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Abstract

In the current energy transition towards sustainable energy resources, H,S, a byproduct of the oil and gas industry, is
considered a promising alternative source of sustainable H, production. H, can be produced from H,S by H,S-methane
reforming (H.SMR), which serves as an alternative process for the commercial production of H, with valuable side
products such as carbon disulfide (CS;) and sulfur. This study focuses on the rigorous process modeling of the H,S-
methane reforming process to determine the thermodynamic feasibility and system performance of the process. A
comprehensive sensitivity analysis of various operating conditions, including reaction temperature and H,S-methane
feed ratio, is evaluated to analyze their effect on reactant conversion and hydrogen yield, along with byproduct
formation. Preliminary results indicate that the higher temperature significantly enhances methane conversion due to
the endothermic nature, and the feed ratio is crucial for managing the side product production. These findings highlight
that the optimization of these reactor designs is crucial in improving the economic viability of H,S-based hydrogen
production for commercial applications.

Keywords
Process Simulation, H.S-methane reforming, hydrogen production, process modeling, thermodynamic feasibility,
sensitivity analysis

1. Introduction

Currently, the global energy market is dependent on fossil fuels as energy resources, leading to a surge in atmospheric
CO: emission levels, further contributing to global warming and associated environmental impacts
(Hassanpouryouzband et al., 2021). Transitioning to a hydrogen-based energy economy aids in meeting
decarbonization strategies and pledges, while also providing a platform for storing energy derived from renewable
sources (Le et al., 2024; Griffiths et al., 2021). This transition projects a six-folds increase in hydrogen demand
reaching 530 Mt by 2050 (IEA, 2021). Traditionally, hydrogen is produced from fossil fuels, mainly methane, using
steam-methane reforming (SMR), with associated high carbon footprint nearly 10.0 kg CO2-eq per kg H- (Parkinson
et al., 2019). The carbon footprint can be reduced to 2.0 kg CO2-eq per kg H> with CO: capture (i.e., blue hydrogen),
however, the additional investment increases the LCOH to $1.93 — 2.26 per kg H: (Parkinson et al., 2019). Although,
hydrogen from water electrolysis with renewable resources (i.e., green hydrogen) is a more environmentally friendly
option (0.52 — 2.5 kg CO:-eq per kg Hz), yet its high LCOH of $4.61— 14.87 per kg H-, as well as use of fresh water as
a feedstock, is delaying the large-scale deployment of this technology to meet the upcoming boost in hydrogen demand
(Parkinson et al., 2019). This requires searching not only for a sustainable resource for producing hydrogen, but also
for efficient processes with low production costs, or value-added byproducts that offset production costs with generated
revenue. Drawing on concepts of circular economy, waste resources are potential feedstocks for hydrogen production,
replacing traditional valuable feedstock (i.e., water, methane) (Rafey et al., 2025; Li and Williams, 2023;
Prasertcharoensuk et al., 2021; Wang et al., 2020). Among these, hydrogen sulfide (H-S), a toxic byproduct from oil
and gas operations, is a promising source of hydrogen, with the same number of hydrogen atoms as water (Reverberi
et al., 2016; Spatolisano et al., 2024; Chan et al., 2023), and lower standard Gibbs free energy change (AG° = 33 — 36
kJ-mol™ H2) compared to water (AG® = 237 kJ-mol™ Hz) (Ali et al., 2025). Currently, H.S emissions are managed
using the Claus process by converting them to elemental sulfur and wastewater, invariably losing the hydrogen atoms
from H2S (Ali et al., 2023). In this context, utilizing H.S for hydrogen production, where available, might be an
effective method for meeting hydrogen economy goals, while also supporting circular economy targets. A variety of
processes have been explored over recent years for H.S-to-H2 conversion (Reverberi et al., 2016; Spatolisano et al.,
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2024; Chan et al., 2023), yet, the closest to market is H.S-methane reforming (H.SMR) (Ali et al., 2025; Spatolisano
et al., 2022; Cong et al., 2016; El-Melih et al., 2016; Martinez-Salazar et al., 2015). In the H.SMR reaction (Eq. 1),
analogous to SMR, HaS is reacted with methane to produce hydrogen and carbon disulfide (CS2), instead of CO: in
SMR. Other reactions might also occur under elevated temperatures, including H-S pyrolysis (Eq. 2), resulting in sulfur
production, and methane pyrolysis (Eq. 3), resulting in solid carbon production, in addition to hydrogen (Spatolisano
et al., 2022; Cong et al., 2016; El-Melih et al., 2016; Martinez-Salazar et al., 2015).

2H,S + CH, & 4H, + CS, (1)
2H,S & 2H, + Sy, )
CH, & 2H, + 4C, 3)

An advantage of H.SMR is that it does not directly produce CO: as with SMR, aside from the indirect emissions
resulting from fuel consumption, avoiding the need for dedicated CO: capture units. Additionally, the byproducts (CS2
and S2) are valuable products which can offset the cost of hydrogen production with their generated sales revenue (De
Criscietal., 2019; Chan et al., 2023). However, the H.SMR reaction is highly endothermic with AH"0=232.4 kJ.mol"\(-
1) at 298 K (Cong et al., 2016; El-Melih et al., 2016), almost 40% higher than SMR with [(AH) "o=164.9 kJ.mol"(-
1) at 298 K, which directly impacts the reactor energy consumption. An additional issue is the risk of carbon deposition
in the reactor due to methane pyrolysis, requiring careful consideration for H.S-to-methane ratio and reactor
temperature (De Crisci et al., 2019; Chan et al., 2023). This study presents a rigorous process modeling of the H.SMR
process to determine the thermodynamic feasibility and system performance of the process. First, a working model is
developed using the Aspen Plus simulator. After that, a comprehensive sensitivity analysis of various operating
conditions, including the reaction operating temperature and pressure, along with the input feed ratio, is evaluated to
analyze their effect on the hydrogen yield and the byproduct formation. These findings will help in the optimization of
the reactor design and improve the overall economics of the process for commercial-scale hydrogen production. The
structure of the paper is organized as follows: Section 2 covers the overview of the process model under consideration,
along with the different process settings. The results and discussion of the sensitivity analysis conducted for the process
are presented in Section 3, and finally, the conclusion drawn from the results is presented in Section 4

2. Process simulation for H2S-methane reforming

The simulation of the H2SMR process is done using Aspen HYSYS as shown in the flowsheet Figure 1. The process is
divided into three segments, namely, reaction, byproduct sulfur and CS. recovery, and H- purification, similar to our
previous contribution (Ali et al., 2023).

I:Reaction segment

H,+CS:+S+HS
H,S

Reforming
reactor

Unreacted H,S

Separator

Effluent water

MDEA + H,O

—

MDEA Absorher

M

Cryogenic
distillation

II: Byproduct recovery segment HI: H, purification segment

I

Figure 1: Process flowsheet for H2SMR, highlighting the three main segments, reaction (black), byproduct recovery
(green) and, H» purification (blue).
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Inlet methane at sales gas quality is received at 313 K and atmospheric pressure, while H-S is received from natural gas
sweetening units at similar conditions, with a 1:15 maximum CO2:H.S ratio to limit the effect on H. yield (Spatolisano
et al., 2022). The feedstock methane and H.S are mixed at a ratio of 1:3, to prevent carbon deposition by methane
pyrolysis in Eq. (3) (Spatolisano et al., 2022), and heated to the reactor temperature (typically 1500 °C). The mixed
feedstock enters the reforming reactor, modelled as an ideal Gibbs reactor, as it accurately represents experimental
behavior of H- yield as a function of temperature (Ali et al., 2023). For the initial simulation of the process, the reactor
was modelled under atmospheric pressure and a set temperature of 1500 °C. The reformer reactor was fuelled using
imported methane-based fuel gas, with the hot flue gas from the reformer used to preheat the reactor’s inlet as well as
water for the CS: distillation column reboiler. The details of each section and the flow process are shown in Figure 1.

3. Sensitivity Analysis

To perform the sensitivity analysis in order to understand the thermodynamics of the process, the reactor inlet feed ratio
and operating temperature are selected as the key variables. The operating range of 800-1600°C is selected for the reactor
temperature, and the inlet feed ratio, i.e., H,S/methane, varies from 1:1 to 1: 9. These conditions are selected to confirm
the thermodynamic feasibility of the process and to estimate the effect of these conditions on the output product quality.
The main targeted variables in the sensitivity analysis are the H>S & methane conversion. The input and output of these
components are monitored to determine the conversion using the formula shown below:

_ [HZS]in - [HZS]out

Xys = X 100 — — — (eq.4
ries [HS)iy 0ot
_ [CH4]in - [CH4-]out
Xew, = [CHLL. x 100 (eq.5)

The desired and the co-product produced are also monitored to understand the effect of the variation of the system
variables. Hydrogen is the desired product, which is produced using a non-catalytic H2SMR process along with side
products like CS, And sulfur is also produced. The production rate of these products is monitored under the normalized
conditions. The formula for the production rate of products and co-products is as follows:

[Hz]out
Yy, = X 100 — — — (eq.6)
"2 7 [HpS)in + 2[CHylin
2lout
=——FX%X100———(eq.7
2lout
Yoo, =—————x100—— — .8
I 77 P (-9

With these defined parameters of conversion, product and co-products production rate, we can carefully analyze the
effect of the input variable i.e., operating temperature and the inlet feed ratio, on the overall system performance.

4. Results and Discussion:

The results of the sensitivity analysis, including methane and hydrogen sulphide conversion along with the hydrogen,
carbon disulphide, and sulfur production rate, are shown in Figure 2. The results reveal that for all feed compositions,
the H»S conversion increases with the increase in the temperature, showing that the reforming reaction is highly
endothermic in nature (Figure.2(a)). From the molar ratio of 1:1, it can be observed that the H»S conversion increases
from 38% at 800°C to approximately 98% at 1600°C. The increase of the H>S-methane molar ratio results in a progressive
decrease in the conversion because the system becomes thermodynamically limited due to insufficient availability of
methane. The results of methane conversion (Figure.2(b)) reveal that with the increase in temperature, the conversion
increases, but with high molar ratio feed (6:1 & 9:1) at temperature = 1200°C the methane conversion approximately
reaches 100%. This trend suggests that under high molar ratios, the sulfur-carbon reaction pathway dominates because
of the availability of a large amount of sulfur for the carbon conversion. The output production rate of both products and
co-products reveals that the hydrogen production increases with the increase in temperature for all the feed molar ratios,
which is consistent with the endothermic process (Figure.2(c)). However, the hydrogen production does not increase
linearly with the increase in the molar ratio. The highest hydrogen production is observed at the intermediate 3:1 for
most of the temperature range, reaching approximately 87% at 1600 °C. This trend suggests that at a lower molar feed
ratio (1:1), hydrogen formation is limited due to the low sulfur availability for the reaction, and under very high sulfur
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concentration (6:1 & 9:1), a larger fraction of sulfur results in the alternate pathway. Furthermore, the sulfur production
rate graph (Figure.2(d)) reveals that it increases with both temperature and molar feed ratio. The sulfur production at
low temperature, i.e., 800 °C is negligible for all molar ratios; it increases sharply with the increase in temperature along
with the increase in the molar feed ratio. This shows that at high temperatures and under excess sulfur, it promotes the
sulfur-sulfur coupling reaction. Conversely, carbon disulfide (CS:) formation shows the opposite trend (Figure.2(d)).
CS: production increases under lower molar feed ratio, reaching nearly complete sulfur incorporation, i.e., 98.6% at
1600 °C for the 1:1 ratio, and decreases markedly as molar concentration increases. This inverse relationship between
CS: and S2 formation confirms the competitive nature of sulfur reaction pathways. When sulfur availability is moderate,
it prefers to react with carbon to form CS:, and when hydrogen sulfide is in excess, sulfur polymerization becomes
dominant.
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Figure 2: Effect of temperature and feed molar ratio (H.S/CHa = 1:1, 3:1, 6:1, and 9:1) on (a) H:S conversion, (b)
CHa conversion, (¢) Hz production rate, (d) Sz production rate, and (e) CS: production rate over the investigated
temperature range of 800—-1600 °C.

© IEOM Society International



Proceedings of the 16" International Conference on Industrial Engineering and Operations Management
Ankara, Tiirkiye, June 23-25, 2026

Overall, temperature acts as the primary driver of overall conversion, while feed composition governs product
selectivity. Increasing the H>S:CHa ratio decreases fractional conversion of H2S but enhances methane conversion and
Sz formation, while reducing the CS: production. Similarly, hydrogen production is maximized at an intermediate molar
feed loading along with the high temperature. All this discussion shows that the careful optimization of these process
variables is essential for increasing the hydrogen production, along with managing the co-product production to meet
the economic standards.

5. Conclusions

In this study, a comprehensive thermodynamic simulation model of the H,SMR process was developed using an Aspen
Plus simulator. The process flowsheet comprises three main sections: (i) a reforming section for reaction modeling,
(i1) a byproduct separation section, and (iii) a hydrogen separation section for hydrogen purification and recovery. The
sensitivity analysis demonstrated that temperature is the dominant parameter influencing overall system performance,
with higher temperatures significantly enhancing H.S and CHa. conversion and driving the process toward
thermodynamic completion. Feed molar ratio (i.e. H2S:CHa4) molar ratio found to play a critical role in determining
product selectivity. Increasing molar feed ratio H-S:CHa decreased fractional H-S conversion but enhances the methane
conversion and sulfur (S:) formation, while reducing the carbon disulfide (CS:) production rate. Hydrogen production
exhibited a non-linear relationship with feed composition, with maximum hydrogen production observed at an
intermediate H.S: CHa ratio of 3:1. These results highlight the strong correlation between sulfur chemistry and
hydrogen formation pathways.

Overall, the developed simulation framework provides valuable insight into the thermodynamic behavior of the
H>SMR system and demonstrates the feasibility of simultaneously producing hydrogen and valuable sulfur-containing
co-products. However, in order to achieve the optimal process performance, careful tuning of operating temperature
and feed molar composition is a crucial step. Future studies should focus on systematic optimization of these variables
to maximize hydrogen yield while controlling byproduct selectivity and minimizing energy demand to meet the
economic targets.
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