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Abstract

The rising dependence on fossil fuels has intensified greenhouse gas emissions, necessitat-
ing the development of renewable energy alternatives. Biogas is a sustainable fuel source;
however, its low energy density hinders direct commercial application. This study explores
the potential of upgrading biogas to biomethane (Bio-CNG) via CO; methanation, using
Aspen Plus v14.0 simulations and techno-economic analysis. Equilibrium studies revealed
that optimal conditions of 300-400 °C, 1-5 bar, and a H,/CO, ratio of 4 achieve CO,
conversion above 99%, methane selectivity exceeding 92%, and near-complete suppression
of CO formation. The developed process flowsheet delivered a methane-rich stream (>92%
CH,4 + Hp) with high yield. Economic evaluation showed that at optimal conditions, the
process achieves a positive net present value (NPV) of $12.2 million (1 bar) and $1.7 million
(5 bar) and a payback period as low as 0.92 years (1 bar) or 5.6 years (5 bar), depending
on the pressure scenario. These results demonstrate that biogas upgrading through CO,
methanation is not only technically feasible but also economically competitive, support-
ing its integration into existing energy systems and contributing to the transition toward
renewable fuels.

Keywords: biogas upgradation; Techno-Economic Analysis; CO, methanation; Bio-CNG;
renewable fuels; equilibrium studies

1. Introduction

The current dependence on fossil fuels continues to grow, leading to an unavoidable
rise in energy consumption. As a result, greenhouse gas emissions, particularly carbon
dioxide (COy), are also increasing. This trend poses significant environmental challenges,
necessitating urgent mitigation efforts. To mitigate the evident repercussions of climate
change, it is imperative to stabilize the concentration of these greenhouse gases within
the atmosphere. However, as the global population continues to rise and economies
advance, the anticipated energy requirements now position energy as a pivotal issue of this
century [1]. According to the World Meteorological Organization’s (WMO) recent report,
global energy-related carbon dioxide emissions saw a rise of 2.4% in the year 2024, resulting
in an increase of 1 billion tonnes and reaching a new all-time high of 41.6 billion tonnes.
This occurrence is contrasted with an increase of 410 Mt in the previous year of 2023 (1.1%).
Emissions attributed to coal constituted over 65% of the escalation observed in 2023 [2].
This is because about 80.9% of the global energy supply comes from fossil-fuel-based power
plants such as coal, oil, and natural gas. These energy sources are the major contributors
to GHG emissions [3]. In this context, replacing fossil fuel-based energy sources with
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renewable energy sources is the need of the hour. According to the International Renewable
Energy Agency (IRENA) report, the global renewable power capacity amounted to 3870 GW
at the end of 2023, reflecting a growth of 4.8% compared to the previous year. Renewables
accounted for 86% of all new capacity additions, with solar energy leading the expansion at
345.5 GW, followed by wind power at 1017 GW. Asia dominated the growth, contributing
69% of the total expansion, with China alone adding 297.6 GW [4]. Biomass represents a
highly promising alternative form of clean and sustainable fuel, capable of satisfying daily
energy needs. Its utilization precedes the adoption of fossil fuels, including petroleum,
natural gas, and coal. It makes up more than 6% of the world’s energy supply and 55%
of renewable energy, making it the greatest source of renewable energy worldwide [5].
Biodiverse countries like India have significant potential for bioenergy expansion, with
25% of its primary energy coming from biomass and 70% of rural inhabitants relying on it
as their main energy source. The bioenergy market is growing rapidly, meeting the energy
needs of 90% of rural and 40% of urban populations, making it a key player in India’s
renewable energy transition [6,7]. The utilization of biomass as an energy source can yield
dual advantages, namely the mitigation of carbon dioxide emissions and enhanced fuel
security, given its abundant availability. Biomass can be converted into different forms of
bioenergy through thermochemical or biochemical processes, providing heat, power, or
gaseous and liquid fuels. Among these, biogas—produced mainly via anaerobic digestion
of organic matter—is one of the most versatile products, as it can be used directly for
heating and power generation or upgraded to biomethane for use as a transport fuel.

Despite the numerous benefits of bioenergy as a clean energy source, its commercial
utilization is hindered by several technical and economic barriers [8,9]. One of the major
challenges that biogas faces is its poor energy density. The calorific value serves as the
appropriate metric to quantify the efficiency of a fuel. On average, the calorific value of
biogas is 21.5 M]/ m?3, in contrast to that of natural gas, which stands at 36 MJ/ m3 [10].
The disparity in calorific values between the two fuels can be primarily attributed to the
non-combustible constituents of biogas, predominantly carbon dioxide. Likewise, other
contaminants in biogas—such as hydrogen sulphide, ammonia, and siloxanes—can corrode
upgrading equipment, damage gas engines during combustion, and impair downstream
components such as pipelines, storage vessels, and purification units. Thus, to overcome
this problem, one suggested solution is upgrading biogas to compressed natural gas
(Bio-CNG) [11].

Raw biogas comprises roughly 50-70% methane, 30-45% carbon dioxide, and the
remainder consists of contaminants such as hydrogen sulphide, ammonia, and other trace
components [12]. The enhancement of biogas quality necessitates the removal of carbon
dioxide, hydrogen sulphide, and water to achieve methane with a purity level exceeding
98% [13]. This refined product is referred to as bio-methane with a calorific value of
about 36 MJ/m3 and demonstrates efficiency levels comparable to compressed natural
gas (CNG) [14]. A plethora of well-established technologies currently exist for converting
biogas into biomethane, which are notably efficient and possess the potential to facilitate a
sustainable pathway for future CNG requirements [10].

Established biogas upgrading techniques for producing bio-CNG include physi-
cal/chemical adsorption methods such as PSA and water scrubbing, as well as membrane
separation, all of which are commercially proven and widely deployed. These methods,
however, often involve high energy consumption, operational costs, and challenges such as
selectivity or the generation of secondary waste streams. In comparison, catalytic metha-
nation offers an emerging in-situ upgrading pathway, where CO, present in raw biogas
is directly converted into CHy4 by reaction with renewable hydrogen. This not only en-
hances the methane content to meet bio-CNG standards but also eliminates the need for
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downstream separation steps, making it a potentially more integrated and sustainable op-
tion. Nevertheless, methanation is still at the demonstration stage relative to conventional
technologies, and practical issues such as hydrogen supply, heat removal, and catalyst
stability remain critical for large-scale deployment [10].

Hydrogen (H;) is a promising sustainable fuel due to its high energy density, rapid
combustion, and zero greenhouse gas emissions [15]. However, its production method
significantly impacts its environmental carbon footprint. Grey hydrogen, produced via
steam methane reforming, generates substantial CO, emissions, while blue hydrogen,
derived from natural gas, mitigates emissions through carbon capture and storage [16].
A more sustainable alternative, biogenic hydrogen (Bio-H;)-enriched compressed natural
gas (Bio-H-CNG), is gaining attention for its compatibility with existing transportation
infrastructure and potential environmental benefits [17]. Biogas dry reforming, a highly
endothermic process, is emerging as a key pathway for hydrogen production by converting
methane (CH4) and carbon dioxide (CO,) into valuable fuels [18]. Optimizing reaction con-
ditions, such as temperature and catalyst selection, is essential to improving efficiency and
minimizing side reactions like the reverse water-gas shift, ultimately enhancing hydrogen
yield and sustainability [19].

H; blending in the natural gas industry is a strategic approach to enhance fuel proper-
ties while reducing greenhouse gas emissions. Hydrogen/natural gas blends have reported
calorific values in the range of 30-36 MJ/m?3, depending on the hydrogen fraction, which is
slightly lower than that of pure natural gas (~39 MJ/m?). Hydrogen-enriched natural gas
exhibits higher combustion efficiency and increased flame speed, leading to cleaner and
more efficient fuel utilization. Unlike other fuel modifications, this process does not require
additional blending steps, as hydrogen can seamlessly integrate into the existing natural
gas infrastructure without major alterations [20]. Studies indicate that hydrogen blends
up to 20% by volume can be transported through conventional pipelines and utilized in
combustion systems without safety concerns or significant efficiency losses [21,22]. As
the industries move towards decarbonization, hydrogen blending presents a cost-effective
and scalable pathway to enhance fuel sustainability while leveraging the existing gas
distribution network.

While previous studies have primarily focused either on the technical aspects of bio-
gas upgrading or on economic feasibility in isolation, they often neglect the integrated
perspective needed for practical large-scale deployment. Many works also assume ideal-
ized conditions without accounting for real-world constraints such as energy integration,
hydrogen sourcing, and pressure-related trade-offs, which significantly influence process
viability [13,23]. This study overcomes these limitations by combining equilibrium, kinetic
analyses, detailed Aspen Plus (v14.0, Bedford, MA, USA) simulations, and techno-economic
evaluations within a single framework. By addressing both technical optimization and
economic sustainability, it provides a more comprehensive understanding of the conditions
necessary for scalable and cost-effective Bio-CNG production.

In this work, we explore the potential of capital investment in biomethane production
by upgrading biogas while carefully evaluating technical and economic parameters. Thus,
the aim of this paper is twofold: Firstly, to obtain the optimal operating conditions for the
effective conversion of biogas to Bio-CNG with a decent methane purity level. Secondly,
to analyze the economic parameters of the biogas-to-Bio-CNG conversion process and
identify the ideal conditions for achieving high conversions.
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2. Methodology
2.1. Equilibrium Studies Investigation

Equilibrium analyses are crucial before executing process plant simulation to ensure
accurate modelling of reaction systems. These studies help determine the extent of chemical
reactions, providing insights into key parameters such as reactant conversion, product
selectivity, and reaction feasibility under different temperatures, pressures, and composition
conditions. Reaction equilibria define the balance between forward and reverse reactions,
allowing the prediction of the final composition of reaction mixtures.

By analyzing Gibbs free energy minimization and equilibrium constants for the reac-
tions listed in Table 1, equilibrium studies aid in identifying the most favorable operating
conditions to maximize desired product yield while minimizing byproducts. Such evalua-
tions help validate the thermodynamic consistency of ASPEN simulations by selecting the
appropriate reaction models, ensuring that calculated equilibrium compositions align with
experimental data. Moreover, equilibrium studies prevent unrealistic simulations, such as
conditions where reactions may not proceed efficiently or lead to incomplete conversions.

Table 1. Reactions employed for the methanation process.

Reaction Name Reaction Stoichiometry AH 598 Reaction No.
CO, Methanation CO, +4 H, + CHy + 2 H,O —165 kJ/mol 1
Reverse Water Gas Shift CO; + Hp +» CO + H,O 41.5 kJ/mol 2
CO Methanation CO + 3 H, <+ CH4+ H,O —206.1 k] /mol 3

Since ASPEN simulations rely on thermodynamic models to predict enthalpy, entropy,
fugacity, and activity coefficients, equilibrium analyses are essential for selecting the correct
reaction kinetics and thermodynamic frameworks (as shown in Figure 1). Equilibrium
analyses facilitate the validation and selection of the pertinent thermodynamic models and
parameters. Inaccurate thermodynamic assumptions could result in significant deviations
in the simulation outcomes. In this work, we initiated the analysis with an equilibrium
reactor (REquil) to understand the equilibrium composition of the product stream. We then
performed the sensitivity analysis to understand the role of temperature, pressure, and
feed ratios on conversion and product selectivity. To account for non-ideal behaviour, the
Peng-Robinson equation of state model was employed [24].

AG = AH — TAS

ZZUU XAG;:)'{

j i

ZZUU XAH;?,!-

j i

2SO = )% vy x ASY,
j i

]
_ —AGJ-O )
K; = exp BT (G=123..)

AG°

AH®

REquil

Figure 1. Reaction equilibrium methodology.
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Thus far, a significant portion of the carbon dioxide extracted from biogas in tradi-
tional biomethane upgrading processes (approximately one-third of the total biomethane
generated) is discharged into the atmosphere. The objective is to mitigate this emission
and to facilitate the conversion of this carbon dioxide, in conjunction with hydrogen, into
methane. The fundamental reaction employed for the methanation process is referred to as
the Sabatier reaction. This reaction is a linear combination of the CO methanation reaction
and the reverse water gas shift reaction [25].

The expressions given below were used to calculate the CO, conversion (%), methane
selectivity (%), methane yield (%), and selectivity of CO (%).

F
Conversion of CO; (%) = (1 - Coz’out) x 100 (1)
COz,il’l
S, .. o/ 1:‘CH4,0ut
electivity of CHy (%) = x 100 )
1:‘CH4,out +F CO,out

F
Selectivity of CO (%) = (Fco tci,(l):uctH t) x 100 ©)]
,0u 4,00

where Fco, in is the molar flow rate of CO, flowing into the reactor, Fco, out, FcH, out, and
Fco,out are the molar flow rates of CO,, CHy, and CO flowing out of the reactor.

2.2. Development of Flowsheet
2.2.1. Non-Recycling Approach

In this study, a comprehensive process flowsheet was developed for the efficient con-
version of biogas into Bio-CNG using Aspen Plus v14.0. The process utilizes two primary
inlet streams: pure hydrogen and impure biogas with composition highlighted in Table 2,
both supplied at standard conditions of 1 bar pressure and 25 °C temperature. Initially,
stoichiometric quantities of hydrogen were introduced, and the simulation was performed
for the non-recycling configuration (refer to Figure 2). Subsequently, a recycling approach
was implemented (refer to Figure 3), where stoichiometric amounts of CO, were recycled
to the kinetic reactor using the optimized operating conditions obtained from reaction equi-
libria analysis. However, it was observed that varying the recycle ratios resulted in excess
CO; being supplied to the reactor feed. To address this, additional make-up hydrogen was
introduced to compensate for the increased CO,. The final molar flow rates for the impure
biogas and hydrogen streams were set at 100 kmol/h and 150 kmol/h, respectively.

The biogas composition predominantly comprises methane (50%) and carbon dioxide
(35%), with minor concentrations of hydrogen sulphide (H;S) at 0.036% or 360 ppm [26].
To ensure effective stream amalgamation, a mixer unit operation was employed to generate
an outlet stream designated as FEED. The removal of H,S from the FEED stream is a
critical step in the process. Even at trace concentrations, H,S poses severe health and
environmental hazards due to its toxicity and corrosive properties, which can compromise
infrastructure integrity. Consequently, a dedicated H,S removal unit was incorporated
into the flowsheet [27]. A commonly adopted method is the use of a guard bed, typically
packed with iron-based or other reactive sorbents, which selectively adsorb and convert
sulfur species into stable sulfides. This protective unit acts as a front-end barrier, ensuring
that trace SO contaminants are efficiently captured before the gas enters the upgrading
section. Guard beds are simple to operate, compact, and highly effective at achieving
very low outlet sulfur concentrations, thereby enhancing process reliability and extending
the lifetime of upgrading equipment and catalysts [28,29]. The treated stream is then
preheated to 300 °C in a heater unit before being introduced into the reactor. The reactor
operates at 300 °C and 1 bar, facilitating various reactions, including CO, hydrogenation,
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CO hydrogenation, and reverse water-gas shift, aimed at converting biogas components
into methane, the primary constituent of CNG.

Table 2. Biogas composition fed to the reactor.

Component Composition
Methane 50 w/w%
Carbon Dioxide 35 w/w%
Nitrogen 8w/w%
Hydrogen 5w/w%
Water 1w/w%
Hydrogen Sulphide 0.9 w/w%
Oxygen 0.1 w/w%

Moisture Trap Separator
N

- —'@%‘ BioCNG
Vapor Coid
ondensel
nser —

@ H,0 co,

Biogas

Mixer

Heater
N

Separator

Reactor

Storage Tank

Figure 2. Process flowsheet for conversion of biogas to Bio-CNG.

Moisture Trap Separator
N

HS { ;E BioCNG
Vapor Cond
ondenser
N—
H, CO,
Mixer
Biogas
Reactor H,0
Mizec Heater
Separator

Purge «— :

Splitter

Ry
D

Heater
Figure 3. Process flowsheet for conversion of biogas to Bio-CNG with recycle.

A Kkinetic reactor was employed for the simulation of CO, methanation in ASPEN
Plus [30]. The high conversions predicted are not merely theoretical but can also be achieved
experimentally under optimized conditions. Numerous studies have demonstrated that
with the right choice of catalysts, particularly highly active and selective materials such
as Ni-based catalysts promoted with elements like Ce, Zr, or Mn, near-equilibrium CO,
conversions are attainable at relatively moderate temperatures and pressures. Additionally,
advances in catalyst design, including enhanced dispersion, strong metal-support interac-
tions, and innovative reactor technologies like plasma-assisted systems, have significantly
improved CO, activation and hydrogenation kinetics. As a result, the experimental real-
ization of high CO, conversions, approaching equilibrium limits, is increasingly feasible,
supporting the validity of the simulation results and highlighting the practical potential
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Combined molar flowrate (CH,+H,) in kmol/hr

of the methanation process for renewable fuel production [31-34]. The conversions at
the chosen operating conditions in our simulations are in good agreement with full-scale
results reported by Dannesboe et al., where a 10 Nm?® h ™! catalytic reactor achieved stable
CO; conversion and methane selectivity under comparable temperatures and H, /CO,
ratios. This consistency supports the validity of our chosen parameters [35,36].

Following the reactor, the effluent undergoes further purification to enhance methane
concentration and remove residual impurities. Initially, the reactor effluent is processed
through a flash drum and a moisture trap to eliminate water. The resulting dry stream
is directed to a separator unit designed to remove residual CO;, thereby enriching the
methane (CHy4) and hydrogen (H;) concentrations. In the non-recycling approach, the
combined CH,4 and H; concentration reaches 92.57%.

2.2.2. Recycling Approach

To optimize the recycling process, a splitter was integrated to regulate the recycle-to-
purge ratio, ensuring efficient utilization of reactants. A detailed analysis was conducted
to assess the impact of varying split fractions on the molar flow rates of CH, and H; and
the overall conversion efficiency. The results indicate that as the recycling split fraction
increases, the total molar flow rates of CH4 and H, decline, while the CO, concentration
rises within the system. The graph shows the variation in combined molar flowrate of
CH,4 and Hj with respect to the recycle ratio. As the recycle ratio increases, more Hj is
consumed in the methanation reaction, resulting in increased CH, formation but an overall
decrease in the combined CHy4 + H; flowrate due to the larger reduction in unreacted H,.
However, as depicted in Figure 4, beyond a certain threshold, variations in conversion and
product purity become negligible with further increases in the recycling split fraction.

101.6
(2)
0754 (b
101.4 | (b)
=
101.2 4 = 070 o
=
:
101.0 4 = 065
=
i =]
100.8 S
P 0.60 4
100.6 o =
z
= <
= 0554
100.4 | T
E
S
100.2 4 = 0504
100.0 T T T T T T .
0.0 02 04 0.6 08 10 045 T T T ‘ T T
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Recycle Ratio
100 H
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90 —
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&
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Figure 4. Effect of recycle ratio on (a) combined molar flowrate of CH, and Hj, (b) molar flowrate of
CO, and (c) CO; conversion and purity (combined composition of CH4 and Hy).
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Interestingly, it was observed that the amount of CO, being recycled back into the
system remained insignificant, even when the recycle ratio was set to 0.9. Given this
outcome, it was determined that storing the separated CO, would be a more effective
approach than continuing with a recycling configuration. Consequently, the non-recycling
strategy was deemed preferable for process optimization.

2.3. Techno-Economic Analysis

The ASPEN Economic Analyzer was used to evaluate the technical feasibility and
economic viability of converting raw biogas to Bio-CNG, which is suitable for use as a
renewable fuel. By integrating economic analysis along with the equilibrium studies and
development of a flowsheet, the study aims to optimize the biogas to Bio-CNG pathway
and support the transition towards sustainable energy solutions. The estimated costs of
various equipment employed in Figure 3 have been presented in Table S1.

The reactor dimensions were determined based on a Gas Hourly Space Velocity
(GHSV) of 20,000 h-1, ensuring optimal residence time for the reaction. A packed bed
porosity of 0.4 was assumed, with a catalyst bulk density of 1030 kg/m3 [37]. To accommo-
date potential variations in packing and flow distribution, the total reactor volume was set
to three times the packed bed volume, a standard engineering design practice adopted in
industrial applications. The reactor vessel was designed with a length-to-diameter ratio
(L/D) of 10, following standard industrial practices.

For cost estimation, the free-on-board (f.0.b.) purchase cost was adjusted by a factor
of 1.05 to account for equipment transportation to the plant site. The Lang factors for
fluid processing plants were utilized to estimate total direct and indirect costs. In addi-
tion to equipment and utility costs, the techno-economic assessment also considers the
costs associated with the catalyst and the H,S adsorbent used in the process. Both the
procurement and regeneration expenses of these materials were included in the analysis
to provide a more comprehensive estimation of operating costs and long-term process
feasibility [30]. Additionally, cost estimation methodologies and factors considered in
similar techno-economic analyses were considered to ensure accuracy and consistency in
evaluating the economic feasibility of the process. The following equations were used to
calculate the total capital investment and direct and indirect costs in Table S2 [38].

TCI = FCI + WCI = (DC + IC) + WCI )

DC & IC = ) " (Lang Factor) x Cost under each category )

At 1 bar, the total capital investment is approximately $1.65 million. In comparison, at
5 bar, it increases significantly to about $6.8 million, driven mainly by higher equipment,
installation, and service facility costs at elevated pressure. The depreciation cost was
calculated using a linear depreciation method, considering a salvage value of 20%. Table S3
outlines the key assumptions used in determining the Total Product Cost (TPC).

The Total Plant Profit (TPP), Net Cash Flow, Payback Period, and Net Present Value
(NPV) were computed using the following equations [38]:

TPP = TPC — TPS (6)
Net Cash Flow = TPP + Depreciation (7)
. TCI
Payback Period = Not Cash Flow (8)
Net Cash Flow;

+ — Initial Investment )

NPV:Z(

1 + discount rate)
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Delta H (kJ/mol)

3. Results and Discussion
3.1. Influence of Temperature on Gibbs Free Energy

The feasibility and spontaneity of chemical reactions are largely dependent on how
temperature affects thermodynamic parameters. In this setting, the fundamental thermo-
dynamic quantity, Gibbs Free Energy, is crucial. The relationship between temperature
and Gibbs Free Energy for several chemical processes is shown in Figure 5. Interestingly,
the plot shows that the Gibbs free energy change for the RWGS process decreases with
increasing temperature. This decrease suggests that the RWGS reaction is more favorable
at higher temperatures. On the other hand, the Gibbs free energy of the CO, and CO
methanation processes rises with temperature, indicating that these reactions are more
advantageous at lower temperatures.
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Figure 5. (a) Enthalpy, (b) Entropy, (c) Gibbs free energy variations with temperature.

Furthermore, entropy sheds more light on the thermodynamic behaviour of chemical
processes by measuring the degree of disorder in a system. The observed negative entropy
change for CO, and CO hydrogenation suggests that the system’s disorder reduces with
increasing temperature, indicating exothermic behaviour where heat is lost throughout
the reaction. A steady decrease in entropy values with temperature for the RWGS reaction
indicates minor changes in disorder in the reaction system.

Duyar et al. studied the thermodynamics of the RWGS reaction in detail to under-
stand its implications on catalyst design [39]. Numerous scholars have likewise conducted
investigations into the thermodynamic evaluation of diverse carbon dioxide methanation
processes [40-43]. These investigations highlight the complex interactions between ther-
modynamic characteristics and temperature, clarifying their significant influence on the
viability and energetics of chemical processes.
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3.2. Influence of Temperature and Pressure

The effects of temperature and pressure were examined on key performance indicators
(KPIs). The three main KPIs that we analyse are CO, conversion, CO selectivity, and
CHy4 selectivity (refer to Figure 6). Finding the ideal temperature and pressure settings
to maximize CO; conversion and CHy selectivity while minimizing CO selectivity is the
main objective.

100 — 100
= —— Scpq | bar
(a) = (b) Cha
90 90 - —— Scp 3 bar
s 80 ——— Sy 5 bar
— Scig 10 bar,
70 70 — Scna 20 bar|
g z — Scyy 30 bar|
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] -] 5
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S S0 Lbar 3 ——Sco 1 bar v
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— 10 bar 130 —S¢g 5 bar
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Figure 6. Effect of temperature on (a) CO, conversion, (b) Selectivity variation (CH4 and CO) without
recycle, (c) CO, conversion, and (d) Selectivity (CH4 and CO) with recycle (R/F = 0.01) at different
pressures ranging from 1 to 50 bar.

Numerous studies have been conducted to determine the optimal operating conditions
for various reactions. Santos et al. simulated the influences of temperature, pressure,
and feed ratio on the RWGS reaction. Their thermodynamic analysis revealed that the
appropriate conditions for the RWGS reaction are 750 °C and 20 bar with a feed ratio of
0.8 [44]. Kim et al. optimized the operating conditions of the CO, methanation reaction
using Ni-based catalysts. They observed the comparative significance of the principal
variables impacting CO; conversion and CHy yield. These were prioritized in the following
order: reactor pressure > space velocity > reaction temperature [45].

Because they are exothermic, both the CO, and CO methanation processes perform
well at lower temperatures [46]. In contrast, due to its endothermic nature, the reverse
water-gas shift (RWGS) reaction favors higher temperatures [47]. According to our analysis,
CO; conversion is improved at lower temperatures and greater pressures. More specifically,
CO; conversion drops drastically from 99.96% to 38% as the temperature rises from 300 °C
to 500 °C at a pressure of 1 bar for the recycling approach. The conversion drops from
99.9% to 66.9% for the non-recycling approach. The yield and selectivity of CH4 within
the same temperature range likewise show this tendency. However, the selectivity of CO
increases drastically as the temperature increases.
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As a result, the analysis indicates that temperatures between 300 °C and 400 °C and
pressures between 1 and 5 bar are the optimal ranges for converting CO, to CHy. The ideal
pressure for the conversion process is 1 bar, even though higher pressures are theoretically
more beneficial due to practical limitations, including economic ones.

3.3. Influence of Hy/CO, Ratio

In order to thoroughly investigate how feed composition affects key performance
indicators (KPIs), the temperatures varied from 0 to 500 °C, and the pressure was fixed at
1 bar while the Hy /CO, mole ratio varied from 1 to 6.

The Hy /CO; ratio and CO, conversion were found to be directly correlated. Larger
ratios resulted in higher rates of CO, conversion. For example, the CO, conversion rate
varied from about 75% for H, /CO, =1 to over 90% for H, /CO, = 6 at a constant tem-
perature of 500 °C with recycle and from about 30% for H,/CO; =1 to over 82% for
H,/CO; = 6 at a constant temperature of 500 °C without recycle. In relation to all ratios
excluding Hy /CO; = 1, the degree of conversion decreases at elevated temperatures; con-
versely, for the aforementioned ratio, it exhibits an increase (Figure 7a). This phenomenon
can be elucidated by recognizing that this ratio represents the stoichiometric ratio for the
RWGS reaction, which is characterized as an endothermic process. Consequently, as the
temperature escalates, this reaction is preferentially enhanced, resulting in an increase in
CO; conversion.
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Figure 7. Effect of temperature on (a) CO, conversion, (b) Selectivity variation (CH, and CO) without
recycle, (c) CO, conversion, and (d) Selectivity (CH4 and CO) with recycle (R/F = 0.01) at different
Hj;: CO, ratios ranging from 1 to 6.

Similar patterns were seen for CHy yield and selectivity, with greater H, /CO ratios
resulting in higher CHy yield and selectivity. On the other hand, there was an inverse rela-
tionship between the H, /CO; ratio and the selectivity of CO. Higher hydrocarbon ratios
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resulted in less selectivity, which was the desired outcome, whereas lower ratios produced
higher CO selectivity. The simulations were conducted using an H, /CO, ratio of 4, primar-
ily considering the reaction stoichiometry while also accounting for economic factors.

3.4. Techno-Economics Discussion

While raw material costs remain constant across scenarios, operation at higher pres-
sures substantially elevates utility consumption, maintenance expenses, and fixed charges.
This difference translates into higher apparent net cash flow and plant profitability at 1 bar,
with a significantly shorter calculated payout period of 0.92 years compared to 6.56 years
at 20 bar.

The Net Cash Flow graph (Figure 8) illustrates the financial performance over a seven-
year period for four different operating pressures: 1 bar (orange), 5 bar (blue), 10 bar (red),
and 20 bar (green). In the initial years, all scenarios exhibit negative cash flows due to
high capital investment. The magnitude of this deficit increases with pressure, with the
20 bar case showing the steepest negative cash flow, while the 1 bar case incurs the lowest
initial burden.

0.8

[ |Net cash flow at 20 bar
[ Net cash flow at 10 bar,
[ Net cash flow at 5 bar
[ ] Net cash flow at 1 bar

0.6

0.4 -

0.2 4

0.0 H

-0.2 <

-0.4

—0.6 -

Net cash flow ($/kg of raw material)

—0.8 1

Time (years)

Figure 8. Net Cash flow for two different operating pressures, 1 bar, 5 bar, 10 bar, and 20 bar
(39 ton/day Bio-CNG production).

As revenues accumulate over time, the net cash flows improve and gradually transition
into the positive range. The 1 bar scenario becomes profitable the earliest, turning positive
around the second year and showing steady gains thereafter. By comparison, higher-
pressure cases (5-20 bar) recover more slowly, with positive cash flow appearing only
after the third to fourth year. Despite the delayed break-even, the 5 bar and 10 bar cases
demonstrate stronger long-term recovery than the 1 bar case, and by the seventh year, the
profitability gap between the scenarios narrows considerably.

While operation at 1 bar initially appears attractive due to its rapid payback, this ad-
vantage is offset by significant downstream challenges. Near-atmospheric operation results
in low gas density, necessitating oversized reactors, pipelines, and additional compression
stages to meet downstream pressure requirements. These hidden penalties increase both
capital and operating costs over the plant’s lifetime. In contrast, operation at 5-10 bar,
though demanding higher initial investment in pressure-rated equipment and greater utility



ChemEngineering 2025, 9, 114

13 of 21

consumption, ensures smoother integration with downstream units, reduces volumetric
flow rates, and minimizes the need for multiple recompression steps. The 20 bar operation,
while technically feasible, imposes disproportionately high upfront costs that erode its eco-
nomic attractiveness. Higher operating pressures become more feasible when the feedstock
is available at such pressures, as this eliminates the need for compression costs.

Overall, the analysis suggests that although the 1 bar scenario yields the shortest
apparent payback period, medium-pressure operation (5-10 bar) offers a more robust
and sustainable pathway, balancing integration efficiency, long-term profitability, and
operational reliability for large-scale Bio-CNG production.

The cost and carbon footprint of hydrogen vary significantly depending on its pro-
duction method (Table 3), influencing both the economic viability and environmental
sustainability of industrial processes. Among the available hydrogen sources, grey hy-
drogen, produced via steam methane reforming (SMR), is the most economic option
($0.67-1.31/kg) but comes with a substantial carbon footprint (8.5 kg CO,/kg Hj), making
it less favorable from an environmental standpoint. Black hydrogen, obtained from coal
gasification without carbon capture, offers a similarly low-cost alternative ($1.2-2/kg) but
with even higher emissions (20 kg CO, /kg Hj). These conventional methods, despite their
cost advantages, contribute significantly to global CO, emissions, raising concerns about
their long-term sustainability.

Table 3. Comparison of Hydrogen types based on cost and carbon footprint [48,49].

Hydrogen Type Cost (USD/kg) Emissions Re Elrlliizgnilent Source of
yarogen 1yp 8 (kg CO,/kg Hy) ?M] Ikg) Hydrogen
Green Hj 2.28-7.39 0 192 Electrolysis
Black H; 1.2-2 20 236 Gasification (no CCUS)

Steam methane

Grey Hj 0.67-1.31 8.5 167 reforming
(SMR)
SMR + CCUS,
_ 0.99-2.05 2 169/223 Gasification + CCUS

The color of the Hydrogen type cell indicates the color code of Hj.

In contrast, green hydrogen, produced via electrolysis powered by renewable energy,
is a zero-emission alternative. However, its high energy input (192 MJ/kg) and elevated
production cost ($2.28-7.39/kg) present economic challenges. Blue hydrogen, derived from
SMR with carbon capture, utilization, and storage (CCUS), offers a compromise between
cost and sustainability, with emissions reduced to 2 kg CO,/kg Hj, and a price range
of $0.99-2.05/kg. The implementation of CCUS technology in hydrogen production re-
duces environmental impact while maintaining cost competitiveness, making it a potential
transitional solution toward decarbonization [48,49].

The choice of hydrogen source directly impacts key financial and operational param-
eters, such as payback period, total product cost, and overall profitability. A sensitivity
analysis (Figure 9) was performed to assess how hydrogen prices from different production
methods impact these parameters. As the cost of hydrogen increases, both the raw material
cost and total product cost rise, reflecting the direct influence of the production method
and associated costs on overall expenses. Meanwhile, the total plant profit declines sharply,
turning negative at $3.5/kg, indicating that reliance on high-cost hydrogen sources could
render the process economically unviable.
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[ Total product cost
Total plant profit
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—0.2 T r T ’ T ! T T T
1.5 2 2:5 3 3:5
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Figure 9. Effect of H cost on raw material cost, product cost, and plant profitability (39 ton/day
Bio-CNG production).

Figure 10 illustrates the variation in payback period with hydrogen cost, incorporating
a £15% margin to account for potential energy price fluctuations and international market
uncertainties [50]. The central curve represents the baseline results, while the shaded band
defines the range of variation. At lower hydrogen costs (1.5-2.0 $/kg), the payback period
remains short even under fluctuating conditions, demonstrating strong economic feasibility.
However, as hydrogen costs increase beyond 3.0 $/kg, the payback period rises sharply,
and the widening of the uncertainty band indicates a greater sensitivity of project viability
to market dynamics.

Payback period

Payback period (years)

1.5 2.0 2.5 3.0 35
Cost of H, ($/kg)

Figure 10. Payback Period Variation with the Cost of H; (39 ton/day Bio-CNG production).
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Lower-cost hydrogen sources reduce operating expenses and shorten the payback
period, enhancing economic feasibility. However, their higher emissions could lead to
increased regulatory costs or sustainability constraints. Conversely, low-carbon hydrogen
sources, such as green and blue hydrogen, align with net-zero objectives but introduce
higher initial costs, potentially extending the payback period. Therefore, a strategic balance
between economic efficiency and environmental responsibility is essential for optimizing
hydrogen utilization in industrial applications.

Hydrogen sourcing is fundamental to the sustainability and economic feasibility
of biogas upgrading for biomethane and green hydrogen production. Green hydrogen,
produced through electrolysis powered by renewable energy sources such as wind or solar,
is gaining prominence due to its near-zero emissions profile compared to grey or blue
hydrogen derived from fossil fuels. However, variability in renewable energy availability
significantly affects hydrogen production rates and costs, necessitating careful integration
of energy storage solutions like batteries or hydrogen storage to balance supply-demand
mismatches. Feedstock variability also plays a crucial role in process design. Different
biogas sources (e.g., agricultural waste, municipal solid waste, wastewater) exhibit diverse
compositions impacting upgrading efficiency and catalyst durability. Optimizing hydrogen
sourcing in tandem with feedstock characteristics enhances the robustness and scalability
of biogas upgrading technologies [51].

Figure 11 illustrates the relationship between CNG production capacity (in tons/day)
and the associated total product cost and plant profit per kilogram of raw material. As
production capacity increases from 39 to 215 tons/day, the total product cost per unit
shows a slight but consistent decrease, indicating improved economies of scale. Con-
currently, the total plant profit increases, demonstrating that higher production volumes
enhance profitability. This trend highlights the economic benefit of scaling up CNG pro-
duction, as larger-scale operations not only reduce unit costs but also significantly improve
financial returns.

Biogas used (kmol/hr)
100 200 300 400 500
1.2 T ? T . T T T T T
[ Total plant profit
[ Total product cost
1.0 —

0.8 +

0.6

0.4 —

Cost ($/kg of raw material)

0.2 —

0.0 -

39 86 129 172 215
CNG production (tons/day)

Figure 11. Effect of Production Scale on Cost Efficiency and Profitability (at Hydrogen Cost of
2.5%/kg).
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Figure 12 illustrates the relationship between CNG production capacity and the pay-
back period of the plant. As the amount of biogas used increases from 100 to 500 kmol/hr
the production of CNG increases from 39 to 215 tons/day, and a steady decline in payback
period is observed from over 3 years to just under 2.2 years. This trend highlights the
economic advantage of scaling up the process, as larger production volumes lead to faster
capital recovery due to increased profitability and more efficient utilization of fixed costs.

Biogas used (kmol/hr)
100 200 300 400 500

[ Payback period

Payback period (years)

39 86 124 172 215
CNG production (tons/day)

Figure 12. Effect of Production Scale on Payback Period (at Hydrogen Cost of 2.5 $/kg).

Policy frameworks are critical levers in accelerating the deployment of green hydro-
gen technologies. Governments worldwide are adopting regulatory incentives, including
production-linked subsidies, tax exemptions, and customs duty waivers, to reduce capital
expenditure barriers for green hydrogen projects. Carbon pricing mechanisms such as
carbon taxes and cap-and-trade systems further drive adoption by reflecting the environ-
mental costs of fossil-based hydrogen, providing financial motivation to switch to greener
alternatives. Additionally, mandates for hydrogen blending in natural gas pipelines and
renewable fuel standards enhance demand certainty. Strategic funding for research, in-
frastructure development, and pilot projects complements these policies by mitigating
technology risks and fostering industry confidence [52].

The environmental benefits of green hydrogen and biomethane are contingent on
the entire life cycle of production, including feedstock selection and hydrogen sourcing
methods. Life cycle assessments show that renewable-powered hydrogen significantly
reduces greenhouse gas emissions compared to fossil-fuel-based routes, making a positive
contribution to climate goals and improving air quality. However, challenges such as
methane leakage in natural gas supply chains for blue hydrogen and energy-intensive
electrolysis processes require ongoing mitigation. Policy-driven incentives such as carbon
credits, renewable energy certificates, and low-carbon fuel standards amplify environ-
mental gains by rewarding cleaner production and encouraging sustainable feedstock
management. Furthermore, circular economy policies promoting waste valorization and
biomass sustainability ensure long-term resource efficiency. Integrating these policy incen-
tives with environmental assessments facilitates the practical deployment of clean hydrogen
technologies, aligning with global sustainability objectives [53].
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3.5. Energy Integration and Economics

Energy integration is a crucial aspect of process optimization, enhancing efficiency
while reducing operational costs. The given flowsheet presents multiple unit operations
with notable heat exchange opportunities. Several blocks exhibit negative heat duties,
indicating that they release heat during operation. Rather than dissipating this excess heat,
it can be effectively recovered and reused to minimize the external energy required for
heating the feed from 25 °C to 300 °C.

One of the most significant heat sources in the process is the reactor, which has a heat
duty of —1700 kW, indicating a highly exothermic reaction. Without proper temperature
control, this could lead to operational challenges, requiring a cooling fluid to maintain the
reactor at the desired temperature. As this cooling fluid absorbs heat, it gets heated up and
can subsequently be used to partially preheat the feed, reducing the external energy input
needed for heating.

Similarly, the condenser has a negative heat duty of —1375 kW, indicating that it
releases a significant amount of heat while condensing vapors. A cooling fluid is required
to maintain the condenser at an optimal temperature, and as this fluid absorbs heat,
its temperature rises. Instead of discarding this heated cooling fluid, it can be routed
through a heat exchanger to further preheat the incoming feed stream, improving overall
thermal efficiency.

From an energy perspective, operating pressure strongly influences the overall ef-
ficiency of the upgrading process. At 1 bar, the need for repeated re-compression of
gas streams to meet the operating requirements of downstream purification and storage
units substantially increases electrical energy consumption, often negating the perceived
benefits of low-pressure operation. In addition, the large volumetric flow rates at low
pressure demand higher pumping and circulation loads, further raising indirect energy
use. Conversely, operating at 5 bar requires a higher initial compression duty at the
feed stage but subsequently reduces the number and size of intermediate compressors,
stabilizes pressure profiles across separation units, and lowers volumetric flow-related
energy losses. Moreover, methanation at elevated pressure enhances reaction kinetics and
gas-liquid contact efficiency, thereby reducing residence time. Thus, while compression
energy is non-negligible at 5 bar, its integration benefits and lower cumulative energy
penalties across the process make it the more energy-efficient configuration for continuous
Bio-CNG production.

In conclusion, effective energy integration in this process can be achieved by recov-
ering heat from the reactor, condenser, and other heat-releasing units. By integrating the
heated cooling fluid into the preheating stage, a portion of the required heating energy
can be supplied internally, reducing reliance on external utilities. A significant portion
of thermal energy is inherently generated within the process itself, primarily through the
highly exothermic methanation reaction occurring in the reactor. This is complemented by
substantial heat recovery from the condenser during the cooling of product gases. These
units are major contributors to internal heat recovery, enabling efficient energy integration
and reducing the demand for external heating sources. This approach ensures sustainable
energy use, improving both economic and environmental performance.

4. Conclusions

This study presents a comprehensive investigation into the techno-economic feasi-
bility of upgrading biogas to Bio-CNG through CO; methanation. Through equilibrium
modelling and process optimization, the optimal operating conditions were identified as
300-400 °C, 1-5 bar, and a H, /CO; ratio of 4 to maximize methane yield while minimizing
CO selectivity. The process flowsheet development demonstrated the effectiveness of a
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non-recycling approach for enhanced methane purity, supported by a detailed economic
evaluation. The techno-economic analysis revealed that while higher pressures improve
efficiency, they also lead to increased capital investment, making the selection of operating
conditions a crucial trade-off between cost and performance.

Furthermore, the study highlights the impact of hydrogen sourcing on the economic
viability of the process. While green hydrogen offers the most sustainable pathway, its
high production costs can significantly extend the payback period. Blue hydrogen, with
lower carbon emissions and cost competitiveness, emerges as a viable transitional option.
Although blue hydrogen is currently more economically feasible, the cost of green hy-
drogen is expected to decline in the future with advancements in electrolyser technology,
increased renewable energy deployment, and supportive policy measures. This future
cost reduction could make green hydrogen a more attractive and sustainable long-term
solution. Sensitivity analysis further underscores the importance of hydrogen pricing in
determining profitability and payback duration. Additionally, energy integration strategies
were proposed to enhance process efficiency by utilizing excess heat from exothermic
reactions, reducing the external energy demand for feed preheating. This approach signifi-
cantly improves the overall energy efficiency and economic sustainability of the Bio-CNG
production process.

In conclusion, upgrading biogas to Bio-CNG presents a promising renewable energy
solution, aligning with global sustainability goals. The study also recognizes the potential of
hydrogen blending into Bio-CNG to produce H-CNG, which can further enhance the fuel’s
quality. H-CNG offers superior combustion characteristics, reduced tailpipe emissions, and
improved engine performance, making it an attractive option for clean transportation ap-
plications. However, optimizing economic and environmental trade-offs such as hydrogen
sourcing, operating pressures, and heat recovery are essential for large-scale implementa-
tion. Future research should focus on catalyst development, process intensification, and
policy-driven incentives to further enhance the feasibility and scalability of Bio-CNG as a
sustainable fuel alternative.

Looking ahead, experimental validation and pilot-scale demonstrations are critical to
bridge the gap between simulation-based findings and industrial practice. Such studies
can provide insights into catalyst durability, heat management, and real gas compositions
that are difficult to fully capture in models. In parallel, the development of regulatory
frameworks and supportive policies will be essential to facilitate industrial adoption.
Combining experimental research, techno-economic optimization, and regulatory strategies
will accelerate the pathway toward large-scale, commercially viable Bio-CNG production
through CO; methanation.
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Abbreviations

The following abbreviations are used in this manuscript:

Bio-CNG Biomethane

Bio-H-CNG  Biogenic hydrogen-enriched compressed natural gas
CCUs Carbon capture, Utilization and Storage
CNG Compressed Natural Gas

DC Direct Costs

FCI Fixed Capital Investment

f.o.b. Free-On-Board

GHG Greenhouse gas

GHSV Gas Hourly Space Velocity

GW Giga Watt

IC Indirect Costs

KPI Key Performance Indicator

M] Mega Joule

RWGS Reverse Water Gas Shift

SMR Steam Methane Reforming

TCI Total Capital Investment

TPC Total Product Cost

TPP Total Plant Profit

TPS Total Product Sales

WCI Working Capital Investment
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