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Abstract: The chemical-looping reforming (CLR) of methane for hydrogen production
employs a solid oxygen carrier (OC) and combines endothermic and exothermic stages,
allowing for potential autothermal operation. This study conducted a thermodynamic
analysis using Gibbs free energy minimization and energy balances to assess the behavior
of WO3, MnWO,, and NiWO;, as OCs in the CLR process. The effects of CH,:OC ratios
and reactor temperatures on equilibrium composition and the energy performance were
examined. The results demonstrated that elevated reduction temperatures promote OC
conversion and the formation of more reduced solid products. Molar ratios above stoi-
chiometric prevent carbon formation, whereas stoichiometric ratios result in higher Hj
yield, achieving 98% at 1000 °C. However, these conditions do not support autothermal
operation, which requires CH4:OC molar ratios above stoichiometric. Additionally, lower
oxidation temperatures are preferred regardless of the OC, due to the lower heat needed to
preheat the air, which has a greater effect on the net heat. For the reduction temperature,
its effect depends on the type of OC analyzed. The maximum H, yield obtained under
autothermal operation was 88% for the three OCs, at 875 °C for MnWOy and 775 °C for
both WO3; and NiWOQOy,.

Keywords: chemical-looping reforming; oxygen carrier; hydrogen; thermodynamics;
autothermal

1. Introduction

Currently, syngas and hydrogen are widely used as feedstocks in the synthesis of
ammonia, fertilizers, methanol, and in a wide range of industries, including steel, elec-
tronics, refining, and petrochemicals, among others. In recent years, however, hydrogen
has emerged as a key element in the development of sustainable energy systems to reduce
greenhouse gas emissions and environmental contamination. As a clean fuel, hydrogen can
be employed to generate both heat and electricity without emitting CO,, thus supporting
the decarbonization of industry, transportation, heating, and electricity generation. Hydro-
gen has the potential to reduce dependence on fossil fuels due to its high energy density.
Its combustion provides approximately three times more energy per unit mass compared
to gasoline, making it a promising alternative energy source [1]. Moreover, hydrogen
finds applications in fuel cell technology, constituting an opportunity to fortify diverse
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economic sectors [2]. Its ability to act as an energy carrier makes it possible to store energy
produced at specific times and places, and to use this energy in a controlled manner at a
later stage [3,4]. Furthermore, hydrogen has the potential to serve as a storage medium for
renewable energy (referred to as “Power-to-Hydrogen”) [4,5], facilitating the decoupling
of energy generation from consumption. Additionally, hydrogen can be produced locally
from a wide range of substances, including water, petroleum, natural gas, biofuels, and
biomass waste, thereby reducing countries” dependence on external energy suppliers [1,6].

Although hydrogen is positioned as a crucial element in the transition to clean energy,
its environmental performance is largely determined by the feedstock and the process
used to produce it, as it is a secondary energy source. By 2021, approximately 47% of
global hydrogen production was derived from natural gas, 27% from coal, 22% from oil
(as a byproduct), and only 4% from water electrolysis (with only 33% of electricity coming
from renewable resources) [7]. This indicates that fossil fuels remain the primary source of
hydrogen, with methane being particularly notable due to its high H/C ratio and lower
byproduct generation compared to other hydrocarbons [8,9]. In order to achieve a sustain-
able and environmentally responsible energy matrix in the future, it is essential to invest in
the production of hydrogen obtained from renewable energy sources. However, in order to
facilitate the energy transition, it is crucial for regions with natural gas reservoirs or poten-
tial biogas production to identify alternative methods for utilizing these primary sources to
produce hydrogen, while minimizing gas emissions. In this context, low-carbon hydrogen
represents an economically viable and advantageous strategy that, when combined with
technologies designed to reduce CO, emissions, acts as a transition pathway towards a
low-carbon economy, taking advantage of existing infrastructure. This represents a lower
cost compared to green hydrogen and increases energy diversity, thereby strengthening the
energy system and providing additional options to meet growing energy demand.

Achieving optimal, reliable, cost-effective, environmentally sustainable, and efficient
hydrogen production presents a complex challenge, as no single method can meet all these
goals simultaneously. Since hydrogen does not occur naturally and must be synthesized,
there is an urgent need to innovate production techniques that use less energy and enable
large-scale manufacturing [6]. Despite the non-renewable nature of the feedstock, imple-
menting carbon capture at the production source enables the decentralized use of hydrogen
as a clean fuel for transportation, power generation, and both domestic and industrial
heating. Consequently, considerable efforts have been made to identify alternative tech-
nologies that promote more efficient hydrogen production, with the aim of reducing energy
consumption, decreasing pollutant emissions, and improving process safety.

In this scenario, chemical-looping reforming (CLR) is proposed as an alternative to
traditional methane reforming. Compared to conventional reforming, which represents
approximately 50% of the world’s hydrogen production [10], the chemical-looping strategy
provides an alternative route for methane partial oxidation that avoids contact between
the fuel and gaseous oxidants, thus enhancing the operational safety of the process [11].
Instead, in chemical-looping reforming, lattice oxygen of an oxygen carrier (OC) is used
to partially oxidize methane to syngas [12]. The oxygen carrier is then re-oxidated using
different regeneration agents, such as air or water. This system consists of two fluidized
bed reactors through which the oxygen carrier is circulated. In this scheme, the oxygen
carrier acts both as an oxygen donor for methane oxidation and as a catalyst to facilitate
methane conversion towards syngas, so it differs from a typical heterogeneous redox
catalyst, since it is part of the redox reactions. The main advantages of the CLR approach
include the elimination of the energy-intensive air separation or steam generation unit and
the inherent separation of CO, from the exhaust gas, which would facilitate the adoption
of capture techniques or its subsequent use. Moreover, since the reduction of the oxygen
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carrier is an endothermic reaction, while its regeneration is highly exothermic, the ability to
achieve autothermal operation by adjusting the reaction conditions presents a significant
advantage over conventional methane reforming for hydrogen production, where high
reaction temperatures are achieved by the addition of external heat.

In general, oxygen carriers are metal oxides capable of reacting through their lattice
oxygen in reducing atmospheres and subsequently re-oxidizing to regenerate the original
material. In order for a material to be considered an attractive option as an OC in CLR, it
must present certain general characteristics [11,13,14]:

e High oxygen-carrying storage and availability: the diffusion of lattice oxygen from
the bulk phase plays a crucial role in reaction kinetics in CLR processes. Consequently,
the oxygen-carrying capacity and the strength of the metal-oxygen bond significantly
influence the selectivity of the final products.

e Chemical and structural (or mechanical) stability at elevated temperatures. This
implies, for example, having high melting points.

e  Favorable thermodynamics regarding reduction and oxidation reactions.

e Favorable kinetics and high selectivity towards syngas formation with minimal
byproduct generation, including carbon deposition.

e  Regenerability: the material must be easily re-oxidized by a suitable oxidizing agent
(e.g., air or water), allowing multiple redox cycles with minimal loss in physical
integrity and chemical reactivity.

e Adequate oxidation and reduction reaction enthalpies, so that autothermicity can be
achieved in the process.

e  Durability over multiple cycles: the OCs must maintain their activity and stability after
several redox reduction-oxidation cycles, showing minimal fragmentation, attrition,
agglomeration, or other mechanical and thermal degradation. It should also tolerate
contaminants.

e Low cost and environmentally friendly.

This work focuses on the thermodynamic study of three materials based on tungsten
oxides: MnWQOy, NiWO,, and WO3;. These solids present characteristics that make them
promising candidates for use as oxygen carriers in CLR processes. Notably, their structure
provides mechanical strength and excellent chemical stability under various redox atmo-
spheres at high temperatures. In the literature, several oxides (Fe3O4, ZnO, In,O3, SOy,
CeOy, ZrO,, V5,05, MoO3, and WO3) have been studied for methane reforming combined
with metal oxide reduction at temperatures below 1000 °C [15,16]. In these works, WO3
has been reported as one of the most reactive among the metal oxide redox systems studied,
and this is mainly attributed to the outstanding resistance to sintering due to its high
melting point, which is directly related to its high stability during redox cycling [16-18]. In
addition, tungsten oxides are abundant in the earth, their composition is highly tunable,
they exhibit good physical stability [18,19], and their thermodynamic properties, according
to their location in the adapted Ellingham diagram, show that tungsten oxides have high
syngas selectivity, which makes them suitable for CLR [20]. Thermodynamic calculations
have demonstrated that these oxides exhibit high selectivity for syngas. However, they
also present challenges such as low reducibility, limited reactivity with methane, and the
necessity of high reaction temperatures. Therefore, enhancing the lattice oxygen availabil-
ity and improving methane conversion are two critical aspects that require attention in
tungsten oxides.

A reported strategy to address these challenges is the incorporation of additional
species to modify the lattice and surface properties of these materials. This approach aims
to weaken the W-O bond, thereby increasing the availability of lattice oxygen and enhancing
methane activation [21]. Mixed metal oxides, in particular, have been extensively studied
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in chemical-looping schemes due to their ability to improve reactivity, mechanical strength,
and syngas selectivity while minimizing carbon deposition [13]. By combining different
ions, these materials offer tailored oxygen potentials through the synergistic effects of their
metal constituents, exhibiting enhanced oxygen mobility, greater oxygen storage capacity,
and improved thermal stability compared to monometallic oxides. Furthermore, mixed
metal oxides offer superior thermodynamic properties for partial oxidation processes [14].

Many inorganic oxides, especially those from the transition metals, have been evalu-
ated as potential oxygen carriers [22]. Among the studied materials, nickel-based oxygen
carriers [13,23-27] stand out as the most extensively studied for methane reforming, primar-
ily because of their high reactivity and stability under severe reaction conditions. Nickel’s
exceptional activity is attributed to its ability to break C-C bonds; however, this advantage
is tempered by significant carbon deposition on the material’s surface, which can affect
its reducibility. In contrast, manganese-based materials bring complementary advantages.
Manganese is recognized for its high oxygen storage capacity and resistance to agglom-
eration at elevated temperatures [8]. Its oxides are highly active in various oxidation and
reduction reactions and are effective catalysts for methane oxidation [28]. Notably, man-
ganese has been reported to enhance the redox properties of catalysts by improving the
mobility of surface and lattice oxygen and facilitating the exchange between gaseous and
lattice oxygen. This behavior significantly contributes to the activation of molecular oxygen
and enhances the material’s performance [29-31]. By integrating nickel and manganese into
tungsten-based systems, it is possible to take advantage of the synergistic properties of these
elements, optimizing the oxygen carrier’s performance in chemical-looping reforming.

As previously mentioned, a key requirement that an oxygen carrier must fulfill to be
suitable for use in chemical-looping reforming processes is its ability to react effectively
with the fuel and exhibit selectivity towards syngas. This performance must be supported
by both thermodynamic and kinetic considerations, ensuring that the reaction pathways
favor syngas formation while minimizing undesired side reactions. Within this framework,
the present study aims to thermodynamically analyze and compare the use of the single
oxide WOj3 and two mixed oxides, MnWQO, and NiWOQy, as oxygen carriers for chemical-
looping reforming. To achieve this objective, their performance was studied under various
reaction conditions to identify those that facilitate high H, production. Additionally, OCs
must present suitable properties that enable autothermal operation. In this regard, energy
balances were incorporated to evaluate the conditions under which the process can operate
without external heat input.

This approach does not account for kinetic or transport limitations, nor does it consider
the chemical or mechanical degradation that the material may undergo during actual
operation, meaning that the results presented here represent a theoretical limit. However,
understanding this limit is valuable as it establishes a target, a maximum value that could
potentially be achieved by optimizing certain operational parameters, and serves as a guide
for identifying conditions that can enhance process performance.

2. Materials and Methods
2.1. Chemical-Looping Reforming Configuration

In order to analyze the reaction scheme, it is possible to represent the process as a set
of two isothermal reactors (Scheme 1). Each of these reactors incorporates a preheating
stage, which allows the gaseous feed streams (streams 1 and 6) to reach the specified
reaction temperature before entering the reactor. In this configuration, the reduction reactor
(or fuel reactor) is where the reaction between the oxygen carrier (stream 5) and CHy
(stream 2) takes place. This step results in two streams: a gaseous stream where the primary
products are Hy and CO (stream 3) and a solid product stream containing the depleted
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OC (stream 4). The second reaction step takes place in the oxidation reactor, where the
depleted OC (stream 4) is regenerated from an oxidant (stream 7) which, in the case of this
study, constitutes an air stream. The products of this reaction stage are divided into two
streams: a solid stream consisting of the oxidized OC (stream 5), which is recirculated to
the reduction reactor, and a gaseous stream (stream 8) consisting mainly of nitrogen.

N, H,, CO

Oxidation Reduction
reactor reactor

Air CH,

Scheme 1. Chemical-looping reforming configuration. Stream 1: CHy (25 °C); stream 2: CHy
(reduction temperature); stream 3: gaseous products from reduction reactor (reduction temperature);
stream 4: depleted OC (reduction temperature); stream 5: regenerated OC (oxidation temperature);
stream 6: air (25 °C); stream 7: air (oxidation temperature); stream 8: depleted air from oxidation
reactor (oxidation temperature).

2.2. Chemical Equilibrium Model

In the first stage of the study, the equilibrium compositions obtained for the different
OCs studied were determined by the total Gibbs free energy minimization method under
different reaction conditions, specifically temperature and molar ratio of the reactants [32].
Assuming that equilibrium is reached in each reactor, the non-stoichiometric method of
total Gibbs free energy minimization allows the determination of the compositions of the
exit streams, without defining specific reactions.

This approach is based on the premise that a system subjected to constant pressure and
temperature will decrease its total Gibbs free energy to a minimum value until it reaches
equilibrium. In a system comprising N species, the total Gibbs free energy can be calculated
by Equation (1). In this expression, n; represents the number of moles of the i-th species,
and g; the respective partial Gibbs free energy, which can be calculated considering the
Gibbs free energy in the normal state (g; ) and the activity (a;).

N N )
G= Znig = Zni (g; +RTInIn ai) 1)
i i

Assuming ideal gas behavior and setting the pressure at 1 atm, the activity of gaseous
species can be represented by their mole fraction. For solid species, unit activity is con-
sidered since they exist as pure phases without forming solid solutions. Additionally, the
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Gibbs free energy of a pure compound in its normal state (g;) is equal to its standard Gibbs
free energy of formation (Agz), which represents the energy change when the compound is
formed from its elements, whose reference Gibbs free energy is zero. With these simplifi-
cations, Equation (1) can be reduced to Equation (2), where Ng,s represents the number
of species present in the gas phase, and N refers to those in the solid phase, while ngas
indicates the total number of moles that constitute the gas phase.

Ngas . n; Nsol .
G=)n [Agfi + ( )} + ) miAgg 2)
i Ngas i

Thus, to determine the equilibrium compositions, the number of moles n; must min-
imize the function given by Equation (2), while satisfying the mass balance constraints
outlined in Equation (3) for the K chemical elements present in the system. In this equation,
o i stands for the number of atoms of the k-th element in the molecule of the i-th species.
This implies that the number of moles of each atomic element must remain constant in the
system, with a value equal to Ay.

N
Y miogx = Ay ®3)
i

The Gibbs free energy of formation of each species at the reaction temperature (Agy.)
needed for Equation (2) were calculated by Equation (4). The enthalpy (Ahg) and the
entropy (Asg,) of formation were calculated by Equations (5) and (6). Also, Equation (7)
defines Acp, where v; represents the stoichiometric coefficient of each species associated
with its formation reaction, while cp; (T) stands for the heat capacity of the compound at
the reaction temperature. The standard state formation properties ( Ahg,® and Asg,®) and
cp;(T) expressions used in these equations were obtained from references [33-36] or by
calculation using the inorganic solid prediction method developed by Mostafa et al. [37,38].
In this study, all species were modeled based on their unique thermodynamic properties,
which were obtained from reliable databases to ensure accurate representation of their
behavior. Tables 51 and S2 in the Supplementary information summarizes the formation
properties in the standard state and the coefficients for cp; (T) utilized in Equations (4)—(7).

Agg (T) = Ahg (T) — T Asg (T) (4)
T
Ahg, (T) = Ahg® + / Acp dT (5)
TS
T Acp
_ S =r
Asi (T) =Asg® + | == dT (6)
Acp =Y i cpy(T) = Y v; <ai + b T+qT? + d;T° + ;) 7)

In order to solve the minimization problems, it is first necessary to define the chemical
species that may be present in the system, including both the reactants and any potential
reaction products. For the gas phase, the species considered were the same for all the
OCs. In the case of the fuel reactor where the syngas production takes place, the species
considered were CHy, Hy, CO, CO,, and HO, while for the regeneration step, the species
defined were Oy and Njy. On the other hand, the solid species considered, which are
determined by the nature of the analyzed OC, are detailed in Table 1. These species were
selected based on previous literature reports regarding the reduction or oxidation reactions
of W, Mn, and Ni [39-44]. The formation of WC or W,C was not considered, as the reaction
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conditions required for their formation, according to the literature [45,46], are not met in
the present study.

Table 1. Solid species considered for the equilibrium calculation for each oxygen carrier.

Oxygen Carrier Reduction Oxidation
WO; WO3 /WO, /W, C W/WO,/WOs3
MnWO MnWO4, WO3 /WOZ /W, MI’IWO4, W/W02 /WO3,
4 MI’IOQ /MI’IQO:; /MH304 /MI’IO/MI’I, C Mn/MnO/Mn3O4 /Ml’l203 /MI’IOZ
NiWOy4 NiWO4, WO3 /WO, /W, NiO/Ni, C NiWO4, W/WO,/WOs3, Ni/NiO

Some authors have expressed concerns regarding the potential sublimation of WOj3
at temperatures around 800 °C, which may limit its applicability. However, Millner and
Neugebauer reported that tungsten oxides do not sublime at an appreciable rate below
1000 °C, either in vacuum or in a stream of neutral gas [47]. These findings are consistent
with the vapor pressure data for WOj3 reported by Blackburn et al. [48], who experimentally
determined that at 1041 °C, the vapor pressure of WOj3 is 9.67 x 1077 atm. Additionally,
recent thermogravimetric analysis conducted by J. Wendel showed no evidence of WOs3
sublimation below 1100 °C in either dry helium or air [49]. This clearly demonstrates that
sublimation would not occur under the reaction conditions studied in this work and thus
only WOs in solid state was considered.

According to the results obtained from the total Gibbs free energy minimization for
each OC, considering all the species detailed in Table 1, only some of them were identified
across the range of temperatures and reactant ratios analyzed. In the gas phase, the observed
species were CHy, Hy, CO, H,O, and CO;. In the solid phase, the species identified for
each OC were as follows:

WO;3: W, WO,, WO3, C;
MnWOy4: W, MnO, MnWQy, C;
NiWOy4: W, WO,, Ni, NiWOy, C.

Considering this, the reactions between CH,4 and the OCs to produce H, and CO
as gas products, along with the most reduced species of the oxygen carriers identified
in the equilibrium calculations, were defined. This led to Equations (8)—(10), where the
stoichiometry was defined such that 1 mol of the OC is reduced in all cases.

3CHy +WO; = 6H,+3CO + W (8)
3CH;+MnWO, = 6H,+3CO + W + MnO 9)
ACH,+NiWO, = 8H,+4CO + W + Ni (10)

It is important to clarify that these are not the only reactions occurring in the reduction
reactor. Depending on the reaction conditions, other reactions may include the thermal
decomposition of CHy, carbon gasification, CH, reforming with H,O or CO,, the water-gas
shift reaction, total oxidation of CH4 by the OCs, and partial reduction of the OC, among
others. However, the reactions defined by Equations (8)—(10) govern the system, as the goal
of this stage is syngas production through the reduction of metal oxides.

The reaction temperature varied between 500 and 1000 °C independently for each
reactor. To analyze the effect of the reactant ratio, the initial amount of CHy in stream 1
was fixed based on the quantity required to reduce one mole of each OC, according to
Equations (8)—(10). These reactions define the stoichiometric ratios CHy: OC, which were
3:1 for WO3 and MnWOy, and 4:1 for NiWOy. Consequently, the number of moles of CHy
in stream 1 was maintained at a constant value of 3 for WO3 and MnWOQy, and 4 for NiWQy,
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while the amount of the OCs’ moles (stream 5) varied by +25% and +50% relative to the
stoichiometric value of 1. Specifically, the OC quantities analyzed were 0.50, 0.75, 1.0, 1.25,
and 1.50 moles.

Accordingly, after reaching equilibrium, the compositions at the reactor outlet
(streams 3 and 4) were obtained for all the temperatures and reactant ratios analyzed for
each OC. The conversions of the OCs and CHy, along with the yields towards H; and C,
were then calculated based on Equations (11)—(14). In these equations, Y; stands for the
yield towards the i-th product, n{! denotes the moles of the i-th species at equilibrium, and
n; refers to the initial amount of i-th species.

o eq
Noc—n
OC conversion = (OOC)- 100% (11)
Noc

o eq
Nen, —Nen,

CHy4 conversion =———- 100% (12)
Nep,
€q
nHZ 0,
Y, = ——100% (13)
Ney,

ngl
Yo = =5 100% (14)

Nep,

Based on the results of this stage, the conditions that did not lead to carbon formation,
according to Equation (14), were selected for the subsequent oxidation of the depleted OC
in the regeneration reactor. The re-oxidation was carried out by an air stream and the effect
of the reaction temperature and reactant ratio was also studied for this stage. As in the fuel
reactor, the equilibrium compositions were calculated considering all the species presented
in Table 1 for the solid phases. After that, the reactions that lead to the oxidation of the
reduced species of the OCs with O, were defined (Equations (15)—(17)).

W+ % 0, — WO; (15)
W+ MnO+% 0, = MnWO, (16)
W +Ni+20, » NiWO, (17)

Accordingly, the amount of the oxidizing agent was modified by +10%, £20%, and
£30% with respect to the stoichiometry determined by Equations (15)—(17). From this stage,
only those conditions that led to complete regeneration of the OCs were selected for the
energy analysis. Subsequently, to gain a deeper understanding of the influence of the reaction
conditions, their effects on the system’s energy requirements were analyzed and compared.

2.3. Energy Balances

For the purpose of this analysis, it has been assumed that the gaseous CH, and air
feed streams are provided at a temperature of 25 °C. As mentioned above, the introduction
of a preheating stage upstream of each reactor allows the streams to reach the required
reaction temperature, which is also the temperature of the effluent streams. Therefore, for
the reduction stage, Tyoq = T2 = T3 = T4, while for the oxidation stage, Tox = T7 = Tg = Ts.

Since each reactor operates isothermally, heat must be added or removed to maintain
the reaction at a constant temperature. The total heat of reaction of a system (Qgr) can be
attributed to the contributions of all the reactions taking place in it. To calculate the heat of
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reaction of either the fuel or regeneration reactor, it is necessary to consider the respective
enthalpy of each reaction (AH;) in addition to its extent of reaction (X;), as expressed by
Equation (18).

R
Qr =) X AH; (18)

In the case of the fuel reactor, since the main reactions taking place are endothermic,
heat should be added to operate isothermally (Qgr > 0). On the other hand, the oxidation
of the depleted oxygen carrier that takes place in the regeneration reactor is exothermic,
so heat should be removed (Qr < 0). In the Supplementary Materials, Figure S1 shows
the variation of AH, as a function of temperature for the main reactions occurring in the
systems studied (Equations (8)—(10) and (15)—(17)).

Alternatively, considering that the composition of the inlet and outlet streams was
determined by the previous equilibrium calculations, the heat flows can be calculated by
applying the energy balances to each reactor (Equation (19)).

Q= Houtlet — Hintet (19)

In particular, for the system under consideration, the energy balances for each reactor
can be expressed by Equations (20) and (21), where Q,.q represents the heat that must be
supplied in the fuel reactor and Qox the heat that must be extracted from the oxidation
reactor to achieve isothermal operation.

Qred = H3 +Hy — (Hz +Hs) (20)
Qox = Hs +Hs — (H, + Hy) (21)
In addition, the heat flows required for the preheating stages to bring the gas streams

up to the required temperatures for the reduction and oxidation reactors, Qpyeq and Qpox,
respectively, can be calculated by Equations (22) and (23).

Qp,eq = H2 —Hy (22)
onx = Hy —Hs (23)

The enthalpy of each stream (j) depends on its composition and temperature, and it
can be expressed by Equation (24). In this expression, the enthalpy of each species can be
calculated by Equation (25), where the reference has been established as pure compound at
25°Cand 1 atm.

Hj =) nih(T) (24)

T
hi(T)= Ab5; + [ cp, dT (25)

In summary, the energy balance for the whole system can be expressed by Equation (26),
where Qcy R represents the net heat of the chemical-looping reforming process.

QCLR = Qred + Qox + Qpred + onx (26)

In this context, to avoid external energy input, Qcrr must be zero or negative. During
the process, energy is consumed in the preheating stages and by the endothermic reactions
occurring in the reduction reactor. To satisfy the heat balance without the need for any
external energy source, the heat generated in the regeneration reactor must be sufficiently
high. Therefore, Equation (27) must be fulfilled.

|Qox| > Qred + QPred + onx (27)
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In order to determine the reaction conditions that allow the system to operate without
the need for external energy input, each heat flow was determined from Equations (20)—(27)
and the effect on Qcyr was then analyzed.

3. Results and Discussion

3.1. Chemical Equilibrium
3.1.1. Reduction Reactor

As a result of the minimization of the total Gibbs free energy (Equations (1)—(3)), the
product distribution corresponding to the composition of streams 3 and 4 was obtained for
the different OCs (Figures S2-54 of the Supplementary Materials).

In terms of solid conversion defined by Equation (11), Figure la—c reveal evident
differences between the OCs studied. Complete conversion of WO3 was achieved over the
whole range of temperatures and reagent ratios studied in contrast to the mixed oxides
MnWO, and NiWO,4 where conversion values increase as temperature rises. It is observed
that, at a fixed temperature, the conversion of WOj3 is greater than that of NiWQy, with
MnWO, showing the lowest conversion. This trend corresponds with the sequence of the
AG; values of the reactions defined by Equations (8)—(10), as illustrated in Figure S5 of the
Supplementary Materials, where the reduction of WOj3 exhibits the most negative value.
For instance, at 600 °C and stoichiometric ratios CH4:0OC, MnWOQO, exhibits a conversion
of only 3%, while NiWO, achieves 50%, and WOj5 reaches 100%. Furthermore, to obtain
complete conversion, for MnWOjy reaction, temperatures must exceed 775 °C, whereas for
NiWOQy, complete conversion occurs at 700 °C.
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Figure 1. Conversion of the oxygen carrier as a function of reduction temperature, parameterized for
different mole amounts of (a) WO3; (b) MnWOy; (c) NiWQOy.
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As expected, CHy conversion increases with temperature (illustrated in Figure S6a—c
in the Supplementary Materials) due to the endothermic nature of the reactions in which it
is involved as reactant, in accordance with the findings previously presented for several
oxygen carriers [50,51]. Particularly, as observed by de Diego et al. for NiO [52], the
conversion of CHy increases as the reaction temperature rises since it improves the reduction
degree of the oxygen carrier, making more oxygen available for CH4 oxidation, achieving
conversion rates of up to 98% at 900 °C in a continuous experimental setup. In this work,
maximum values were achieved at ratios above stoichiometric, allowing for complete
conversion of CHy at temperatures of 825 °C for both WO3 and NiWQy, and at 875 °C
for MnWOQOj. These results seems to be in agreement with those reported by Lopez-Ortiz
et al. [53], who achieved complete CHy4 conversion at approximately 800 °C using CoWO,
as the oxygen carrier with a molar ratio CH4:OC = 4:1.5.

Figure 2a—c illustrate the selectivity towards the solid products for 1.5 moles of OC,
but this trend is the same for the remaining CH,4:OC ratios. As shown in Figure 2a, for WOj3,
the selectivity depends on the temperature, in agreement with the experimental results
obtained by Kodama et al. [15]. At low temperatures, WO, is obtained as a solid product,
indicating a partial reduction of the OC. Conversely, at higher temperatures, the only solid
product is metallic W. In the case of MnWOQy, the selectivity towards the reduction products
was found to be independent of temperature and CH,4:OC ratio, resulting in MnO and
W (Figure 2b). This implies that only W undergoes a change in oxidation state from W*°
to WY, while Mn*? remains in its original state. These findings are in agreement with the
products reported by Bustnes et al. [43] for the reduction of MnWO, by H,. In contrast,
the reduction of NiWOj results in Ni’ over the entire temperature range, while for W, the
trend is analogous to the WO5 case, where the complete reduction from W+ to W occurs
only at high temperatures. Sridhar et al. [42] also studied the reduction of NiWO, by H,
and reported that the reaction proceeds in two steps: first, reduction of NiWO;, to Ni and
WO,, followed by a second step where WO, is further reduced to metallic tungsten, which
is consistent with the results obtained in this study.

With regard to carbon formation, Figure 3a—c show the carbon yield, defined by
Equation (14), as a function of the reduction temperature and the number of moles of OC. It
can be observed for all cases, that carbon formation is significant for most of the conditions
studied, especially when there is insufficient OC and at low temperatures.

A maximum in carbon yield is observed at temperatures between 600-700 °C, reaching
maximum values of 58% for WO3, 68% for MnWQy,, and 55% for NiWQy, each associated
with CHy conversions of 65%, 76%, and 63%, respectively (Figure S6a—c). Lower tem-
peratures facilitate the formation of carbon, as the reaction of CH, undergoing thermal
decomposition to produce C and Hj has a lower value of AG; than the other reactions,
as observed in Figure S5 in the Supplementary Materials. So, the maximum in carbon
yield can be linked to the increase in CH4 conversion within the temperature range where
the reduction reactions of the OCs are not yet spontaneous. At higher temperatures, as
these reactions shift their AG; to negative values, the carbon yield decreases as the tem-
perature rises. These results are in agreement with the existing literature. For example,
Jerndal et al. [54] studied various oxygen carriers by simulating reactions and found that
lower temperatures and smaller amounts of added oxygen promote carbon formation.
Additionally, at low temperatures, more oxygen is required to prevent carbon deposition,
whereas at higher temperatures, less oxygen is needed. Thermodynamic calculations
on carbon deposition using tungsten oxides as oxygen carriers were also conducted
by Kang et al. [55], indicating that significant carbon deposition does not occur if the
sufficient oxygen is provided by the metal oxide. Moreover, Cho et al. [56] performed
the reaction in a laboratory fluidized-bed reactor with oxygen carriers containing nickel
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and found that when sufficient oxygen in the oxide was still available, there was limited
formation of carbon independent of temperature in the investigated range of 750-950 °C,
but when more than 80% of the available oxygen was consumed, rapid formation of
carbon was observed. Thus, carbon formation happens when fuel oxidation cannot take
place substantially.

For sub-stoichiometric ratios, significant carbon formation is observed throughout
the whole temperature range. Conversely, Table 2 displays the temperature values above
which carbon yield is zero (0.0%) for stoichiometric and excess of OC conditions.

The stoichiometric ratios result in the highest temperature limits for WO3 and NiWOj.
Regarding MnWOQOy, carbon formation is observed even at temperatures up to 1000 °C. It is
noted that the region with no carbon formation corresponds to elevated OC conversion
and to the zone where the solid products are the most reduced species of each OC, i.e., W
in the case of WO3, MnO and W for MnWOQy, and finally Ni and W for NiWOj,.
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Figure 2. Selectivity towards solid products as a function of reduction temperature for 1.5 moles of
(a) WO3; (b) MnWOy; (c) NiWOy.
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Figure 3. Carbon yield as a function of reduction temperature and mole amounts of (a) WO3;
(b) MnWOy; (c) NiWOy.

Table 2. Temperature values above which the carbon yield is zero.

OC Moles WO3 MnWO, NiWO,
1.0 875 °C * 875 °C
1.25 725 °C 775 °C 700 °C
1.5 700 °C 775 °C 700 °C

* Carbon is observed across the entire temperature range analyzed.

A correlation between OC conversion, selectivity towards different solid products,
and carbon formation can be made. As the conversion of the OC increases (along with
the increase in selectivity towards the most reduced species, as shown in Figure 2a,c), the
amount of carbon formed decreases. This is because the oxygen present in the OC now
becomes part of the oxidation products, mainly producing CO. Furthermore, as the amount
of OC available increases, the formation of CO, due to total oxidation reactions is also
observed. Therefore, high temperatures and a higher amount of OC moles imply a lower
carbon yield (zone indicated with blue color in Figure 3a—c).

Regarding the H, yield shown in Figure 4a—c, a similar trend is observed for all the
OCs, with the highest values obtained for 0.5, 0.75, and 1 moles of OC.

In these cases, the H; yield increases with temperature over the whole range, whereas
when considering 1.25 or 1.5 moles of OC, the H; yield presents a maximum value from
which it remains approximately constant or decreases with further increase in temperature.
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H, yield (%)

This is attributed to the formation of total oxidation products (H,O and COy), arising from
the increased availability of oxygen from the more reduced species of the oxygen carriers,
which leads to a decrease in selectivity towards Hy. Several authors have reported this
behavior through both theoretical and experimental studies, noting higher yields of Hj
under stoichiometric ratios. For instance, de Diego et al. [52] achieved a maximum H; yield
of 90% when using NiO as the OC with a CH4:OC ratio of 1:1 in a continuous reactor, while
Yahom et al. [57] reached equivalent conclusions by simulation, employing the same OC.

Itis verified that the stoichiometric ratios between the reactants enable the achievement
of maximum Hj yields, and under these conditions, this is favored by the high reaction
temperatures, obtaining a maximum value of 98% at 1000 °C for all the OCs, while at the
same temperature, with 1.5 moles of OC, for example, the yield decreases to 81%.
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Figure 4. H; yield as a function of reduction temperature, parameterized for different mole amounts
of (a) WOj3; (b) MnWOQOy; (c) NiWOy,.

3.1.2. Oxidation Reactor

With regard to the regeneration stage, equilibrium calculations were carried out for the
different compositions previously obtained for stream 4, under conditions where carbon
formation is avoided. This is crucial to prevent solid deactivation and CO, production
in the regeneration reactor as a result of gasification reactions with the oxidants [50]. The
compositions obtained are presented in Figure S7a—c in the Supplementary Materials.

As mentioned above, these conditions coincide with those in which the species W,
MnO, and/or Ni are obtained as solid products. In addition, in the case of MnWOQy, stream
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4 may contain unreduced OC, since its conversion may be less than 100%, while for NiWO4
and WO3;, the conditions that do not generate carbon coincide with those in which there is
complete conversion. It was found that the percentage of OC regenerated and the product
distribution obtained were independent of temperature, possibly due to the highly negative
AG; value determined for reactions defined by Equations (15)—(17), as observed in Figure
S5 in the Supplementary Materials.

Figure 5a—c illustrate the product distribution obtained by regenerating the depleted
OCs (that is, W for WO3, W and MnO for MnWQ,, and W and Ni for NiWO,) with
different amounts of air. In the x-axis, the value 0% represents the stoichiometric ratio
between O, and the OC according to the reactions defined by Equations (15)-(17), while
the percentages £10, £20, +30% indicate the extent of the defect or excess considered for
the oxidation reaction.
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Figure 5. Solid product distribution for regeneration of the depleted OCs as a function of Oy
excess/defect for (a) WOj3; (b) MnWOy; (¢) NiWOy.

The results show that stoichiometric amounts of O, allowed the complete regeneration
of the OCs. Conversely, under oxygen-deficient conditions, the percentage of regenerated
oxide and the product distribution depended on the amount of O, used.

These results seem to align with those reported by various authors in the literature
regarding the synthesis of these materials via solid-state reactions [58-65].
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Considering that an excess of air during the preheating stage results in a higher heat
demand and thus has a negative impact on the energy balance, it was determined that the
amount of air used in the oxidation reactor should be stoichiometric, as this is the minimum
required to achieve complete regeneration of the OCs.

3.2. Energy Balances

In addition to hydrogen yield, the energy balance of the process must be considered
when assessing the performance of a given OC and the overall process. With this purpose,
the results obtained for the composition of the streams were used to determine the heat
involved in each stage of the process, as described by Equations (20)—(27), for the different
combinations of CH4:OC ratios and reaction temperatures, both reduction and oxidation.
The heat requirements for the reduction reaction (Qq) and the heat released by the re-
generation reaction of each OC (Qox) were determined. In addition, the heat required to
preheat the reactant streams from 25 °C to the appropriate reaction temperature was also
determined (Qpyeq and Qpox).

3.2.1. Preheating Stages

For the preheating of the reduction reactor, Qp,.q represents the heat required to
bring CHj (stream 1) to the reduction temperature (T,.q), while in the case of the regen-
eration reactor, Qpox denotes the heat required to bring air (stream 6) to the oxidation
temperature (Tox).

Table 3 summarizes the minimum and maximum values of the preheating heats found
for each OC.

Table 3. Minimum and maximum preheating heats for each OC.

WO; MnWO, NiWO,
Min 104 125 145
QPred (kJ) Max 177 177 236
Min 102 118 136
Qpox (k]) Max 331 331 442

NiWO, demonstrates the highest values for Qp..q due to the fixed quantity of CHy
set at 4 moles for this OC, in contrast to 3 moles for both WO3 and MnWOQy. Given that the
amount of CH, remains constant for each oxygen carrier, Qp,.q is only dependent on the
reaction temperature, so higher T,.4q values directly lead to an increased Qpyeq. This results
in the maximum value for Qp,q at a reduction temperature of 1000 °C for all the OCs,
while minimum values for Qpy.q are obtained at the minimum reduction temperatures that
were found for each OC, that is 700 °C for WO3 and NiWOy, and 775 °C for MnWQOy,.

In contrast, Qpox depends on both the oxidation temperature Tox and the amount of
OC analyzed, since larger quantities of reduced OCs need an increased amount of O, for
regeneration (along with the corresponding moles of N»), thereby increasing Qpox. For
all the OCs, the maximum values for Qp,x were obtained for an oxidation temperature of
1000 °C, while the minimum values correspond to 500 °C. As observed for Qp .q, NiWO,
also exhibits the highest Qpox values, as the regeneration of 1 mole of NiWO, requires
2 moles of Oy, while only 1.5 moles of O, are required for both WO3 and MnWQO,. On the
other hand, the minimum value of Qpox is obtained for the regeneration of 1 mol of WO;
at an oxidation temperature of 500 °C.
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3.2.2. Reduction Heat

From Equation (20), the heat required in the reduction stage was obtained for the
different conditions of T,q, Tox, and number of moles of OC, showing a similar trend for all
the OCs analyzed, as illustrated in Figure 6a—c. As this stage is dominated by endothermic
reactions, these are thermodynamically favored by increasing the reaction temperature
(Tteq), which implies a higher energy consumption and therefore an increase in the heat
to be supplied. Conversely, an increase in the oxidation temperature reduces the external
demand, as it results in a higher energy input from the OC to the reduction stage, given
that it enters the reduction reactor at a higher temperature.

In general, as a result of increased conversion levels, a higher amount of OC directly
correlates with a higher energy requirement, as shown in Figure 6a—c by the upper plane
corresponding to the higher number of moles of OC. However, for MnWOy, this trend is
reversed at low reduction temperatures and high oxidation temperatures (see the intersec-
tion of the surfaces in Figure 6b). This can be attributed to the fact that the energy input
from the solid, originated from the high-temperature regeneration reactor, has a significant
impact, coupled with the minor conversion levels of this oxygen carrier at 800 °C compared
to WO3 and NiWOy.
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Figure 6. Heat required (Q,¢q) in the reduction reactor as a function of reduction and oxidation
temperatures (Tyoq and Tox, respectively), parameterized for different mole amounts of (a) WO3;
(b) MnWOQOy; (c) NiWO4.
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3.2.3. Regeneration Heat

From Equation (21), the heat generated in the regeneration stage by the exothermic
reaction of oxidation of the depleted OC was determined. This heat is directly proportional
to the amount of solid to be oxidized; therefore, larger amounts of OC result in higher Qox, as
shown in Figure 7a—c for the different planes corresponding to 1, 1.25, and 1.5 moles of OC.
Conversely, a slight decrease in Qox was observed for all OCs as the reaction temperature
(Tox) increased. This phenomenon can be attributed to a reduction in AH; of the reactions
defined by Equations (15)—(17) at higher temperatures, as illustrated in Figure S1 of the
Supplementary Materials. For MnWOQy, it was observed that Qo is significantly influenced
by the reduction temperature, as an increase in T,.4 leads to higher OC conversion at
this stage. This results in a greater amount of reduced solid available for re-oxidation,
ultimately leading to a higher Q. This results in a crossover between the planes for 1.25
and 1.50 moles of MnWOj at high T,y and low T4, since part of the heat generated by the
exothermic reaction is used to raise the temperature of the OC from T g to Tox, thereby
reducing Qox. Conversely, the reduction temperature has a negligible effect on Q,x for WO3
and NiWQy, as the conversion of both solids in the reduction reactor is complete within
the temperature range analyzed.
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Figure 7. Heat released (Qox) in the oxidation reactor as a function of reduction and oxidation
temperatures (Tyoq and Tox, respectively), parameterized for different mole amounts of (a) WO3;
(b) MnWOy; (c) NiWOy.
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3.2.4. Net Heat

From the calculations of Qeq, Qox, Qpred, and Qpox, and taking into account the
overall balance of the system, the net heat, named as Qcrr, was determined by apply-
ing Equation (26). Figure 8a—c show QcrR as a function of the reduction and oxidation
temperatures, with each plane corresponding to a specific number of moles of OC. In
addition, a plane corresponding to Qcrr = 0 (grey plane) has been included to enhance the
visualization of the conditions that facilitate autothermicity. In this figure, positive Qcrr
values indicate that the heat generated in the oxidation reactor is insufficient to fulfill the
heat balance (Equation (27) is not satisfied), needing external heat input. Conversely, more
negative Qcrr values mean a greater energy excess.

Regarding CH4:OC ratio, it is observed that higher amounts of OC have a positive
effect on the system, as this results in greater energy transport by the solid from the
oxidation reactor to the reduction reactor. This result aligns with those reported by other
authors. For instance, Ortiz et al. [66] observed that when the oxygen supplied by NiO to
the fuel reactor of a CLR system was at stoichiometric conditions for converting CHy to CO
and Hj, the process became energy demanding. They found that an excess of oxygen was
necessary to achieve autothermal conditions, which in turn reduced the H; yield compared
to stoichiometric conditions. Similarly, de Diego et al. [52] reported that for NiO, a molar
ratio 25% above stoichiometric was necessary to satisfy the heat balance.

With respect to temperatures, in the case of WO3 and NiWOy, negative values for Qcyr
are obtained for lower reaction temperatures for both oxidation and reduction reactors.
Lower reaction temperatures result in less energy consumption for preheating the air and
CHy streams. In addition, lower reduction temperatures require less energy for endothermic
reactions due to the associated lower conversion. Finally, a lower oxidation temperature
results in a greater release of heat during the regeneration reaction due to the more negative
value of AH, at lower temperatures. It can be noted that, regarding T,y, although its rise
significantly decreases the heat required for reduction (Q,.q in Figure 6), the increase in
the heat demand for preheating the air stream (Qpox) has a greater impact in the overall
energy balance, resulting in a detrimental effect. This can be observed in Figure 8, where
an elevation in Tox leads to a more positive value for Qcyr.

On the other hand, the behavior of MnWQ, differs from that of WO3 and NiWOQy,
as its conversion depends on the reduction temperature, while WO3 and NiWO, exhibit
100% solid conversion under the conditions analyzed in the energy balance. Upon reaching
full OC conversion, which occurs at temperatures above 975 °C and 850 °C for 1.5 and
1.25 moles of MnWOy, respectively, the effect of Tox and T,q becomes analogous to those
observed for WO3 and NiWO,. However, at lower temperatures, the trend is reversed,
resulting in an improved energy balance with increasing T,.q. Although an increase in the
reduction temperature implies an increase in Qpeq and Q.4 due to the higher conversion,
as well as Qpox due to the greater amount of oxygen required to regenerate the depleted
OC, the effect on the overall energy balance is compensated by an increase in the heat
released during the oxidation of the depleted OC, Qox. As shown in Figure 7a,c, the effect
of the reduction temperature on Qo is negligible for WO3 and NiWO; as these OCs are
fully converted. Therefore, in order to optimize the energy performance of MnWQy, it is
essential that the solid undergoes the highest possible degree of conversion.
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Figure 8. Net heat (Qcrr) as a function of reduction and oxidation temperatures (T;oq and Tox,
respectively), parameterized for different mole amounts of (a) WO3; (b) MnWOy; (c) NiWOy.

Considering these factors, the conditions under which the system exhibits autother-
micity were identified for each OC. It was determined that autothermicity is not achievable
for WO3 and NiWOQy at stoichiometric ratios, but can be reached with 1.25 and 1.5 moles of
OC. For MnWOQy, autothermicity is only feasible when considering 1.5 moles of the OC.

For 1.5 moles of WOj, if the reduction temperature is maintained below 825 °C, the
process is autothermal across the entire range of oxidation temperatures. However, for
1.25 moles, both the reduction and oxidation temperatures must be kept below 800 °C. In
the case of NiWQy, the same trend as WOj is observed for 1.5 moles, while for 1.25 moles,
autothermal operation can be achieved at reduction temperatures below 775 °C, accompa-
nied by lower oxidation temperatures. In the case of MnWOQy, the reduction temperature
must exceed 850 °C, while the oxidation temperature should remain below 800° C.

3.3. H; Yield vs. Autothermal Conditions

As observed from the previous analysis, the temperature ranges that lead to autother-
mal operation are broader for WO3; and NiWQ,, whereas for MnWOy, this range is more
limited. Table 4 presents the maximum Hj yield obtained under autothermal conditions,
along with the corresponding reduction temperature and CH4:OC ratio. Additional param-
eters, such as CHy conversion, are also included. Based on these reduction conditions, the
maximum net heat is shown, along with the corresponding oxidation temperature.
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Table 4. Conditions that maximize Hj yield under autothermal operation.
WO; MnWOy NiWwO,
H,; yield (%) 88 88 88
Treq (°C) 775 875 775
CH4:0OC ratio 3:1.25 3:1.50 4:1.25
H;:0C relation 4.208 3.52 5.608
CHy conversion (%) 97 100 97
Tox (°C) 500 500 500
Qcrr ) —-14 —-14 —18
Qcrr/moles Hy (k] /mol) —2.66 —2.65 —2.57

The results presented indicate that, under autothermal operation, the same H; yield
can be achieved for the three oxygen carriers. However, while the reduction temperature
required for MnWOy is 875 °C, it is 100 °C lower for both WO3 and NiWO,. Furthermore,
it is noteworthy that in the case of NiWQy, the number of moles of H, produced per mole
of NiWOy reacted is greater than that for MnWQO,4 and WOj3. Conversely, for the same Hj
yield, MnWO; results in the lowest amount of H, produced per mole of OC employed.
Regarding net heat, NiWO, presents the highest value. However, when comparing the
Qcrr per mole of produced Hj, these values become similar.

In summary, to optimize the energy balance, an excess of OC relative to stoichiometric
ratios is required in all cases, as higher amounts of OC result in greater heat transfer
between the reactors. Regarding operating temperature, the oxidation temperature should
be kept as low as possible, while the optimal reduction temperature depends on the specific
OC. For MnWQy, higher reduction temperatures are necessary to enhance OC conversion
in the reduction reactor and, consequently, in the oxidation reactor. Conversely, for WO3
and NiWOy, lower reduction temperatures are more favorable. However, these conditions
do not align with those that maximize hydrogen yield. On one hand, higher amounts of
OC promote greater selectivity toward fully oxidized products. Additionally, hydrogen
yield presents a maximum at a reduction temperature of approximately 800 °C for all
OCs (Figure 4a—c), as lower temperatures lead to reduced CHy conversion (Figure S6a—c),
while higher temperatures favor H,O formation due to total oxidation reactions, both of
which negatively affect H, yield. Although an H; yield of 98% can be achieved, this would
require external heat input, indicating that autothermal operation would not be feasible.
Thus, a compromise must be made between maximizing Hj yield and optimizing energy
performance.

4. Conclusions

This study analyzed the thermodynamic performance of WO3, MnWO,, and NiWO,
as oxygen carriers in chemical-looping reforming for hydrogen production. Complete solid
conversion was achieved at lower temperature for WO3; and NiWO, compared to MnWOy;.
For WOj3 and NiWQy, carbon formation was avoided with stoichiometric CHy:OC ratios at
temperature above 875 °C. For MnWOQy, this condition was achieved only with CH4:OC
ratios higher than stoichiometric at temperature above 775 °C. Additionally, stoichiometric
CH4:OC ratios yielded higher H; production for all OCs.

The energy balance analysis demonstrated that autothermal conditions were achieved
for WO3 and NiWOy at broader temperature ranges compared to MnWO,. Higher amounts
of OC enhance autothermal operation by improving energy transport between reactors,
but this comes at the expense of hydrogen yield due to increased complete oxidation
reactions. Regarding operating temperature, the oxidation temperature should be kept
as low as possible, while the optimal reduction temperature depends on the specific OC.
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Reduction temperature significantly affected the energy requirements for all OCs, with
lower reduction temperature favoring energy performance in WOz and NiWO,. MnWOy
exhibited a distinct behavior due to its temperature-dependent conversion, requiring higher
reduction temperature to optimize its energy balance. However, achieving autothermal
operation requires compromises in hydrogen yield, as maximizing H, production often
requires external heat input.

In summary, the thermodynamic framework developed provides valuable insights
into the operating conditions for optimal chemical-looping reforming performance. It
establishes a foundation for identifying optimal temperature ranges and reactant ratios
to enhance the overall performance of the CLR process. Ultimately, the development of
effective oxygen carriers requires an interdisciplinary understanding of material science,
reaction engineering, and material stability. While thermodynamic analysis serves as
a crucial foundation, experimental validation remains indispensable to account for ki-
netic limitations, diffusion effects, practical operational challenges, and material stability
over time.
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www.mdpi.com/article/10.3390/reactions6010005/s1, Table S1: Enthalpy and Gibbs free energy
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against temperature obtained by Gibbs free energy minimization method, parameterized for different
mole amounts of (a) WO3; (b) MnWOy; (c) NiWOy. *The dashed line represents the regeneration of
1.5 moles of OC, the solid line corresponds to 1.25 moles of OC, and the dotted line indicates 1 mole
of OC.
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