactea/CH4) molar ratio is a very important parameter that affects the product
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Fuel cells gas composition and decreases with time. At the end of fuel/steam flow, the reforming reaction is the
Thermodynamic analysis most important chemical mechanism, with H, production reaching ~75 mol%. On the other hand, at the
Nickel oxide beginning of fuel/steam feed stage, NiO reduction reactions dominate the equilibrium system, resulting

in high CO, selectivity, negative steam conversion and low concentrations of H,. In the second part of this
paper, the effect of NiO,eacted/CH4 molar ratio on the product gas composition and enthalpy change during
fuel flow is investigated at different temperatures for inlet H,O/CH4 molar ratios in the range of 1.2-4,
considering the USR process operated with and without CaO sorbent. During fuel/steam feed stage, the
energy demand increases as time passes, because endothermic reforming reaction becomes increasingly
important as this stage nears its end. Thus, the duration of the second half of the cycle is limited by the
conditions under which auto-thermal operation can be achieved. In absence of Ca0, H, at concentrations
of approximately 73 mol% can be produced under thermo-neutral conditions (H,O/CH4 molar ratio of 4,
with NiOyeacted/CH4 molar ratio at the end of fuel flow of ~0.8, in temperature range of 873-1073 K). In
the presence of CaO sorbent, using an inlet H,O/CH4 molar ratio of 4 at 873 K, H, at concentrations over
98 mol% can be obtained all through fuel/steam feed stage. At 873 K, carbonation reaction provides all
the heat necessary for H, production when NiOyeacted/CH4 molar ratio reached at the end of fuel/steam
feed is greater or equal tol. In this way, the heat released during air flow due to Ni oxidation can be
entirely used to decompose CaCOj3 into CaO. In this case, a calcite-to-nickel molar ratio of 1.4 (maximum
possible value) can be used during air flow. For longer durations of fuel/steam feed, corresponding to
lower NiOyeacted/CH4 molar ratios, some heat is necessary for steam reforming, and a calcite-to-nickel
molar ratio of about 0.7 is more suitable. With the USR technology, CaO can be regenerated under air
feeds, and an economically feasible process can be achieved.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction implemented and this makes hydrogen production from the fuel

processing of some feedstocks, such as fossil fuels and biomass,

Hydrogen is considered to be an ideal clean energy carrier for
the future because it is generally consumed as the fuel in low-
temperature fuel cells, namely, proton exchange membrane fuel
cells (PEMFCs). Over the years, much progress in PEMFCs has been
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become increasingly important. Nowadays, 95% of the hydrogen
production comes from steam reforming of natural gas, whose
main component is methane. In addition to steam reforming,
other thermo-chemical techniques including auto-thermal reform-
ing (ATR) and (catalytic) partial oxidation (CPO or POX) have been
regarded as efficient processes to hydrogen production [1-3]. In
this context, unmixed steam reforming (USR) can be considered
as an alternative process of catalytic steam reforming that relies
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Nomenclature

G total Gibbs energy of the system

G? Gibbs energy of species i at its standard state

n; number of moles of species i

Vi mole fraction of species i

R gas constant

T temperature of the system

P total pressure of the system

M, N total number of components and species, respec-
tively

Uik number of atoms of kth component present in each
molecule of species i

b total number of atomic masses of kth component in
the system

AH enthalpy change during fuel flow

in. inlet

out. outlet

Sel. selectivity

Conv.  conversion

TN thermo-neutral

on the use of separate air and fuel/steam feeds to create a cyclic
process. Thus, the air and fuel/steam feeds do not mix, contrary to
conventional ATR that uses pure oxygen for partial oxidation of the
fuel to provide heat for the endothermic steam reforming reaction.
Instead, USR makes use of an oxygen transfer material (OTM), which
in its reduced form behaves as a steam reforming catalyst. In this
study, Ni was chosen to be the OTM, since it is the most common
catalyst for the steam reforming reactions and can be readily oxi-
dized and reduced [4-11]. During USR, an air feed (first half of the
cycle, in which Ni is converted into NiO) is followed by a fuel/steam
feed (second half of the cycle, in which NiO regenerates to metal-
lic Ni, and reforming reactions occur). Oxidation of the reduced
catalyst under air flow is highly exothermic, thus generating the
heat required by the endothermic steam reforming reactions that
take place during the subsequent fuel/steam feed, and allowing the
separation of inert N, from the reformate. Therefore, the USR pro-
cess can run auto-thermally. Besides, the USR technology can be
improved by introducing a CO,-sorbent such as CaO into the reac-
tor. In fact, calcite (CaCO3) can be introduced along with Ni in the
reactor. Under air flow, some heat released during Ni oxidation is
utilized to thermally decompose calcite into CaO (calcination). In
this way, the steam reforming reactions occur alongside CO; cap-
ture from the gas phase during the second half of the cycle. CaO
reacts with CO, forming calcite again (carbonation). Consequently,
water-gas shift (WGS) reaction is enhanced due to CO, adsorp-

tion, resulting in a decrease of the CO production, accompanied
by an increase in Hy concentration. The potential advantages of
using CaO as a CO, acceptor have been previously demonstrated
[12,13]. However, in order to obtain an economically feasible pro-
cess, CaO has to be regenerated once it is fully converted to CaCOs,
and regeneration requires a certain amount of energy. Thus, the
USR process offers a potential solution to this problem. While Ni
oxidizes under the following air flow, some heat liberated is then
utilized to decompose calcite to calcium oxide, regenerating the
sorbent for the next cycle. In this way, under air flow, the reactor
effluent is an oxygen-depleted and CO,-rich air stream, whereas
under fuel/steam feed, the gaseous species CO, CO, and H; evolve
from the reactor. Based on the chemical reactions indicated in pre-
vious works [4,7,8], the main reactions involved in the unmixed
steam reforming of methane can be summarized as depicted in
Table 1. Under air feed, Ni on the catalyst support consumes oxy-
gen via Ni oxidation to NiO generating heat (R-1) and the carbon
deposits (formed in a previous fuel/steam feed) are burnt via com-
plete (R-3) or partial oxidation (R-4). In the presence of calcite,
some heat liberated in (R-1) allows the CaO sorbent to regener-
ate through calcination (R-2). Under fuel/steam feed, (R-6) is the
global reaction that illustrates the OTM reduction with methane.
While NiO is converted into Ni, significant carbon deposition may
occur from fuel thermal decomposition (R-5). Once Ni is sufficiently
reduced, methane steam reforming (R-9) occurs on the Ni catalyst,
and water-gas shift reaction (R-10) takes place. In the presence of
CaO sorbent, the reactions (R-6), (R-9) and (R-10) are followed by
the carbonation reaction (R-11). Thus, the carbonation of the CaO
sorbent allows not only the elimination of CO, from reformate, but
also the shift of (R-6) and (R-10) to the right, enhancing the H,
production. The USR process with CaO, as described in Fig. 1, was
proposed in Ref. [7,14]. As can be seen, as nickel is cycled between
NiO and catalytically active Ni, calcium is cycled between CaO and
CaCOs3. The white regions are hotter from exothermic reactions (air
flow) or heat storage (fuel/steam feed). USR first appeared in sci-
entific literature through the publications of Kumar et al. [14] and
Lyon and Cole [6]. More recently, Dupont et al. have experimen-
tally investigated the production of hydrogen by USR of a variety
of fuels, including methane [7,8], sunflower oil [8] and waste cook-
ing 0il [10,11]. The experimental results reported in these previous
works indicate that USR is a promising fuel flexible technology able
to produce fuel cell grade H; in a single reactor. Other advantages
are claimed for the USR process, such as [6,7,14]: (i) economical at
small scale, unlike the conventional process, which makes thus USR
interesting for the use in distributed power generation; (ii) insen-
sitivity to coking and sulfur (both could undergo oxidation under
the air feed rather than irreversibly poisoning the reforming cata-
lyst); (iii) potential for auto-thermal operation without the need for
pure O, that would require a costly air separator; (iv) low cost reac-

Table 1
Summary of the main reactions of unmixed steam reforming process.
Half of the cycle Reaction Reaction type AHYgg (x10°mol-1)
Ni + 0.50, +1.881N; — NiO + 1.881N, (R-1) Oxidation of OTM and separation of N, from air -2.39
First: air feed CaCO3 — Ca0 + CO, (R-2) Thermal decomposition of calcite/regeneration +1.79
(oxidizing mode) of CaO sorbent
C+ 0, — COy (R-3) Carbon complete oxidation -3.93
C + 0.50,— CO (R-4) Carbon partial oxidation -1.10
CH4 — C + 2H; (R-5) Thermal decomposition of methane +0.75
CH4 +4NiO — CO, +2H,0 + 4Ni (R-6) Unmixed combustion of methane +1.56
H; +NiO — Ni + H,0 (R-7) OTM reduction with H, —0.02
Second: fuel/steam CO + NiO — Ni + CO, (R-8) OTM reduction with CO -0.44
feed (reducing mode) CH4 +H,0 — CO + 3H, (R-9) Methane steam reforming +2.06
CO + HO0 — CO;y +H; (R-10) Water-gas shift -0.41
Ca0 + CO; — CaCOs3 (R-11) Carbonation of CO, sorbent -1.79
CHy4 +CaO + 2H,0 — CaCOs +4H, (R-12) Sorption enhanced reforming of methane -0.14
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Fig. 1. Unmixed steam reforming process.

tor materials due to a hotter reactor center and colder walls, since
USR allows the delivery of heat uniformly throughout a volume;
(v) coupling of endothermic and exothermic reactions within a sin-
gle reactor rather than relying on external heating, which ensures
the compactness of the process. It is worth mentioning that the
USR process offers similarities of chemical mechanism to chemical
looping reforming (CLR). The term CLR, however, has been so far
applied to interconnected fluidized beds through which the OTM
circulates undergoing redox stages (see, for example, the references
[4,5,9]). According to Dupont et al. [7], unmixed steam reforming
is the term that could be used for the chemical looping reforming
in a packed bed reactor.

Despite the relevance of such advanced reforming technol-
ogy, there are only few papers dealing with the USR process. To
the best of our knowledge, a comprehensive theoretical study
dealing with the effect of the USR operating parameters on
reformate composition has not yet been published. In this way,
the present paper reports a detailed thermodynamic analysis
of the methane unmixed steam reforming. Firstly, this work
demonstrates that thermodynamic predictions are consistent with
experimental results from USR isothermal tests under fuel/steam
feed (CH4/steam). The experimental data were compiled from Ref.
[8]. Secondly, the effect of different parameters, like reactor tem-
perature, inlet HyO/CHy, and NiO;escteq/CH4 molar ratios, on the
product gas composition and the conversions of CH4 and H,0
is investigated for the USR process with/without calcium oxide.
Additionally, an energy analysis is carried out, and the conditions
for auto-thermal operation are identified. Finally, a summary of
the optimized operating conditions under which H, production is
maximized during auto-thermal USR is presented for both cases
(with/without CO, acceptor). It is expected that the simulation
results may provide an improved understanding of the chemical

mechanism involved in the USR process, specially of the effect that
the NiOyeacted/CH4 molar ratio has on the reformate composition
and energy demand. Moreover, the results of the present study
could aid in monitoring and designing new experiments.

2. Simulation methodology

For a system in which many simultaneous reactions take place,
equilibrium calculations are performed through the Gibbs energy
minimization method (non-stoichiometric approach). The total
free energy of the system, composed of an ideal gas phase and pure
condensed phases, may be expressed as

N N
G G? 1
gas condensed

i=1 i=1

The problem consists in finding the different values of n; which
minimize the objective function given by Eq. (1), subject to the
constraints of elemental mass balance

N
Zn,-aik=bk, k=1,...,M (2)
i=1

In the non-stoichiometric approach, the species coexisting in the
system at equilibrium must first be defined. For the USR of methane,
under fuel/steam feed, the following species were considered: Hy,
H,0, CO, CO,, CH4 (ideal gas phase), C (graphite), Ni, and NiO (pure
solid phases). In the presence of CO, sorbent, the following solid
phases are also included in the compound basis set: CaO, Ca(OH),
and CaCOs. The thermodynamic data necessary for describing the
Gibbs energy of the species were obtained from Ref. [15].
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The non-linear programming model comprising the objective
function to be minimized and the constraints is solved by the Solver
function contained in the Microsoft Excel spreadsheet package. In
our previous works [12,16,17], the Solver function was shown to be
a robust tool, able to solve convex non-linear optimization prob-
lems. A detailed explanation concerning the Generalized Reduced
Gradient (GRG) algorithm and the use of the Solver function in
equilibrium calculations can be seen in Ref. [16].

The present analysis was carried out over the following variable
ranges: temperature of 873-1073 K, inlet H,O/CH4 molar ratio of
1.2-4 and NiOye,cteq/CH4 molar ratio of 0.12-3.12. In the presence
of CaO sorbent, the inlet CaO/CH4 molar ratio was of 1. For inlet
H,0/CH4 molar ratios in the range of 1.2-4, it is found that graphite
formation is suppressed. Thus, the simulations are performed in
the carbon-free region. Even though carbon deposited during fuel
flow can be burnt in the next air flow, and, thus, catalyst poisoning
can be avoided, unlike conventional catalytic steam reforming, it
remains desirable to prevent carbon deposition from the viewpoint
of both optimizing heat transfer and achieving a maximum H, yield.
Without carbon deposition, the heat transfer would be expected to
move deeper in the reactor bed and allow better coupling of the
exothermic and endothermic reactions [11].

Basic operating parameters for the USR process are the feed flow
rate and the time duration of each feed stage [6]. The approach
developed in the present work demonstrates that the time param-
eter monitored over fuel/steam feed stage (second half of the cycle)
can be correlated to the NiO,e,cteq/CH4 molar ratio to be used in the
thermodynamic simulation. From the experimental values of CHy
molar flow rate and the reduction molar rate of nickel oxide, it is
possible to determine the NiO,e,ted/CH4 molar ratio to be consid-
ered as input parameter in the Gibbs energy minimization method.
In this way, the experimental values recorded over the fuel/steam
feed stage can be compared with the equilibrium data.

The steam conversion, given by

Ny, 0,in — MH,0,0ut

H,0 Conv. (%)=100 x ————"—, (3)
NH,0,in

and methane conversion efficiency, calculated by

CHy Conv. (%)= 100 x _CHasin ~ Mictg.out. 4)
NcHy,in

are output parameters which, when maximized, could increase Hy
production, indicating a higher efficiency of the steam reforming
reaction [8]. It is worth mentioning that, differently from the USR
process, in the conventional steam reforming, steam conversion is
not closely monitored and is rarely reported in the literature [7].
From Eq. (3), one can see that when steam conversion is negative,
there is a net production of steam, when positive, there is a net
consumption of steam.

Throughout this work, the selectivity of the carbon-containing
products in the gas phase during fuel/steam feed stage was defined
as:

YCH, or COor CO,

(5)
YcHy +Yco +Yco,

Sel'CH4 or CO or CO, (%) =100 x

3. Results and discussion
3.1. Comparison with experimental values

In Fig. 2, it is possible to see the results obtained from two dif-
ferent experiments described in Ref. [8] along with thermodynamic
equilibrium values computed in the present work. The experiments
were performed at 1073 K, using an inlet H,O/CH4 molar ratio of
1.8 and different inlet molar flow rates of methane (1.13 x 104
and 3 x 10~4mols~1). In all cases, the duration of fuel/steam feed

was 600s. Fig. 2 shows H; concentration (a), CO and CO, selec-
tivity (b), CH4 and H,O conversions (c), and experimental values
of NiO reduction molar rate along with inlet methane molar flow
rate (d). As can be seen, there is a time value (inferior axis) cor-
responding to each NiO,escred/CH4 molar ratio (superior axis). To
obtain NiOye,cteq/CH4 molar ratio as a function of time, one should
divide the experimental value of NiO reduction molar rate by the
constant inlet molar flow rate of methane. From Fig. 2(d), one can
easily see that NiO reduction molar rate sharply decreases with
time in a packed bed reactor, indicating that the reduction reactions
occur mainly at the beginning of fuel/steam feed. Since the reactor is
fed by a constant molar flow rate of methane, NiO,cacted/CH4 molar
ratio also decreases with time. As can be seen in Fig. 2, thermody-
namic results are in agreement with the experimental ones. At the
beginning of fuel/steam feed (NiO,e,cted/CH4 molar ratio of 3), the
reduction reactions (R-6)-(R-8) dominate the equilibrium system,
resulting in high CO, selectivity, negative steam conversion and low
concentrations of H, (40-50 mol%). However, as fuel/steam feed
stage nears its end (NiOyected/CH4 molar ratio of ~0.25), CO selec-
tivity, steam conversion and H, concentration increase, whereas
CO,, selectivity decreases. This trend suggests that the reforming
reaction (R-9) becomes much more important than the reduction
reactions as time passes. At the end of fuel flow, CO selectivity is
~70%, steam conversion reaches a plateau of ~50%, and H, concen-
tration is ~75 mol%. This behavior also indicates that H, production
is limited by the equilibrium of reaction (R-10). Note that time axis
startsin avalue different from t=0s.In fact, there isaninitial period,
termed by Dupont et al. [8] as ‘dead-time’, under which thermal
decomposition of methane plays an important role in the chemi-
cal mechanism, and hardly any output gases can be measured. In
this initial period, Hy concentration is close to zero, and significant
carbon deposition occurs, resulting in disagreement with thermo-
dynamic analysis, since at an inlet H,O/CH4 molar ratio of 1.8 at
1073 K graphite formation is thermodynamically inhibited. By the
end of ‘dead-time’, carbon depositionis greatly reduced, as reported
in Ref. [8]. In this way, the period corresponding to ‘dead-time’ is
not shown in Fig. 2, because thermodynamic modeling does not
apply to this early stage.

It is worth pointing out that, if the NiO,escted/CH4 molar ratio
were neglected in the simulations, and only the inlet H;O/CHy4
molar ratio and temperature were considered as input data in the
Gibbs energy minimization method, discrepancies between ther-
modynamic predictions and experimental results could be seen.
Fig. 3 shows the experimental data along with the results of the
simulations carried out with/without NiOye,cteq/CH4 molar ratio as
input parameter. As can be seen, when NiO,e,cteq/CH4 molar ratio is
not considered, H, concentration, CO selectivity and steam conver-
sion are overestimated, whereas CO, selectivity is underestimated,
mainly at the beginning of fuel/steam feed, because the effect of
the reactions (R-6)-(R-8) is not taken into account. Therefore, it is
evident that the reacted NiO to CH4 molar ratio must be carefully
determined from the operating parameters, such as inlet molar
flow rate of methane, and experimental outputs, like NiO reduc-
tion molar rate, so that the thermodynamic equilibrium values can
be satisfactorily compared with the experimental ones all through
fuel/steam feed stage. de Diego et al. [4] carried out a thermody-
namic analysis for the chemical looping reforming of methane in
a circulating fluidized bed reactor. Taking into account the con-
versions reached by two different oxygen carriers (NiO18-aAl,05
and NiO21-yAl,03) and solid circulation flow rate, they estimated
NiOyeacted/CH4 molar ratios for these oxygen carriers. Thermody-
namic calculations were also performed including NiO;escted/CHa
molar ratios. Interestingly, even working with different oxygen
carriers which had different conversions during CLR, very simi-
lar gas composition at the outlet of the fuel reactor was obtained
when NiOye,cted/CH4 molar ratio was the same. Besides, the product
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Fig. 2. (a) Hy (mol%, dry basis), (b) CO and CO; selectivity, (¢) CH4 and H,0 conversion and (d) NiO reduction molar rate as a function of time. Markers: experimental data
from [8]; solid lines: thermodynamic equilibrium data; methane molar flow rate used in the experiments: 1.13 x 10~ (left plots) and 3 x 10~4 mol s~ (right plots). Superior

axis shows the NiOyeacted/CH4 molar ratio corresponding to each time value.

gas compositions measured at the outlet of the fuel reactor were
close to thermodynamic equilibrium. Thus, NiO;eacted/CH4 molar
ratio was found to be a suitable parameter to perform a thermo-
dynamic analysis and compare results from different experiments
with equilibrium values in a same diagram.

Obviously, for a given initial amount of NiO in a packed bed reac-
tor and a fixed inlet flow rate of CH4, thermodynamic analysis is not
capable to predict NiO reduction molar rate as a function of time,
because this depends on the kinetics of the gas-solid reaction. It
is worth pointing out that, in Figs. 2 and 3, the product gas com-
position was presented as a function of time, because, at a given
time t, NiO reduction molar rate is known from the experiments

of Ref. [8]. In this way, the NiOyescteq/CH4 molar ratio correspond-
ing to each time value can be easily estimated, and the equilibrium
composition throughout the fuel/steam feed stage can be calcu-
lated. Thermodynamic calculations, besides of being a reliable tool
to verify if the experimental values are consistent and plausible,
are useful to evaluate how different parameters (temperature, inlet
H,0/CHy4 and NiO,e,cred/CH4 molar ratios) affect the production of
H, and the energy demand of the USR process with and without
Ca0 sorbent. Thus, the viability of producing high purity H, under
auto-thermal operation with in situ sorbent regeneration is inves-
tigated by means of a thermodynamic study. The next sections
are focused on the effect of these parameters on the product gas
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Fig. 3. (a) Hy (mol%, dry basis), (b) CO and CO; selectivity, and (c) H,O conversion as a function of time. Markers: experimental data from [8]; solid lines: results of the
simulation with (black) and without (gray) NiOreactea/CH4 molar ratio as input parameter in the simulation. Experimental conditions from Ref. [8]: inlet HO/CH4=1.8,

T=1073 K, methane molar flow rate (1.13 x 10~4 mols~').

composition, CH4 and H,0 conversions and enthalpy change dur-
ing fuel/steam feed. The results are expressed in terms of a wide
range of NiOescted/CH4 molar ratios, because it is of interest to
present generalized diagrams, which can be used as a benchmark
to compare results from different experiments. Based on the results
of Fig. 2, it was verified that NiO,escted/CH4 molar ratio decreases
with time during fuel flow. In this way, the diagrams also indi-
cate how product gas composition, HO and CH4 conversions, and
energy demand vary as time passes. Nevertheless, time values will
depend on experimental conditions and kinetics. For example, in
Fig. 2, for NiOyescted/CH4 molar ratio of ~3, thermodynamic and
experimental results show that H, is obtained at a concentration of
~50 mol%. However, while this composition is reached at only 60's
in the case of the experiment performed with a methane inlet flow
rate of 3 x 10~4 mol s~1, for the experiment performed with a lower
fuel flow rate (1.13 x 10~4 mol s~1), this composition is achieved at
~160s.

3.2. Effect of reactor temperature, inlet H,O/CH4 and
NiOyeqcred/CH4 molar ratios in absence of CaO

Fig. 4 depicts the effect of NiOpescteq/CH4 molar ratio on the con-
centrations (mol%, dry basis) of H, (a), CO (b), CO, (c) and the
selectivity (%) of CO (d) and CO, (e), at 873, 973 and 1073K for
inlet H;O/CH4 molar ratios in the range of 1.2—4. At the beginning
of fuel/steam feed stage (NiO;eacted/CH4 molar ratio around 3), Hy
is found at low concentrations (35-45 mol%), with CO, being the
major component of the gas phase (50-55 mol%), independently
of inlet H;0/CH4 molar ratio and temperature. Note that, under
these conditions, CO, selectivity is greater than 90% in all cases. This
behavior suggests that, at the beginning of fuel flow, the OTM reduc-
tion reactions (R-6)-(R-8) are the main chemical mechanisms.
However, as fuel/steam feed nears its end (NiOescred/CH4 molar
ratios <0.5), H, and CO concentration increase significantly. Thus,
at the end of fuel flow, the endothermic reaction (R-9) is the main
chemical mechanism. As can be seen, H, yield can be increased
at the end of fuel/steam feed by using higher inlet H,O/CH4 molar
ratios and more elevated temperatures, which is expected based on
reaction (R-9). CO selectivity decreases with inlet H,O/CH4 molar
ratio, whereas CO, selectivity increases, due to reaction (R-10).
However, higher temperatures enhance CO production, because
of the reverse water-gas shift reaction. The maximum H, content
(~75%) is obtained at the inlet H,O/CH,4 molar ratio equal to 4, with
NiOreacted/CH4 molar ratio at the end of fuel/steam feed <0.5. Under
these conditions, the main chemical mechanisms are the reactions
(R-9) and (R-10), with minor effects of the reactions (R-6)-(R-8).

Fig. 5 shows the effect of NiO,eacted/CH4 molar ratio on methane
and steam conversions at 873 (a), 973(b) and 1073 K (c) for inlet
H,0/CH4 molar ratios in the range of 1.2-4. As can be seen, at
the beginning of fuel/steam feed, methane conversion is very high
(>97%) and steam conversion is a negative value, independently of

temperature and inlet H,O/CH4 molar ratio. This can be attributed
to reaction (R-6), which is a very important mechanism at the
beginning of fuel flow. At 1073 K, methane conversion over 98%
can be obtained all through fuel/steam feed, for inlet H,O/CH4
molar ratios in the range of 1.2-4. In this case, the endothermic
reactions (R-6) and (R-9) are enhanced due to the elevated temper-
ature. On the other hand, at 873 K, methane conversion decreases
as time passes, mainly at low inlet H,O/CH4 molar ratios. This is
due to the fact that steam reforming is not so favored at lower
temperatures. At a given inlet H,O/CH4 molar ratio, steam con-
version increases with operation time, because steam reforming
becomes increasingly important as time passes. Besides, the high-
est steam conversions are achieved at higher temperatures, due to
the endothermicity of the reforming reaction. Experimental results
corroborate these findings. Dupont et al. [7] report that, at an inlet
H,0/CH4 molar ratio of 1.8, CH4 and H,0 conversions of 55 and
42%, respectively, are obtained at the end of fuel/steam feed at
873K, whereas higher conversions of methane (99%) and steam
(49%) are obtained at the end of fuel flow at 1073 K. In addition,
it is worth pointing out that the highest steam conversions are
reached with lower inlet H,O/CH4 molar ratios. Abundant water
in the feed stream results in a great amount of non-reacted steam
in the system.

3.3. Effect of reactor temperature, inlet H,O/CH4 and
NiOyeqcted/CH4 molar ratios in the presence of CaO

The USR is meant to operate in the presence of a CO, sorbent
[7]. Fig. 6 depicts the effect of NiO,escted/CH4 molar ratio on the
concentrations (mol%, dry basis) of H, (a), CO (b), CO, (c) and
Ca0 conversion (d) at 873 and 973K, for inlet H,O/CH4 molar
ratios in the range of 1.2-4. In all cases, a CaO/CH4 molar ratio
of 1 was used. At 873K, with an inlet H,O/CH4 molar ratio of 4,
H, can be produced at concentrations over 98 mol% all through
fuel/steam feed. Accordingly, Fig. 6 (d) indicates that under these
conditions CaO conversions reach values near 100%. On the other
hand, with lower inlet H,O/CH4 molar ratios (e.g. 1.2), high purity
H, is obtained during the initial stage of fuel flow, correspond-
ing to higher NiOyeacted/CH4 molar ratios. As time passes, and
NiO,eacted/CH4 molar ratio diminishes, H, concentration and CaO
conversion decrease. At the end of fuel/steam feed, H, concentra-
tion is ~82 mol%, and CaO conversion is ~55%. At the beginning of
fuel flow, complete CaO conversion and high purity H; are obtained
at 873K, independently of inlet H,O/CH,4 molar ratio. From Fig. 4(e)
at873 K, itis observed that CO, selectivity is ~100% at the beginning
of the process, due to reaction (R-6). Thus, very favorable conditions
for the carbonation reaction (R-11) are achieved at the beginning
of fuel flow. However, as fuel/steam feed approaches its end, CO,
selectivity decreases. At the end of fuel flow, for an inlet H,O/CH4
molar ratio of 1.2, CO; selectivity is of only 10% at 873 K (see Fig. 4e).
In this way, the results indicate that higher inlet H,O/CH4 molar
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ratios are suitable to produce H, during long periods at 873 K. In
fact, reaction (R-12) shows that hydrogen production is enhanced
with increasing steam in the feedstock. Nevertheless, in practice,
the period of H,-rich gas production depends on CO, breakthrough
curve of the sorbent. Due to the fixed amount of sorbent in an
experimental run, CO, concentration in the product gas raises
rapidly once the sorbent reaches a certain capacity. This is termed
CO, breakthrough [18]. During the pre-CO, breakthrough period,
high purity H; is produced. By comparing Figs. 4(b) vs. 6(b) and
Figs. 4(c) vs. 6(c), one can see that CO and CO, concentrations are
enormously decreased in the presence of CaO sorbent. In absence
of Ca0, CO and CO, concentrations of ~12 and 55%, respectively,
can be reached at 873 K, whereas in the presence of CO,-acceptor,
both CO and CO, concentrations are inferior to 1.6%. Unlike the
process at 873K, in which high purity H; is produced in a wide

range of inlet HO/CH4 and NiO,e,cted/CH4 molar ratios, Fig. 6(a)
shows that at 973 K the region of high concentrations of H, is much
narrower. Thus, at 973 K, Hy-rich gas is produced during shorter
periods than at 873 K. Besides, the maximum H, concentration
achieved at 973K is ~90 mol%. Indeed, the exothermic carbona-
tion (R-11) is not favored with temperature and, as a consequence,
CaO conversion diminishes (compare Fig. 6(d) - 873 K vs. 973 K).
Moreover, at 973 K, CO and CO, can be found at concentrations of
approximately 16 mol%.

Methane and steam conversions are higher in the presence than
in absence of CaO sorbent. This effect is noteworthy at 873 K. By
comparing Figs. 5(a) vs. 7(a), one can see that, in the presence of
Cao0, using an inlet H,O/CH4 molar ratio greater than 3.5, the region
of maximum methane conversion (>97%) can be extended until the
end of fuel/steam feed (lower NiOyected/CH4 molar ratios), due to
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the enhanced reforming process. Besides, the maximum steam con-
version reached in a process with CO,-acceptor is much greater
than that without CaO sorbent, i.e. 75% instead of 44%.

3.4. Molar composition during fuel/steam stage

Fig. 8 depicts the effect of NiOeycteq/CH4 molar ratio on the
moles of H, (a), CO, (b), CO (c¢) and H,0 (d) at 873K, for inlet
H,0/CH4 molar ratios in the range of 1.2-4, in a process with-
out (left graphs) and with (right graphs) CaO sorbent. As can be
seen, the number of moles of H, increases as time passes, because
steam reforming becomes increasingly important with decreasing
NiOyeacted/CH4 molar ratio. In the presence of CaO sorbent, for inlet
H,0/CH4 molar ratios >3, the number of moles of H, approaches 4
(3.7 mol H, per mol of CHy), which is in agreement with reaction
(R-12). At the beginning of fuel/steam feed stage, the inlet H,O/CH,4
molar ratio exerts almost no influence on the number of moles of
H,. Under these conditions, the number of moles of H, is very low,
due to reaction (R-7), which is favored at high NiOye,cted/CH4 molar
ratios. In fact, as can be seen in Fig. 8(d), there is a great steam
production due to OTM reduction at the beginning of fuel flow. In
absence of CaO sorbent, the number of moles of CO, is approx-
imately 1 at the beginning of fuel flow, indicating that unmixed
combustion of methane (reaction (R-6)) is an important chemical
mechanism in the initial stages. In the presence of CaO, the num-
ber of moles of CO, is close to zero, independently of NiO;eacted/CHa
molar ratio, which means that CO, is removed from the gas phase
by the reaction (R-11) all through fuel/steam feed. The number of
moles of CO increases as fuel/steam stage nears its end, because

reaction (R-9) is the most important mechanism at the end of the
fuel stage. Besides, CO is favored at lower inlet H,O/CH4 molar
ratios, due to the reverse of water-gas shift reaction. The number
of moles of CO in a process with CaO sorbent is much lower than
that in a process without Ca0, because of the enhanced water-gas
shift reaction (R-10).

Fig. 9 depicts the effect of NiOescteq/CH4 molar ratio on the
moles of H, (a), CO, (b) and CO (c¢) at 973 K, for inlet H,O/CH4 molar
ratios in the range of 1.2-4, in a process without (left graphs) and
with (right graphs) CaO sorbent. As can be observed, the trends of
the number of moles of species with NiOyeacteq/CH4 molar ratio are
the same as those shown in Fig. 8. In the presence of CaO, the num-
ber of moles of CO, and CO at 973K is greater than at 873 K. This
is due to the fact that the reaction (R-11) is exothermic and, thus,
more favored at lower temperatures. Consequently, in a sorption
enhanced reforming process, the number of moles of H, at 973 K is
lower than at 873 K. In absence of Ca0, by comparing Fig. 8 vs. Fig. 9,
one can see that, at higher temperatures, the number of moles of H,
and CO increase, due to endothermicity of reaction (R-9), whereas
the number of moles of CO, decreases, because of the reverse of
reaction (R-10).

3.5. Energy analysis

The USR process should be carried out as close to auto-thermal
as possible, that is, with little or any heat being supplied to the
reactor [11]. Table 2 depicts the input conditions and outputs for
the auto-thermal operation of the methane USR. The amounts of
reactants were calculated taking into account the thermo-neutral
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Table 2

Thermodynamic equilibrium results for USR process (with/without CaO sorbent) and comparison of USR (without sorbent) with ATR under thermo-neutral conditions.

Reforming technology T (K) Inlet molar ratio Conversion (%) H, (dry basis, %) CO selectivity CO; selectivity AH (Jmol~') (reactant)
NiOreacted/CH4=0.84  H,0:18.33 -
(1) USR-fuel flow 1073 H,0/CH, =4 CH,: 99.97 73.21 42.59 57.37 2.334 x 10° (NiO)
) 02/Ni=0.5 Ni: 100 ~ _ ~ -
(2) USR-air flow 1273 N,/Ni=1.881 0,: 100 —2.336 x 10° (Ni)
(3) ATR 0,/CH;=0.42 H,0: 18.33
thermo-neutral 1073 o 6/cH, -4 CHy: 99.97 7321 4259 5737 ~0.01x 10% (CHa)
conditions .
(1) USR-fuel flow NiOreacted/CH4 =022 H,0: 43.73
ith Ca0 sorb 873 H,0/CHs =4 CHy: 98.90 99.08 25.54 42.38 0.737 x 10° (NiO)
with a0 sorbent CaO/CH4 =1 Ca0: 96.54
. 0,/Ni=0.5 Ni: 100
Eji)thCR_Ca(;r flow 1273 N/Ni=1.881 0: 100 - - - ~0.733 x 105 (Ni)
atts CaC03/Ni=0.958 CaC0s: 100
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Fig. 10. Enthalpy change (x10°Jmol~" (NiO)) as a function of inlet H,O/CH, and NiOye,cteq/CH4 molar ratio at 873 (a), 973 (b) and 1073 K (c). Left contour plots: USR without
Ca0 sorbent. Right contour plots: USR with CaO sorbent (CaO/CH4 molar ratio=1). H, concentration (mol%, dry basis) is indicated at inlet H,O/CH4 molar ratios of 1.2 and 4.
Time duration of fuel/steam feed stage increases in the direction of the arrow.

Inlet CaCOs3/Ni under air flow

Moles of graphite

Table 3

Process outputs under optimized conditions; maximum H; concentration produced during auto-thermal methane USR with/without CaO.
T (K) Without CaO With CaO

873 973 1073 873 973
Inlet H,O/CH4 molar ratio 4
NiOyeacted/CH4 molar ratio at the end of fuel/steam feed 0.76 0.82 0.84 1.22 0.12 1.82 1.02
H, (mol%, dry basis) 734 73.8 73.2 99 99 90 91
CO (mol%, dry basis) 6.1 9.1 114 0.16 0.25 2.5 3.1
CO; (mol%, dry basis) 18.9 17 154 0.5 04 5.6 7.5
CH4 conversion (%) 93.6 99.6 99.9 929 929 99 99
H,0 conversion (%) 22.1 20.7 183 19 46 3 22
AH (x10°Jmol~! (NiO)) 2.32 234 2.34 0.03 1.2 0.21 0.56
- - 14 0.7 13 1.1
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conditions, that is, conditions under which the enthalpy change
during fuel flow (AH), generally endothermic, is of the same mag-
nitude of the heat released during air flow. Note that an adiabatic
process is assumed. Additionally, a comparison of the USR (without
sorbent) with the conventional ATR process under thermo-neutral
conditions is shown. As can be seen, USR and ATR produce the same
output (gas composition and conversions) on a same inlet H,O/CH,4
molar ratio. The oxidation of the nickel catalyst is exothermic
(—2.34 x 10°Jmol~1), and the heat necessary to decompose cal-
cite through (R-2) is endothermic (+1.673 x 10° Jmol~! at 1273 K).
Therefore, for a CaCO3/Ni molar ratio of 1.4, the oxidation of Ni pro-
vides the total amount of heat required to decompose CaCO3 into
Cao. In the specific case illustrated in Table 2 for the USR process
with CaO sorbent, one can see that, during fuel flow, a heat input
of +0.737 x 10° Jmol~! is necessary. As some heat is needed for
the reforming process, the CaCO3/Ni molar ratio should be lower,
i.e. of 0.958 instead of 1.4. It is worth mentioning that, by adding
the CaO sorbent, it is possible to change the steam reforming reac-
tion from an equilibrium that is strongly endothermic to one that
is weakly exothermic [6], because of the exothermicity of carbona-
tionreaction (R-11). When the heat for the steam reforming process
is completely provided by the carbonation reaction (AH~ 0), the
heat released during air flow can be entirely used to decompose
the CaCOs into CaO. Consequently, the CaCO5/Ni molar ratio of 1.4
can be used. It is worth pointing out that, when in auto-thermal
operation, the reactor temperature oscillates during each cycle,
with the lowest temperatures during the fuel feed and the high-
est at air flow [7]. In this work, the temperature at air flow is
assumed to be 1273 K. Thus, the heat released during Ni oxidation
is 2.34 x 10° Jmol 1.

Fig. 10 shows the enthalpy change during fuel flow as a func-
tion of the inlet H,O/CH4 and NiO;eycteq/CH4 molar ratio, without
(left graphs) and with (right graphs) CaO sorbent, at 873 (a), 973(b)
and 1073 K (c). At 1073 K, carbonation reaction is not favored. As
a general trend, the energy demand is lower at the beginning
of fuel/steam feed and increases continuously as time passes. At
the beginning of fuel flow (NiOyeacted/CH4 molar ratios >2.5), the
exothermic reduction reactions (R-7) and (R-8) are favored. On the
other hand, as fuel flow nears its end (NiOeacted/CH4 molar ratios
<0.5), the endothermic steam reforming reaction (R-9) becomes
the main chemical mechanism. In absence of CaO sorbent, energy
demand at the end of fuel flow is high and increases with tem-
perature due to the endothermicity of steam reforming (12, 14
and 15 x 10°Jmol-1, at 873, 973 and 1073 K, respectively). Note
that hydrogen concentration also increases with time. However,
the USR process should be carried out as close to auto-thermal
as possible. In this way, the maximum concentration of H, is
limited by thermo-neutral conditions, i.e., the enthalpy change
during fuel flow should be around 2.34 x 10°Jmol-!. As can be
seen, with an inlet H,O/CH4 molar ratio of 4, H, at a concentra-
tion of 73 mol% can be obtained under these conditions. Therefore,
longer operation times would result in high energy demand, with
H, concentration being increased only slightly. In the presence
of CaO sorbent, due to the exothermic carbonation reaction (R-
11), the energy demand is much lower than that of the process
without CaO. In fact, at 873K, the energy demand is lower than
2.34x 10°Jmol~! (NiO) all through fuel/steam feed. Thus, some
heat released during air flow can be used to decompose CaCO3 into
Ca0. If NiOyeacted/CH4 molar ratio reached at the end of fuel/steam
feed is low (e.g. 0.12), the energy demand during fuel flow is
~1.2 x 10° Jmol~! (NiO). Thus, a CaCO3/Ni molar ratio of ~0.7 can
be used during air feed, in order to achieve an overall auto-thermal
operation. If the duration of fuel/steam feed is not so long, and
NiO,eacted/CH4 molar ratio reached at the end of fuel flow is greater
(~1.22), the enthalpy change during fuel/steam feed is near zero
(0.05 x 10° Jmol~! (NiO)), which means that the heat required for

steam reforming is completely provided by the carbonation reac-
tion. In this way, a CaCO3/Ni molar ratio of 1.4 (maximum possible
value) can be used during air flow. These results indicate that high
purity Hy can be produced in an auto-thermal process, in which
the sorbent is regenerated under air feeds. Interestingly, for the
USR process operated with CaO sorbent at 873K, it is found that
weakly exothermic conditions are achieved at the beginning of the
flow. As stated in the section 3.2, CO, selectivity is initially very
high, due to reaction (R-6). Under these conditions, the exothermic
reaction (R-11) is greatly favored, resulting in an exothermic equi-
librium. At 973 K, the carbonation reaction is less favored than at
873 K. In this way, the energy demand at 973 is greater than that at
873 K.

3.6. Summary of the best operational conditions for the USR of
methane

Table 3 shows the optimal conditions for the methane USR
process with and without CaO sorbent. As can be seen, high Hy
concentrations can be reached under thermo-neutral conditions,
with no carbon deposition during fuel flow. In absence of CaO, the
reformate composition is suitable to feed the anode of solid oxide
fuel cells (SOFC) or molten carbonate fuel cells (MCFC), which are
more tolerant to other syngas compounds, and H;, purity may not
be so critical. For PEMFCs application, whose anode must be fueled
by a high purity hydrogen stream containing CO at concentrations
lower than 20 ppm to avoid platinum catalyst poisoning, the USR
process should be operated with CaO in order to produce a Hy-rich
gas. Besides, an additional step, including a COPROX (preferential
CO oxidation) reactor, is also needed.

As can be seen in Table 3, it is possible to obtain H;, at concen-
trations of about 99% at 873 K, using an inlet H,O/CH4 molar ratio
of 4. During isothermal tests in the presence of a CO,-sorbent, it
is reported that H, contents above 90% can be obtained, using the
same amount of water in the feed stream at 873 K[8]. Auto-thermal
operation should be experimentally investigated for the methane
USR process. More recently, Dupont et al. [11] reported catalyst and
CO,-sorbent regeneration, along with long periods of auto-thermal
operation, for the USR process with waste cooking oil as a fuel.

4. Conclusions

The Gibbs energy minimization method is applied to investi-
gate the unmixed steam reforming (USR) of methane to generate
hydrogen for fuel cell application. The following conclusions can be
drawn from the results of the present study:

¢ The methodology works in the region after the ‘dead time’. After
the initial period known as ‘dead time’, under which thermal
decomposition of methane plays an important role in the chemi-
cal mechanism, and hardly any output gases can be measured, the
experimental values of H, concentration, CO and CO, selectivi-
ties, and CH4 and H,0 conversions approach the thermodynamic
predictions. The methodology developed in the present study
allows that the time parameter monitored over fuel/steam feed
stage can be correlated to the NiO;eycteq/CH4 molar ratio to be
used as input data in thermodynamic simulations. For a con-
stant inlet molar flow rate of methane in a packed bed reactor,
NiO reduction molar rate decreases as time passes. In this way,
NiOyeacted/CH4 molar ratio also decreases with time. Thermody-
namic shows that, with decreasing NiO;escteqd/CH4 molar ratio,
H, concentration, CO selectivity and steam conversion gradually
increase, whereas CO, selectivity decreases. This behavior indi-
cates that, as fuel/steam feed nears its end, the reforming reaction
becomes increasingly important, with H, production limited by
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the water-gas shift reaction. On the other hand, at the beginning
of fuel/steam feed stage, the effect of the reactions involving NiO
reduction is greater, resulting in low production of H, and high
concentrations of CO, and H,O.

Thermodynamic calculations showed to be a reliable tool to
verify if the experimental values are consistent and plausible.
Besides, the results of the present work contribute towards a bet-
ter understanding of the behavior of the product gas composition
and enthalpy change during fuel/steam stage. Nevertheless, fur-
ther investigations, including kinetics and reactor modeling, are
encouraged to provide an accurate estimative of NiO reduction
molar rate and output gas composition as a function of time.

In absence of CaO sorbent, Hy-rich gas without carbon depo-
sition can be obtained at inlet H,O/CH4 molar ratios greater
than 1.2, with NiOgeacted/CH4 molar ratios <0.5. Under these
conditions, steam reforming is the main chemical mechanism,
and H, at concentrations of 74-75 mol% can be produced. How-
ever, as time passes during fuel/steam feed stage, NiOescted/CHa
molar ratio decreases, and, consequently, the overall process
becomes increasingly endothermic, since the reforming reaction
becomes more important than exothermic reduction reactions.
In this way, the heat released during air flow may not be suffi-
cient to supply the energy demand needed to produce H, at the
highest concentrations. The duration of fuel/steam feed is lim-
ited by the conditions under which auto-thermal operation can
be achieved. Thus, the maximum H, concentration that can be
reached under thermo-neutral conditions (H,O/CH4 molar ratio
of 4 and NiOye,cted/CH4 molar ratio at the end of fuel/steam feed
of ~0.8) is approximately 73 mol%.

Unlike the USR process operated without CaO sorbent, in which
H, concentration gradually increases with time, thermodynamic
results indicate that, in the presence of CaO, using an inlet
H,0/CH4 molar ratio of 4 at 873 K, H; at concentrations over 98%
can be obtained all through fuel/steam feed stage. At the begin-
ning of fuel/steam flow, NiO,,cted/CH4 molar ratios are high (~3).
Under these conditions, CO, concentrations would be very high
in a process without CaO. However, in the presence of CaO sor-
bent, carbonation reaction is greatly enhanced at the beginning
of fuel/steam feed, due to the great availability of CO,, favor-
ing the production of high purity hydrogen even at conditions
under which NiO reduction reactions play an important role in
the chemical mechanism. Comparatively, in absence of CaO sor-
bent, H, at concentrations of only 40 mol% are expected at the
beginning of fuel flow. Thus, in the presence of a sorbent, with
a suitable inlet H,O/CH4 molar rate, pure hydrogen can be pro-
duced continuously under fuel/steam feed at 873 K. Besides, the
heat necessary for the steam reforming is provided by the car-
bonation reaction. In this way, the heat released during air flow
can be entirely used to decompose the CaCOs5 into CaO. There-
fore, with the USR technology, CaO can be regenerated under air
flows, and an economically feasible process can be achieved. If
NiO,eacted/CH4 molar ratio reached at the end of fuel/steam stage
is low (e.g. 0.12), a CaCO3/Ni molar ratio of ~0.7 can be used dur-
ing air feed, which results in an overall auto-thermal operation. If
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the duration of fuel/steam feed is not so long, and NiO,e;cted/CHg
molar ratio reached at the end of fuel/steam stage is greater (e.g.
1.22), a CaCO3/Ni molar ratio of 1.4 (maximum possible value)
can be used. Although theoretical results suggest that high purity
H, can be produced during long periods of auto-thermal opera-
tion, in practice, the period of pure hydrogen production will be
limited by the CO, breakthrough curve of the sorbent.

e In the presence of CaO, lower temperatures are preferred. By
increasing 100 K, H, production can be greatly decreased, because
the carbonation reaction is very sensitive to temperature. At
973K, CaO conversion decreases with time even at an inlet
H,0/CH4 molar ratio of 4. In this case, the maximum H, concen-
tration is 90 mol%, obtained in a narrow range of NiO,e;cted/CHa
molar ratios. Thus, at 973K, Hj-rich gas is produced during
shorter periods than at 873 K.

e At 873K, with CaO sorbent, it is possible to obtain 3.7 moles of H;
per mol of CHy, using inlet H,O/CH,4 molar ratios greater than 3.

e The generalized diagrams of concentration, selectivity, moles and
enthalpy change as a function of inlet H, O/CH4 and NiO,e;¢teqd /CHa
molar ratio can aid in monitoring and designing new experiments
involving the USR and chemical looping reforming technologies.

e Future work will include a detailed thermodynamic analysis of
the USR process with sulfur-containing fuels.
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