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Abstract

Synthetic natural gas (SNG) production from biomass residues represents a promising
strategy to reduce greenhouse gas emissions and enhance energy security in regions with
abundant agricultural waste. This study evaluates the thermodynamic performance of
SNG synthesis from rice husk (RH) and empty fruit bunches (EFB) bio-oils, major residues
in the department of Bolivar, Colombia. The process was simulated in Aspen Plus®,
integrating syngas data and methanation under equilibrium conditions at 320 °C and
30 bar, complemented by hydrogen injection via alkaline electrolysis to maintain an H, /CO
ratio above 3. Energy and exergy analyses were performed to quantify efficiencies and
irreversibilities. Results indicate carbon conversion rates of 48.3% for EFB and 47.4% for RH,
producing SNG with 96% CHy suitable for grid injection. Energy efficiencies reached 71.9%
and 71.0%, while exergy efficiencies were 87.2% and 82.9%, respectively, aligning with
or surpassing literature benchmarks. The main irreversibilities occurred in methanation
and CO, removal, highlighting thermal integration and gas recycling as key improvement
strategies. These findings demonstrate the potential of leveraging local biomass for clean
energy production and support the development of Power-to-Gas systems in Colombia.

Keywords: synthetic natural gas; biomass gasification; rice husk; empty fruit bunches;
aspen plus simulation; energy analysis; exergy analysis; methanation; Power-to-Gas;
renewable energy

1. Introduction

Biomass is a promising and environmentally friendly energy source that has the
potential to tackle global issues such as climate change, energy scarcity, and ecosys-
tem degradation [1]. However, utilizing biomass efficiently as a renewable energy
source remains challenging due to the low combustion efficiency of traditional biomass
technologies [2]. Recent advances in biomass gasification, a thermochemical conversion
technique, have shown great promise in converting biomass into a high-energy fuel gas,
providing a more efficient and potentially sustainable solution [3].

Syngas obtained from the thermochemical conversion of residual biomass constitutes
a renewable feedstock with the potential to produce synthetic natural gas (SNG) via
methanation [4]. SNG is easily integrated into existing infrastructure and has a lower
carbon footprint than other fossil fuels [5]. Therefore, the literature focuses on optimizing
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synthesis gas generated by steam- and/or oxygen-gasification, characterized by a high
H, /CO ratio and suitable for catalytic processes [6,7].

Methane production via chemical catalysis primarily uses H, and CO,, and H; can be
obtained through electrolysis or biomass gasification. The latter generates synthesis gas
(CO; and Hy), from which high-purity H, can be separated using gas-liquid or gas—solid
systems [8]. Electrolysis, on the other hand, decomposes water into Hy and O, using an
electric current, yielding pure H; and, when powered by renewable energy, significantly
reducing emissions compared to fossil-fuel-based processes.

Furthermore, CO; capture from combustion gases has emerged as a leading technology
for mitigating atmospheric emissions [8-10]. Additionally, CO;, produced from biogas, a
byproduct of biomass digestion, does not contribute to increased GHG emissions; therefore,
its capture and subsequent use or storage could reduce total GHG emissions. Moreover,
using this CO; as a raw material for various applications adds economic value to a waste
stream [11].

On the other hand, syngas can undergo a water—gas conversion reaction, in which
CO is converted to CO; at approximately 200 °C and 50 bar [12]. This generated CO; can
also be captured and used as an input in biofuel production processes, such as methane
production via methanation reactions [13,14]. The captured CO, can be used in the ther-
mochemical conversion process with Hj to produce methane [15]. Table 1 presents the
different technologies for obtaining H, and CO; for methane synthesis.

Table 1. Sources of Hy and CO, production for methane production.

Process Energy Fraction of
Author Source of H, Source of CO, Conditions  Efficiency Methane LHV SNG
. . e 350 °C o 3
Ciccone et al. [13] Biomass gasification 50 bar - 26.4 % vol 8.6 MJ/m
Michailos et al. [14] Biomass gasification - 51.2% 96% vol -
. Captures o
Szima et al. [8] . Electrolys.m . combustion 300°C 57% 94.7% vol 52.4 MJ/m?>
Biomass gasification 50 bar
gases
Captures
Gorre et al. [9] Electrolysis combustion - 78% - -
gases
Captures
Becker et al. [10] Electrolysis combustion - 78% 92.7% vol 47.5 MJ/m?3
gases

Syngas obtained by air gasification exhibits high nitrogen content, which reduces its
LHYV and makes it unsuitable for injection into the natural gas network or for direct metha-
nation. For this reason, industrial methanation processes typically employ gasification
with O, or steam, generating a syngas richer in CO and H,. However, hybrid systems
integrating biomass gasification with O, and catalytic methanation with renewable H,
represent a promising alternative, especially in regions with available renewable electricity
surpluses. This energy surplus is converted into Hj through electrolysis and stored as SNG,
a more stable and safer energy carrier than pure H, during transport and storage [13,16].

Szima et al. [8] investigated the production of SNG from H; generated from five different
renewable sources: photofermentation, dark fermentation, biomass gasification, biophotol-
ysis, and photovoltaic electrolysis. Of the options evaluated, photofermentation proved to
be the most attractive, with a levelized cost of synthetic natural gas of €18.62/GJ in 2020.
However, considering production capacities, this option loses its advantages, and biomass
gasification becomes more attractive with a slightly higher levelized cost of €20.96/G]J.
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Biomass-to-SNG technologies have advanced considerably, particularly in Europe and
Asia, where research has focused on optimizing gasification routes, methanation catalysts,
and Power-to-Gas integration. However, most reviews and techno-economic assessments
emphasize global technological performance and do not examine the applicability of these
processes within regions having different biomass profiles and infrastructure constraints.
In contrast, the department of Bolivar (Colombia) generates large quantities of agricultural
residues that remain underutilized despite their thermochemical potential. According to
regional production statistics, Bolivar produces 30,365 t/year of oil-palm residues and
319,388 t/year of rice residues, positioning these feedstocks among the most abundant and
stable local biomass streams. Yet, despite this availability, existing studies in Colombia
have primarily addressed biomass combustion, biogas, or isolated gasification cases, with
no reports evaluating the integrated pyrolysis—gasification-methanation pathway for SNG,
nor applying energy and exergy analyses to residues from Bolivar.

This gap is particularly relevant because international air-gasification studies cannot
be directly extrapolated to regions like Bolivar, where nitrogen-rich syngas would not meet
SNG quality requirements and where renewable electricity intermittency makes hydrogen-
assisted methanation an attractive solution. Furthermore, although prior work by Buelvas
et al. [17] evaluated the exergy performance of reforming routes for bio-oil, no research has
assessed how these syngas streams behave during methanation or how their composition
affects carbon conversion, exergy destruction, and SNG quality. Thus, the present study
addresses a clear regional and scientific gap by:

1. Evaluating SNG production from the two dominant local residues (EFB and RH).
2 Quantifying energy and exergy performance of their syngas during methanation.
3.  Demonstrating the process with Bolivar’s biomass and infrastructure.

4.  Providing thermodynamic evidence to support local Power-to-Gas development.

This contribution strengthens the study’s regional relevance. It also provides a refer-
ence for future SNG initiatives in northern Colombia.

Although biomass gasification has traditionally been the main thermochemical route
for syngas and methane synthesis, studies that specifically evaluate the integrated biomass
pyrolysis—gasification pathway remain limited, particularly regarding detailed energy
and exergy assessments. While several reviews and thermo-chemical studies discuss
pyrolysis, gasification, or combined stages within broader conversion frameworks, com-
prehensive evaluations of the pyrolysis—gasification route applied to methane or SNG
production are still scarce and virtually absent for contexts such as Bolivar. This study,
therefore, contributes by incorporating detailed exergy flows, irreversibilities, and unit
efficiencies, providing a deeper understanding of process performance and opportunities
for improvement.

Considering that rice husk and empty fruit bunches contribute to the most significant
production of residual biomass in the department of Bolivar in Colombia and their cellulose
and hemicellulose contents are appropriate to analyze their thermochemical conversion for
the production of bio-oil, this study examines the energy and exergy distributions across
the methanation stages of synthesis gas produced from the steam reforming of rice husk
bio-oil (RH) and empty fruit bunches bio-oil (EFB), following the process developed by
Buelvas et al. [17].

2. Materials and Methods
2.1. Syngas Composition

According to the Mining and Energy Planning Unit, in 2019, in the region of Bolivar,
Colombia, the generation of waste from oil palm cultivation amounted to 30,365 tons
annually, of which 21-23% corresponded to empty fruit bunches [18,19]. On the other
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hand, rice production generated approximately 319,388 tons of waste annually, of which an
estimated 20% corresponded to rice husks [20-22].

Therefore, in this study, 697 kg/h of EFB and RH waste were used to produce bio-oil
using the pyrolysis simulation developed by Buelvas et al. [17]. Table 2 shows the molar
fractions and mass flow rates of the syngas obtained from the steam reforming of bio-oil
derived from oil palm empty fruit bunches (EFB) and rice husk (RH) at a steam-bio-oil
ratio of 0.25 at 800 °C.

Table 2. Molar fraction and mass flow rates of the syngas obtained from the gasification of bio-oil [17].

Syngas Component Bio-Oil Type

EFB RH

H,O0 0.15 0.23
H, 0.49 0.43

CO, 0.09 0.06
coO 0.27 0.28

These syngas streams, with flow rates of 432 kg/h for EFB bio-oil and 370 kg/h for
RH bio-oil, will serve as feedstock for the subsequent methanation process. The main
components considered are HyO, Hy, CO;, and CO, with their respective molar fractions
indicated for each case.

The agricultural residues available in the department of Bolivar, particularly rice
husk (RH) and empty fruit bunches (EFB), exhibit physicochemical characteristics that
significantly influence their thermochemical conversion behavior, thereby distinguishing
this study from previous biomass-to-SNG research. Both RH and EFB exhibit high cellulose
and hemicellulose contents, which promote greater devolatilization and bio-oil production
during fast pyrolysis, enabling the subsequent steam reforming stage used to generate
syngas in this work. High holocellulose fractions favor the release of H, and CO precursors
at 700-800 °C, which directly affects the H,/CO ratio obtained during reforming and,
consequently, the performance of the methanation step.

Rice husk additionally contains one of the highest ash fractions within agricultural
residues, with a substantial proportion of silica. This high inorganic content affects heat
transfer, catalytic activity of inherent minerals, and tar cracking behavior during pyrolysis
and steam reforming, producing a syngas with a distinct composition compared to woody
biomass typically used in SNG studies. EFB, in contrast, has a lower ash content but a
higher volatile fraction and higher hemicellulose content, which increase reactivity and
enhance hydrogen release during reforming. These compositional differences explain the
slightly higher H, content in EFB-derived syngas (0.49) compared to RH (0.43) and the
higher water fraction in RH syngas (0.23), as reported in Table 2. Both factors strongly
influence the equilibrium of the methanation reactions evaluated in this work.

These physicochemical attributes are seldom analyzed in previous SNG studies, which
typically consider generic lignocellulosic biomass or wood-based feedstocks with more ho-
mogeneous compositions. This study explicitly evaluates SNG production from two tropical
residues. It characterizes how their holocellulose content and ash composition impact syngas
quality, carbon conversion, exergy destruction, and overall methanation performance.

2.2. Process Description

For SNG synthesis, an Hy/CO ratio greater than three must be maintained [23].
Furthermore, studies indicate that, in electrolysis and integrated gasification processes,
SNG synthesis is favored at 250-320 °C and 20-50 bar [8,24,25]. Moreover, kinetic barriers
are minimized, and the mixture reaches equilibrium, making a kinetic reactor block such as
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RPlug unnecessary [26,27]. The process developed in Aspen Plus® to obtain the flow rates
required for methanation is described below.

The process model is implemented using the RGibbs block at 320 °C and 30 bar, which
calculates the overall chemical equilibrium by minimizing the Gibbs free energy. The
Sabatier reactions, the water—gas shift (WGS) reaction, and the methanation of CO take
place in this block, represented in Equations (1)—(3), respectively [8,14].

CO, +4Hy — CHy +2H,0O  —165 & 1)
kmol
k]
CO + H,O — Hy +CO» —41.2 (2)
kmol
k]
CO+3H, — CH4 + H,O —-206.2 —— 3)
kmol

The process diagram for SNG production is shown in Figure 1. The process con-
sists of four main stages: synthesis gas compression, electrolysis, SNG synthesis, and
phase separation.

Syngas Off gases SE\{G
A
CO, Hz, CO2, H20
\ I
-
A
Aqueous flow »|
Syngas compression Electrolysis Synthesis of SNG Phase separation

Figure 1. Schematic diagram of the SNG production process.

In the compression stage, a COMP block with an isentropic efficiency of 0.85 and
a heat block are used to lower the gas temperature so that the synthesis gas enters the
synthesis stage at 320 °C and 30 bar. During the synthesis stage in the RGibbs block,
chemical equilibrium is established at the specified pressure and temperature. In the phase
section, the option to include the vapor phase is enabled, and the maximum number of
solid phases is set to 0 to restrict the calculation to species present in the gas phase. This
resulted in the equilibrium distribution of the species CHy, CO,, Hy, and HyO. Then, in the
separation stage, a flash block at 25 °C and 50 bar is used to separate the stream from the
RGibbs block into its liquid and gaseous phases. The residual aqueous flow is recirculated
to the heat exchanger to harness the energy of the cold fluid, cooling the high-temperature
syngas stream down to 320 °C.

On the other hand, the electrolysis simulation model was developed for an alkaline
electrolyzer. Specifically, it is modeled in an RStoic reactor to produce Hj, ensuring the
H, /CO ratio required for SNG synthesis. In this study, an H, /CO ratio greater than three is
guaranteed. Two flow streams were used to produce Hj: the first flow stream contains H,O
and KOH with mass fractions of 0.2 and 0.8, respectively, while the second flow stream
entering the electrolyzer contains only H,O.

In the alkaline electrolysis model, the RStoic reactor provides a simplified stoichio-
metric representation. However, it is important to acknowledge the influence of oper-
ating parameters on electrolysis performance. In practical systems, both temperature
and electrolyte concentration directly affect cell voltage and ionic conductivity. Higher

https:/ /doi.org/10.3390/ gases6010014


https://doi.org/10.3390/gases6010014

Gases 2026, 6, 14

60f14

temperatures reduce ohmic losses. Appropriate KOH concentrations (20 wt%) enhance
conductivity without causing viscosity issues. The electrolyte composition used in this
study (H,O/KOH = 0.2/0.8) reflects typical alkaline operation conditions. Although Aspen
estimates power consumption through a design-specification block, assuming an overall
electrolyzer efficiency, variations in these parameters would proportionally affect electrical
demand and, consequently, the global energy and exergy efficiencies. This clarification
strengthens the physical basis of the electrolysis module within the system-level evaluation.

Finally, a design specification block is used to estimate the electrical consumption of
the RStoic block to achieve the required Hy molar flow rate in each study scenario. The
results of this electrolysis model are validated through the calculation of the electrolyzer
efficiency (1electrotyzer) denoted in Equation (4). Where ritpy,, LHVp, y ngectmlym represent
the mass flow of Hp, the lower heating value of Hy, and the electrical energy consumed by
the electrolyzer, respectively.

m Hy X LH VH2
Melectrolyzer = —— (4)
Welectrolyzer

The methanation stage was modeled using the RGibbs reactor, which calculates the
equilibrium composition by minimizing the system’s Gibbs free energy at fixed temperature
and pressure. Since the selected operating conditions (320 °C and 30 bar) fall within the
range where methanation reactions approach equilibrium, the RGibbs formulation is
aligned with the thermodynamic behavior expected for high H, /CO ratios. To ensure the
reliability of the model results, a validation procedure was carried out by comparing them
with published experimental and pilot-scale methanation data.

First, the model predicts an equilibrium CHj content of 96% in both scenarios,
which matches the methane fractions reported (94-97%) in high-pressure methanation
experiments and Aspen-based equilibrium studies under similar conditions (300-350 °C,
20-50 bar). This agreement confirms that the model reproduces expected thermodynamic
limits. Furthermore, the CO and CO; conversions align with previously reported methane
yields for equilibrium methanation at H, /CO ratios above 3, further supporting the accu-
racy of equilibrium-based predictions under these conditions.

Second, the energy and exergy efficiencies calculated by the model (71-71.9% for
energy and 82.9-87.2% for exergy) are within or above the ranges reported in Aspen
Plus equilibrium simulations. This reinforces that the applied thermodynamic framework
provides results consistent with published equilibrium simulation data.

Finally, it should be noted that the RGibbs equilibrium model assumes idealized
reactor behavior, free of kinetic or transport limitations. However, because the methanation
reactions are highly exothermic and approach equilibrium at moderate temperatures under
Hy-rich conditions, especially when the Hy /CO ratio exceeds 3, the equilibrium approach
is widely used for preliminary design, optimization, and thermodynamic assessments. The
agreement between the equilibrium predictions and previously reported pilot-scale data
supports the adequacy of the modeling strategy adopted in this study.

2.3. Energy and Exergy Analysis

Aspen Plus enabled estimation of the energy requirements for SNG synthesis. Further-
more, the physical exergy of the stream was obtained from the Aspen Plus results. However,
additional equations were required to estimate the chemical exergy. Figure 2 shows the
streams considered in the energy and exergy estimates of the SNG synthesis process.
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VVin = VVcompressor + Welectrolyzer

Figure 2. Schematic diagram summarizing the main streams used for the energy and exergy calcula-
tions of the SNG synthesis stage applied in each scenario.

Equations (5)-(10) show the energy and exergy balances. In these equations,
m indicates the mass flow rate, where the subscripts in and out represent the input and
output, respectively. Equations (6) and (7) are the steady-state energy and exergy balances,
respectively, where E represents the energy flow rate and X the total exergy (Equation (8)).
The exergy includes physical (Xph) and chemical (X,), components, estimated using
Equations (9) and (10), respectively.

2 Thin = Z mout (5)

Z Ez‘n = ZEout (6)
inn = Zxout + ZXdest (7)

X = Xph + Xch (8)
Xph = ﬁ’l[h—ho—To(S—So)] (9)
Xch = Iflz Xi (th + RTolnxi) (10)

The terms Iy s represent the specific enthalpy and entropy, respectively, while
ho, To, y so denote the dead-state enthalpy, temperature, and entropy (298.15 K and
101.325 kPa). Similarly, x; indicates the mole fraction of component i, 7 is the molar flow
rate, R corresponds to the universal gas constant, and xfh is the standard chemical exergy
of component i.

The equations used to calculate energy and exergy efficiency in the SNG synthesis
process are described below.

Equation (11) allowed the calculation of the energy efficiency #77NC in the SNG synthe-

sis stage. Here, Esne is the energy achieved by the SNG stream, while E;, represents the
energy from the synthesis gas and the input power.

E

G SNG

ﬂtSN — TSNG (11)
Ein

Equation (12) was used to calculate the exergy efficiency 737 of the SNG synthesis
process. Where XsngG is the exergy harnessed by the methane stream in the distillation

- SNG
stage of the process according to the evaluated scenario, while X;,, represents the exergy
from the synthesis gas, the heat input, and the power supplied.
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X.
SNG SNG
TEx = ~38NG (12)

3. Results
3.1. Carbon Conuversion

Carbon conversion is a key indicator of methanation process efficiency, as it reflects
the percentage of carbon in syngas that is converted to methane (CHy). This parameter
allows us to determine the degree of resource utilization and the technical viability of
the process under different conditions and with other raw materials. This study analyzes
two scenarios: the first corresponds to syngas obtained by gasification of bio-oil from
EFB (experimental biofuels). At the same time, the second is based on bio-oil from RH
(renewable hydrocarbons). Comparing these two scenarios allows us to identify the impact
of biomass type on conversion efficiency and to identify opportunities to improve synthetic
natural gas (SNG) production.

The results obtained in Table 3 show that the carbon conversion in the methanation
of syngas derived from EFB (48.3%) and RH (47.4%) bio-oils is similar, demonstrating
the technical viability of the process for different residual feedstocks. This closeness in
values indicates that the type of biomass does not significantly affect efficiency under the
evaluated conditions, thus conferring robustness to the system. The observed efficiency
is explained by the exothermic nature of the methanation reaction, which favors CHy
formation at moderate temperatures, thereby reducing carbon losses.

Table 3. Carbon conversion to syngas methanation for scenarios evaluated.

Scenario Carbon Conversion (%)
Scenario 1 48.3
Scenario 2 474

Although the conversion is within the typical range for pilot processes, with almost
half of the carbon transformed into CHy, there is significant room for optimization. Factors
such as the Hp /CO ratio, operating pressure, recycling of unconverted gases, and the
selection of more active catalysts could increase the conversion to industrial levels (>80%).
These results are relevant because they demonstrate the potential of utilizing Colombian
agricultural waste to produce synthetic natural gas, contributing to energy sustainability
and emissions reduction.

3.2. Energy and Exergy Analysis Results

This section analyzes the energy and exergy distribution of SNG synthesis. The
volumetric composition of CHy and CO, in the SNG is 96% and 4%, respectively, in both
scenarios. Figure 3 shows the Sankey diagrams of the energy distribution of the SNG
synthesis process for Scenarios 1 and 2. In Scenario 1, the process’s energy efficiency is
71.9%, while in Scenario 2 it reaches 71%. The energy efficiency of the methanation process
is slightly higher (0.9%).

This implies that a larger fraction of the carbon is in the form of CO,, which reduces
simultaneous chemical reactions and decreases the thermal load on the reactor. These
conditions reduce irreversibilities and allow for slightly better utilization of the available
energy during methanation.
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Figure 3. Sankey diagrams of the energy distribution for SNG synthesis, (a) Scenario 1 and
(b) Scenario 2.

Given the weight of electricity in the balance (51-52%), thermal integration to recover
QSNG and optimize electrolysis and compression is emerging as the main lever to raise the
effective efficiency of the process, with the potential to exceed 80% when the available heat
is partially recovered.

Moreover, Figure 4 presents the Sankey diagram of the exergy distribution for the
SNG synthesis stage, evaluated in Scenarios 1 and 2. In Scenario 1, the process exergy
efficiency is 87.2%, while in Scenario 2 it is 82.9%. This 4.3% difference is due to lower
exergy destruction during the methanation stage in Scenario 1. In this scenario, the addition
of Hj optimizes the Hy /CO ratio, improves the conversion of synthesis gas, and recovers
chemical energy into useful exergy in SNG, reducing heat losses and irreversibilities.

SNG

71.3% NG

55%

Syngas
47.6%

Syngas
48% @
3
5
Z
Wi £l QSNG
p E 14.2%
52.4% QSNG § o
e o Off Gases
Off Gases E2 e I
2% -
Destroyed exergy DestmyedOEXergy
12.8% 17.1%
(a) Scenario 1 (b) Scenario 2

Figure 4. Sankey diagrams of the exergy distribution for SNG synthesis, (a) Scenario 1 and
(b) Scenario 2.

Furthermore, Scenario 1 exhibits almost negligible off-gas losses (2%) and lower ex-
ergy destruction (12.8%), while in Scenario 2, blowdown accounts for a significant fraction
of exergy (13.7%) and internal irreversibilities are higher (17.1%), indicating operation
further from the thermodynamic optimum. The QSNG confirms the exothermic nature
of the system and represents the main opportunity for thermal recovery. In summary,
Scenario 1 better utilizes the available work potential and operates with lower irreversibil-
ities. In contrast, Scenario 2 requires reduced blowdown, thermal integration, and fine-
tuning of the Hy /CO catalytic activity ratio to decrease exergy destruction and improve its
second-law performance.

Table 4 presents the energy and exergy efficiencies of the process evaluated in the
two study scenarios. The differences in energy efficiency among the studied scenarios
were influenced by the type of raw material and its composition, the operating conditions,
the bio-oil composition, and steam consumption. The results of this study are consistent
with those reported in the literature for SNG synthesis processes developed in Aspen
Plus®. These thermochemical processes achieve energy efficiencies exceeding 70% and
exergy efficiencies between 70 and 87%, especially when incorporating heat recovery and
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an Hy /CO ratio of 3 [10,28-30]. Table 4 summarizes the research evaluating their energy
and exergy performance.

Table 4. Comparison of the energy and exergy efficiency of SNG synthesis in the different scenarios.

mo ek T T g
Juraséik et al. [29] Syngas RGIBBS 405-580 1-30 - 69.5-71.8
Kesha et al. [28] Nagzti};;luéas Electrolysis RGIBBS 313 1 743-764  84-87%
Becker et al. [10] Syngas Electrolysis RPLUG 300-350 30 81.2 -

Zakwani et al. [31] Syngas Electrolysis Syngas RPLUG 250-400 27 44-59 -
Duret et al. [30] Electrolysis RPLUG 350-550 20-30 - 72.6
Scenario 1 Syngas Electrolysis RPLUG 320 30 71.9 87.2
Scenario 2 Syngas Electrolysis RPLUG 320 30 71 82.9

The results of Jurascik et al. [29] show that the main irreversibilities are concentrated
in the gasifier, the methanation section, and the CO; capture unit. At the same time, the
gas compression and cleaning stages exhibit minor losses. The overall exergy efficiency
of the process ranged from 69.5% to 71.8%, with a maximum of 71.8% at 650 °C and
15 bar, conditions that favor higher SNG production and reduce the need for cooling in the
methanation reactors. The SNG obtained had a CH4 composition of 79.8-86 mol%, an HHV
of 33-35 MJ/Nm?, and a Wobbe index of 44 MJ/Nm?, meeting the quality standards for
grid injection. Overall, the work demonstrates that thermodynamic optimization of the
biomass-SNG process can achieve efficiencies higher than those reported for other biofuels.

Kesha et al. [28] developed a thermo-exergy model of a Power-to-Gas (PtG) process
coupled with high-temperature electrolysis (HTCE) to convert CO, and water vapor into
SNG, using Aspen Plus (V8.4) simulations. The results show that the electrolyzer is
responsible for the most incredible exergy destruction, due to the high energy demand of
the electrolysis process. At the same time, the methanation and compression stages exhibit
lower exergy losses. However, the final composition of the product gas (21.4% CHy, 76.5%
CO,) does not meet the standards for grid injection, concluding that HTCE is unsuitable
for producing SNG, but viable as a route for generating syngas intended for the synthesis
of liquid fuels with a higher C/H ratio.

Biological or hybrid systems, such as the one proposed by Michailos et al. [14], exhibit
overall efficiencies close to 50%, a lower value than that of thermochemical processes due to
the inherent kinetic limitations of fermentation and the lower conversion of synthesis gas.
In contrast, more recent studies, such as those by Becker et al. [10] and Al Zakwani et al. [31],
demonstrate that H2 injection is the most effective strategy for increasing energy efficiency
and reducing exergy destruction, as it promotes a more complete conversion of CO and
CO, to CH4 under controlled conditions. Furthermore, most of these processes operate
at 300-400 °C and 20-30 bar, parameters consistent with Scenarios 1 and 2 simulated in
Aspen Plus® in this study, confirming the thermodynamic and operational validity of the
selected conditions. Finally, to make SNG more attractive and competitive, improving the
plant’s overall exergetic efficiency is an important issue [29].

4. Discussion

The results confirm that the production of SNG from agricultural waste, namely
rice husk (RH) and empty palm bunches (EFB), is technically viable and relevant for the
department of Bolivar. These local streams, currently underutilized, can reliably feed the
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thermochemical route: (1) pyrolysis, (2) steam reforming, followed by (3) methanation,
evaluated in this work, creating a value chain for the palm and rice sectors and contributing
to the energy security of the territory [30].

The small differences observed between EFB and RH can be explained by the intrinsic
properties of each biomass. EFB typically contains more volatiles and a higher hemicellulose
fraction. This enhances reactivity during pyrolysis and steam reforming, resulting in
slightly higher H; content in the resulting syngas (0.49 vs. 0.43 for RH). In contrast, RH has
a significantly higher ash content, which is dominated by silica. This reduces the effective
organic fraction available for conversion and increases the proportion of inert material.
As a result, RH syngas shows a higher water fraction (0.23) and slightly lower carbon
conversion (47.4% vs. 48.3% for EFB). Additionally, ash in RH can limit heat transfer during
reforming and increase exergy destruction, which aligns with the lower exergetic efficiency
in Scenario 2. These feedstock-dependent differences clarify the mechanism behind the
reported trends and reinforce the importance of evaluating region-specific biomass when
assessing SNG production performance.

The resulting SNG exhibits grid-quality (96% CH,4 and 4% CO,) in both scenarios,
with energy efficiencies of 71.9% (EFB) and 71.0% (RH), and exergy efficiencies of 87.2%
and 82.9%, respectively. These values are within and even above the typical exergy ranges
reported for simulated processes in Aspen, where the overall exergy efficiency of the
biomass train to SNG is usually between 69.5 and 71.8% and can scale up to 72.6% under
optimal operating conditions [30]. In this work, the heat transfer of the system and the
weight of electricity (51-52% of the balance) indicate that thermal integration (heat recovery
for compression and electrolysis) is the main lever to raise the effective efficiency above 80%,
consistent with design recommendations and energy-economic integration in the literature.

Carbon to CH, conversion reached 48.3% (EFB) and 47.4% (RH), with minimal off-gas
losses in Scenario 1 and greater purge in Scenario 2. Although these values are consistent
with pilot scales, the literature shows that adjustments in Hy /CO, pressure, and cooling
strategy allow conversion to be increased to 50-60% at the whole train level and exceed
80% in industrial operation with recycles and more active catalysts, reinforcing that there is
room for optimization on an already thermally and exergetically sound basis [27].

The findings of this study replicate the thermo-exergetic patterns observed by Ju-
rascik et al. [27], where the greatest irreversibilities are concentrated in the gasifier, the
methanation section, and the CO, capture. Furthermore, lower methanation temperatures
and higher gasification pressures increase overall exergetic efficiency, and the selection of
adiabatic or intermediate-cooled reactor operation should be based on the methane already
produced in the gasifier and the risk of catalyst overheating. The energy and exergetic
Sankey diagrams in this work reproduce this loss distribution and the beneficial effect of
improving the H, /CO ratio before methanation, consistent with these references.

Furthermore, Duret et al. [30] demonstrate that, even with thermal efficiencies of 58%,
thermal integration can supply most of the mechanical work of compression, substantially
reducing the net electrical demand of the process. The heat in methanation aligns with this
practical possibility in the Bolivar case, where the available heat could be recovered for
preheating, process steam generation, and compressor/electrolyzer support.

Regarding operational and design implications, simulation with alkaline electrolysis to
adjust Hp while maintaining 320 °C and 30 bar in the RGibbs block minimizes kinetic barri-
ers and improves Sabatier and WGS equilibrium, consistent with reference thermochemical
pathways. The selection of Ni with WGS activity and steam addition is consistent with
reported practices to avoid carbon formation and control thermal spikes; it is suggested
that promoted Ni or supports with improved heat transfer be evaluated for stable operation
in the 250-320 °C/20-50 bar range [27].
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With SNG compositions of 96% CHy suitable for injection and efficiencies in line with
the best available evidence, the system can decarbonize industrial thermal uses (rice mills,
palm oil extraction plants) by replacing fossil gas; it can also valorize waste and reduce
CH,4 emissions from traditional disposal; as well as enable a local Power-to-Gas scheme
when there is a surplus of renewable electricity to produce H; by electrolysis and store
it as SNG, which is safer and more stable than pure H; in transport; and strengthen a
circular economy with rural employment and additional income for the rice and palm oil
value chains.

This study is based on chemical equilibrium (Gibbs free energy) for methanation
and a stoichiometric model for electrolysis. Although adequate for exploring thermo-
exergetic performance, future validation should include kinetics and heat transfer of a
specific catalyst; detailed thermal integration (heat exchanger network) for heat recovery as
high-pressure steam; optimization of purge/recycling and CO; capture; and comparison
with experimental data from gasification/pyro-reforming of bio-oil from RH and EFB at
pilot scale. These actions are aligned with the recommendations for improving exergetic
efficiency and thermal management reported by Juras¢ik et al. [27] and Duret et al. [30].

This work demonstrates technical validity and scientific coherence: it delivers high-
quality SNG, efficiencies comparable to or exceeding benchmarks, and a thermal integration
strategy that can translate into electricity savings and greater operational robustness. Given
the potential for waste from hydroelectric and biofuel production in Bolivar, the territorial
impact is clear: clean energy, local added value, and emissions reduction.

5. Conclusions

The study demonstrates that producing natural gas from agricultural waste in the
department of Bolivar—rice husks and empty palm bunches—is technically feasible and
aligns with local biomass availability. This approach contributes to the valorization of
agro-industrial byproducts, reduces emissions associated with their traditional disposal,
and strengthens regional energy security.

Simulations in Aspen Plus® yielded energy efficiencies exceeding 70% and exergy
efficiencies between 82.9% and 87.2%, values comparable to or exceeding those reported
in the literature for biomass-to-SNG processes (69.5-72.6%). These results confirm the
thermodynamic robustness of the proposed scheme and its potential for optimization
through thermal integration.

Carbon conversion reached approximately 48%, generating a gas with 96% CHy,
suitable for injection into natural gas networks. Although these values are typical of pilot-
scale operations, the literature indicates that adjusting the H, /CO ratio, pressure, and gas
recycling can raise conversion to industrial levels (>80%).

The main lever for increasing overall efficiency is recovering methanation heat and
using it for compression and electrolysis, enabling energy efficiency exceeding 80%. Like-
wise, optimizing purge, integrating heat exchangers, and selecting more active catalysts are
recommended strategies to reduce irreversibilities and improve second-law performance.

This work lays the groundwork for a Power-to-Gas scheme in Bolivar, capable of
storing surplus renewable electricity as SNG, a safer and more stable energy vector than
pure H,. Furthermore, it promotes a circular economy that generates added value, cre-
ates rural employment, and reduces emissions, aligning with energy sustainability and
decarbonization goals.
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