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Abstract: Hydrogen (H;) production from biomass has emerged as a promising alternative
to fossil-based pathways, addressing the global demand for low-carbon energy solutions.
This study compares the environmental impacts of two biomass-based H, production
processes, biogas reforming and agricultural residue gasification, through a life cycle assess-
ment (LCA). Using real-world data from the literature, the analysis considered key system
boundaries for each process, including biogas production, reforming, and infrastructure,
for the former, and biomass cultivation, syngas generation, and offgas management, for
the latter. Environmental impacts were evaluated using SimaPro software (Version 9.4)
and the ReCiPe midpoint (H) method. The results revealed that biogas reforming emits
approximately 5.047 kg CO,-eq per kg of Hj, which is 4.89 times higher than the emissions
from agricultural residue gasification (1.30 kg CO,-eq/kg H;), demonstrating the latter’s
superior environmental performance. Gasification consumes fewer fossil resources (3.20
vs. 10.42 kg oil-eq) and poses significantly lower risks to human health (1.51 vs. 23.28 kg
1,4-DCB-eq). Gasification water consumption is markedly higher (5.37 compared to biogas
reforming (0.041 m?/kg Hy)), which is an important factor to consider for sustainability.
These findings highlight gasification as a more sustainable H, production method and
emphasize its potential as an eco-friendly solution. To advance sustainability in energy sys-
tems, integrating socio-economic studies with LCA is recommended, alongside prioritizing
agricultural residue gasification for hydrogen production.

Keywords: biogas reforming; hydrogen; gasification; LCA; low carbon; energy; GHG
emission; socio-economic; eco-friendly

1. Introduction

Energy resources are vital for meeting human needs and enhancing living standards;
however, they can also result in significant environmental impacts over time [1]. We are
living in a pivotal era that demands urgent action to address environmental and energy
challenges on a global scale [2,3]. The limited availability of energy resources poses major
challenges, while excessive consumption exacerbates global warming and environmental
issues, such as air pollution, deforestation, ozone layer depletion, and radioactive emis-
sions [4]. The global transition to sustainable energy systems has elevated hydrogen (Hj) as
a leading candidate for a clean energy carrier [5,6]. Due to its efficiency, high energy density,
and zero direct emissions, hydrogen (Hy) offers a major opportunity to decarbonize energy-
intensive sectors, such as power generation, industry, and transportation [7]. Currently,
over 50% of the global H; is produced via steam methane reforming (SMR) of natural
gas (NG), a process that heavily relies on fossil fuels and emits substantial greenhouse
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gases [8,9]. As concerns grow over fossil fuel depletion and climate change, sustainable
hydrogen production becomes crucial, with bio-waste from food and agriculture serving as
a plentiful and diverse feedstock [10].

Biogas reforming and gasification were selected for comparison among thermochemi-
cal hydrogen production methods due to their use of renewable feedstocks, varying energy
demands, and differing carbon footprints. Both methods offer sustainable hydrogen pro-
duction pathways in contrast to fossil fuel-based approaches, such as SMR, ATR, and
POX [7]. Gasification and biogas reforming are more commercially viable and scalable than
pyrolysis and hydrothermal gasification. Selecting these methods enables a meaningful life
cycle assessment (LCA) comparison of environmental impacts, greenhouse gas emissions,
and energy efficiency relevant to hydrogen economy planning. However, they differ in
feedstock requirements, environmental effects, and process efficiency. While many studies
have examined the energy performance of waste-to-hydrogen systems, comprehensive
LCA remains limited.

Hajjaji et al. (2016) [11] performed an LCA on hydrogen production through bio-
gas reforming, encompassing biogas production, reforming processes, and infrastructure
factors. When contrasted with fossil-derived feedstocks, the investigation emphasized
that biogas reforming represents a sustainable and environmentally friendly pathway for
hydrogen production. Zhou et al. (2021) [12] evaluated the life cycle emissions of green-
house gases associated with hydrogen and biomethane pathways within the European
Union. The study showed that hydrogen production via biomass gasification processes can
substantially decrease greenhouse gas emissions relative to conventional fossil-fuel-based
approaches. Meena et al. (2024) [13] reviewed recent progress in producing biogas and
biohydrogen from renewable energy sources, focusing on LCA and environmental impacts.
They highlighted that biofuel production from waste materials provides an efficient method
for generating renewable energy, simultaneously recycling valuable nutrients and mini-
mizing waste. Marco Berardino (2019) [14] conducted an LCA and economic evaluation of
a novel membrane reactor designed for hydrogen production from biogas. The findings
indicated that the innovative system outperforms reference systems in scenarios where
biogas is a limiting factor, attributed to its superior biogas conversion efficiency, which may
replace more hydrogen generated from fossil fuels.

Biogas, a byproduct of the anaerobic digestion of organic waste, primarily consists of
methane (CHy) and carbon dioxide (COy). It is typically produced through the anaerobic
digestion (AD) of organic materials, such as food waste, animal manure, sewage sludge,
and crop residues. The AD process is considered beneficial as it utilizes waste streams,
thereby reducing the environmental burden of organic waste disposal. However, the
handling of digestate and the leakage of methane during biogas production can greatly
increase greenhouse gas emissions, which may offset the environmental benefits [15-17].
Biogas reforming refers to the process of converting biogas into hydrogen through a series
of chemical reactions [18]. Tulianelli et al. (2015, 2020) investigated biogas steam reforming
using palladium-based membrane reactors and reported enhanced hydrogen production
and separation efficiency [19,20]. Increased pressures, temperatures, and steam-to-methane
ratios enhance recovery and conversion rates. Figure 1 shows the biogas reforming, which
consists of three main steps: (1) synthesis gas (SG) generation, (2) the water—gas shift (WGS)
reaction, and (3) hydrogen purification [21]. In the first stage, the steam-biogas mixture
undergoes catalytic reforming to produce syngas, primarily composed of hydrogen, carbon
dioxide, carbon monoxide, methane, and water vapor.
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Figure 1. A detailed flowsheet of the H, production process from biogas reforming [21].

After the reformer, syngas (5G) is fed into a water—gas shift (WGS) reactor, where
carbon monoxide (CO) combines with water (HyO) over a catalyst to produce hydrogen
(Hy) and carbon dioxide (CO5;). This reaction is typically carried out in two stages: a lower
temperature shift (LTS) reactor at 200-300 °C and a higher temperature shift (HTS) reactor
at 300-400 °C [11]. Methane (CHy) reacts with steam (H,O) and carbon dioxide (CO5) to
produce synthesis gas (SG), which contains hydrogen (Hy), carbon monoxide (CO), carbon
dioxide (CO,), methane (CH4), and water (H,O), among other components. The general
equation for biogas reforming is presented in Equation (1).

BG (CH4 +1tzO(Steam)> +BCO, — SG (Hy, CO, CO,, CHy, HyO, etc) (1)

where « and f are the stoichiometric coefficients of water and carbon dioxide, respectively.
The main possible reactions in biogas reforming are steam methane reforming (SMR:
Equation (2)), dry methane reforming (DMR: Equation (3)), and water—gas shift (WGS:
Equation (4)).

Steam methane reforming (SMR): Methane reacts with steam to form carbon monoxide
and hydrogen gas, with an enthalpy change of +206.11 k] /mol:

CHj + HyO < CO + 3H, AH g = +206.11 kJ/mol )

Dry methane reforming (DMR): Methane from biogas reacts with carbon dioxide to
form carbon monoxide and hydrogen, with an enthalpy change of +247.28 kJ /mol:

CHy 4+ CO, ¢ 2CO + 2Hy AHyggq = +247.28 kJ /mol (3)

Water—gas shift (WGS) reaction: Carbon monoxide reacts with steam to produce
carbon dioxide and hydrogen, releasing —41.17 k] /mol of energy:

CO + H,O ¢ CO; + Hy AHygg = —41.2 kJ /mol (4)

Carbon formation reactions: During the process, a specific side reaction contributes to
the creation of coke.

Boudouard reaction: Carbon monoxide decomposes into carbon dioxide and solid
carbon (graphite), releasing —172.43 kJ /mol of energy (Equation (5)):

2CO 4 COy + C(graphite) AHpogx = —172.43 k] /mol ®)
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Methane decomposition: Methane breaks down into hydrogen gas and solid carbon
(graphite), with an enthalpy change of +74.85 k] /mol (Equation (6)):

CHy ¢+ 2Hy + Cgraphite) AHaogk = +74.85 k] /mol (6)

CO reduction reaction: Carbon monoxide reacts with steam to form solid carbon
(graphite), hydrogen gas, and carbon dioxide, releasing —131.26 k] /mol of energy (Equation (7)):

CO +HpO > Clgraphite) + Ha + CO2 AHpgg = —131.26 kJ/mol )

Finally, hydrogen purification can be performed by CO, removal via pressure swing
adsorption, chemical absorption, and methanation, or metallic membrane separation.

Biomass gasification (see Figure 2) presents a promising approach for generating
hydrogen-rich synthetic gas (syngas), which can subsequently be refined to yield pure
hydrogen [22,23]. Gasification benefits from the carbon neutrality of biomass, where CO,
emissions are offset by the carbon absorbed during plant growth. Gasification operates
under sub-stoichiometric conditions, typically within an equivalence ratio (ER) range of
0.20 to 0.45.
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Figure 2. Biomass steam gasification plant design [24].

The yield and composition of syngas depend on several variables, including the
feedstock type, reactor design, and nature of gasifying agents, such as air, oxygen-enriched
air, CO,, or steam [24]. Biomass gasification is gaining attention due to its adaptability in
processing diverse feedstocks, including agricultural residues, wood waste, and refuse-
derived fuels [25]. The environmental impact of gasification varies depending on feedstock
characteristics, operational conditions, and pretreatment requirements [26,27].

LCA is a widely adopted methodology for evaluating potential environmental impacts
and resource use throughout a product or system’s entire life cycle, from raw material
extraction to end-of-life stages, as defined by SETAC and standardized under ISO 14040 [23].
Each stage of production, use, and disposal carries specific environmental implications,
which are thoroughly captured by the LCA framework [12]. LCA helps enhance resource
efficiency and identify potential environmental trade-offs, supporting informed policy
development in the energy sector. The LCA method has been widely utilized in recent years
to evaluate the environmental performance of bioenergy processes [28,29]. In reviewing
the methodological aspects of the selected life cycle assessment (LCA) studies, several
key software tools and approaches were identified, each offering distinct advantages and
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limitations. SimaPro, OpenLCA, and GaBi emerged as the most widely used LCA software
platforms. SimaPro is renowned for its robustness and compatibility with a broad range of
LCIA methods and the ecoinvent database, making it ideal for both academic and industrial
research; however, it requires a paid license and has a steep learning curve. OpenLCA,
in contrast, is open-source and user-friendly, allowing flexible modeling and integration
with non-proprietary databases, though it may lack some advanced features and data
compatibility. GaBi excels in industrial applications and offers high-quality proprietary
datasets, especially for European contexts, but its limited transparency and licensing costs
can pose challenges.

The reviewed studies utilized a mix of data types, secondary data, software simula-
tions, and, in some cases, primary measurements. The background databases varied, with
ecoinvent being the most common due to its comprehensive coverage and standardized
structure, although different versions (e.g., 3.1 to 3.8) may influence consistency. GREET
and the GaBi database were also used, offering advantages for regional specificity and
industrial data, but they are limited in scope or accessibility.

Table 1 presents the methodological frameworks used in the studies reviewed, high-
lighting key parameters such as LCA software, data types, background databases, func-
tional units (F.Us.), system boundaries, and LCIA methods. The background data sources
predominantly included various versions of the ecoinvent database, GREET 2021, the GaBi
database, and information from the literature. Across the reviewed studies, a consistent
functional unit of 1 kg of hydrogen (H;) was applied, with some cases specifying addi-
tional parameters, such as purity levels and pressure conditions. All studies adopted
cradle-to-gate system boundaries, ensuring a comparable system scope. In terms of impact
assessment, a range of LCIA methods was applied, including ReCiPe (2016), IPCC 2013
GWP (100a), CML 2001, and EF 3.0 [21], although some studies did not explicitly report the
method used. Overall, this methodological review reveals considerable variability in data
sources and impact assessment tools, yet it demonstrates consistent application of system
boundaries and functional unit definitions in hydrogen-related LCA studies.

Although extensive research has examined the environmental impacts of hydrogen
production from biomass, there remains a notable gap in integrating socio-economic and
techno-economic dimensions. Key cost indicators, such as CAPEX, OPEX, and LCOH,
are often excluded. This limits the practical assessment of hydrogen technologies’ real-
world sustainability. To address this, the present study performs a holistic sustainability
assessment that combines environmental LCA with economic evaluation for two biomass-
based hydrogen pathways: biogas reforming and agricultural residue gasification. Using
a cradle-to-gate boundary and a functional unit of 1 kg Hj, environmental impacts are
assessed across 18 categories via SimaPro 9.4 and the ReCiPe Midpoint (H) method, drawing
from the literature and Ecoinvent 3.1 data.

This study aims to compare the environmental and economic performance of both
pathways. It hypothesizes that agricultural residue gasification will show environmental
advantages due to its carbon-neutral feedstock, albeit with higher water use and capi-
tal costs. This integrated analysis provides insights for guiding sustainable hydrogen
deployment across different regional contexts.
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Table 1. LCA methodological aspects of the reviewed papers.
Background System Global Warming
Ref. Software Type of Data Database EU. Boundaries LCIA (kg CO5-eq)/FU
Background
[30] SimaProg52 ~ooitwaresim.t datasource+ o gy, cradledto- pociPe2016 059 and 21.14
secondary data ecoinvent + gate
GREET 2021
. Software sim. + Pilot scale + 1 kg Hy, cradle-to- IPCC 2013
311 SimaPro 9.0 secondary data ecoinvent 99.99% gate GWP 100a 101
. Primary (AD) + . 1 kg Hy, cradle-to-
[32] SimaPro 9.13 secondary data ecoinvent 3.8 99.99% gate CML 2001 2.13
. Background
[33] undefined Software sim. + data source + 1kg Hy cradle-to- ReCiPe 12.6
secondary data . gate
ecoinvent
[34] SimaPro 9.4 Secondary data ecoinvent 3.5 1kg I_.IZ’ cradle-to- E.E 3.0 3.78 and 4.28
harmonized gate
ecoinvent +
literature + cradle-to-
[35] SimaPro Secondary data state of the 1kg Hy ate E.F. 3.0
art from &
producers
NETL 1kg Hy, IPCC 2013
[36] Ope? I£1CA v Secondary data Reports + >99.99%; 925 Cradalte:o— GWP 100a; —15to 31
' literature psig & water balance
. . cradle-to- IPCC 2013
[37] SimaPro 9.2 Secondary data  ecoinvent 3.5 1 kg Hy gate GWP 100a —101.12-12.66
GaBiv GaBi cradle-to- .
[38] 105.1.124 Secondary data database 1kg Hy gate undefined 0.6-13
Primary (mining;
[39] GaBi fuel prep) + Literature 1kgH, Cra‘ﬂfe'to' CML 2001 296
secondary data &
Primary (plant
[40] Oqe{l ({d 2C A emission) + Undefined 1kg Hy gate-to-gate ReCiPe 11.2
o secondary data
[41]  SimaPro92  Secondarydata ccoinvent38 - 1kgHy 25 cradle-to- E.F 3.0 0.6-11
+ literature bar gate
[42] GaBi 10 Secondary data  Undefined 1kgH, Cra;féto' ReCiPe 0.31-9.65

2. Materials and LCA Methodology

Simapro LCA software (version 9.4) was employed in this study, using its pre-
configured default databases. The LCA was carried out following the LCA framework
defined by the ISO 14040 standard (2006) for the life cycle inventory (LCI) phase. The
literature suggests that uncontrolled methane emissions from biogas plants, primarily due
to leakages, can account for approximately 2% of the total biogas produced [11]. Addi-
tionally, open-air lagoon storage of digestate is a notable source of emissions, releasing
an estimated 4.465 kg of methane (CHy4) and 0.115 kg of ammonia (NHj3) per tonne of
anaerobic digestion (AD) feedstock [39]. Furthermore, after the digestate is applied to land,
an additional 0.677 kg of ammonia per tonne of AD feedstock is emitted [36]. For this
study, the anaerobic digestion (AD) and biogas reforming plants were assumed to operate
over a 20-year lifespan, with 8000 operational hours annually (equivalent to approximately
333 days per year under continuous operation). At the end of their operational lifespan,
the infrastructure is decommissioned and dismantled.

Component materials, including steel, concrete, and catalysts, are managed through
end-of-life pathways, such as landfilling, recycling, or incineration, with associated environ-
mental impacts (e.g., landfill emissions, energy recovery from incineration) incorporated
into the LCI. These assumptions align with circular economy principles and ISO 14044 stan-
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dards, ensuring comprehensive accounting of material flows across the system’s lifetime.
Data for this study were sourced from the Ecoinvent default database (version 3.1) [11,26],
as integrated into Simapro 9.4. Construction material data were projected by scaling from a
300 m3 AD plant in the Ecoinvent database to an 800 m® capacity AD system [11]. However,
the construction material requirements (concrete, iron, aluminum, steel, etc.) for the reform-
ing plant were adapted from Ref. [34]. This section outlines the methodological framework
employed in this study, detailing the goal and scope definition, system boundaries, LCI data
collection, and life cycle impact assessment (LCIA) methodology. The analysis followed
the ISO 14040 and ISO 14044 standards for LCA.

According to ISO 14040-14044 standards [11], the methodological framework of LCA
consists of four interconnected stages (Figure 3): (1) The goal and scope stage defines
the objectives of the study, establishes the system boundaries (SBs), and identifies the
functional unit (FU), which serves as a reference point for all input and output data.
(2) In the life cycle inventory (LCI) stage, material and energy flows are quantified for each
process within the SBs, and these flows are then estimated and distributed accordingly.
(3) The life cycle impact assessment (LCIA) stage evaluates the potential environmental
impacts based on the LCI results. (4) The final stage is interpretation, where the life
cycle model is assessed to identify key issues using the LCI and LCIA results, check for
consistency and completeness, and support decision-making and recommendations. LCA
finds environmental hotspots in systems. It helps people find and choose production
methods that might be more sustainable by looking at their effects on the environment [36].
The process involves evaluating various ecological factors, such as acidification potential,
global warming potential, resource depletion potential, and eutrophication potential [12].

i?:: Direct application:
scope \ ¢ Product development
/ ¢ Strategic planning
- *  Selection of environmental performance
Interpretation - : f: blic Policymaking

. arketing
* Environmental management systems
*  Environmental performance evaluation

Impact * LCI environmental labeling

assessment

Figure 3. Primary steps and application of the LCA methodology [43].

2.1. Goal and Scope Definition

The primary goal of this study was to compare the environmental impacts of hydrogen
(Hy) production through two biomass-based methods: biogas reforming and agricultural
residue gasification. This comparative assessment aimed to determine the more sustainable
H; production pathway by focusing on GHG emissions and other environmental indicators.
The functional unit selected for the LCA was 1 kg of Hy produced, which was the basis for
quantifying inputs, outputs, and environmental impacts across both production systems.

The system boundaries for both H, production pathways encompassed all processes
involved in producing 1 kg of Hy, as illustrated in Figure 4, which was adapted from [11].
The biogas reforming pathway includes three stages: AD plant (digester unit) (S1), H
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plant (hydrogen production via the water-gas shift and a purification unit) (S;), and
construction and decommissioning (S3). Organic waste is processed into biogas in Sj,
which is then converted into high-purity hydrogen in S,, with infrastructure impacts
accounted for in S3. Agricultural residue gasification consists of four subsystems: biomass
production (S51), syngas production (SSy), syngas conversion to hydrogen (SS3), and offgas
management (SS4). SS; involves residue collection with associated resource inputs and
emissions, while SS, and SS; convert biomass into hydrogen through gasification and
purification processes. SS4 manages offgases through combined heat and power generation,
enhancing sustainability by recovering energy and reducing fossil fuel use.
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Figure 4. LCA boundaries of H, production from (a) biogas reforming [44] and (b) agricultural
residue gasification [45].

2.2. Life Cycle Inventory (LCI) Analysis

The second phase of the LCA, referred to as life cycle inventory (LCI), involved the
collection and quantification of all input and output flows that cross the system bound-
aries [26]. Table 2 presents the main inventory data for biogas production, detailing inputs
from the technosphere and their associated material consumption, as well as outputs to
both the technosphere and the environment. The anaerobic digestion (AD) plant opera-
tion utilizes various feedstocks, including manure (25.1 kg), waste maize silage (8.5 kg),
fodder beet (8.5 kg), and cheese whey (8.5 kg), alongside an energy input of 4054.96 k].
Additionally, construction materials, such as concrete (500.47 g), reinforced steel (18.1 g),
and laminated timber (9.22 g), are required for the infrastructure. The outputs to the techno-
sphere include biogas (7.18 Nm?®) and digestate (42.82 kg), while avoided products, such as
nitrogen (57.81 g), phosphorus (67.23 g), and potassium (179.8 g) fertilizers, are accounted
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for. The environmental emissions include biogenic CO, (90.42 g), biogenic CHy (284.19 g),
and NHj (40.45 g). In SimaPro, material flows were quantified based on Equation (8):

Total material flow (kg or MJ) = Activity Level (FU) x Input/Output per FU  (8)

where

Activity Level (Functional Unit, FU) = 1 kg Hy;
Input/Output per FU = amount of material or energy required or produced per FU (from
the inventory data).

Table 2. Main inventory data for the production of biogas [44].

Category Component Amount Unit
AD plant operation
Manure 25.51 kg
Waste maize silage 8.5 kg
Fodder beet 8.5 kg
Cheese whey 8.5 kg
Electricity 4054.96 kJ
Construction

Inputs from the Concrete 500.47 g

Technosphere Reinforced steel 18.9 g
Chromium steel 2.18 g
Copper 0.2 g
Laminated timber 9.22 g
High-density polyethylene 0.08 g
High-impact polystyrene 0.95 g
Polyvinyl chloride 0.13 g
Synthetic rubber 0.51 g

Outputs to the BG (Biogas) 7.18 Nm3

Technosphere Digestate 42.82 kg
Fertilizer, as N 57.81 g

Avoided Products Fertilizer, as P 67.23 g
Fertilizer, as K 179.84 g
CO,, biogenic 90.42

Outputs to the CH,, biogenic 284.19 §

Environment NH; 4045 g

Table 3 provides the main inventory data for hydrogen (Hy) production through biogas
reforming, detailing inputs from the technosphere, construction materials, equipment, and
purification processes. The process involves the use of biogas (7.18 Nm?), water (7.5 kg),
air (19.1 kg), and electricity (1995.28 k]) for feed conditioning and reforming. Construction
materials, such as concrete (227.9 g) and steel (72.81 g), contribute to infrastructure, while
steel, aluminum, and various alloys are utilized for equipment and purification. The output
to the technosphere includes hydrogen (1.0 kg), with biogenic CO; emissions amounting
to 13.43 kg. Similarly, Table 4 outlines the inventory data for hydrogen production from
agricultural residue gasification, where rice husk (15.4 kg), diesel (2.5 x 1073 kg), and water
(0.248 kg) serve as primary inputs. Additional technosphere inputs include de-ionized
water (0.209 kg) and zinc oxide (1.617 x 1072 kg). The energy demand consists of electricity
(0.19 kWh), with an avoided electricity production of 2.6 x 103 kWh. The process emits
nitrogen oxide (1.76 g), carbon dioxide (biogenic) (1.78 kg), and water (0.15 kg) into the air,
while emissions to the water include ash (1.63 kg) and hydrogen sulfide (58.5 g).
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Table 3. Main inventory data on H; production from biogas reforming [44].

Category Component Amount Unit
Feed Conditioning and BG
Reforming
BG 7.18 Nm?
Water 7.5 kg
Air 19.1 kg
Electricity 1952.8 kJ
Construction
Concrete 2279 g
Steel 72.81 g
Aluminum 0.6 g
Iron 0.89 g
Equipment

Inputs from the Steel 0.72 mg

Technosphere Steel high alloy 2.78 mg
Alumina 0.96 mg
Cast iron 0.64 mg
Steel low alloy 0.3 mg
WGS and Purification
Steel 4 mg
Steel high alloy 0.13 mg
Aluminum 1.12 mg
Alumina 213 mg
Iron 1.65 mg
Cast iron 0.3 mg
Nickel 0.15 mg
Steel low alloy 18.22 mg

Outputs to the

Technosphere H 10 ke

}CE)r?\fIii*z;Sr;Oe;}tle CO;, biogenic 13.43 kg

2.3. Life Cycle Impact Assessment (LCIA)

The aim of the life cycle impact assessment (LCIA) was to translate the LCI results
into meaningful environmental impacts, particularly concerning the environment, natural
resources, and human health. The concept of LCA encompasses various terms and con-
cepts, with no universally accepted set of environmental impact categories. Commonly
recognized categories include climate change, eutrophication, acidification, stratospheric
ozone depletion, human toxicity, aquatic toxicity, fossil fuel depletion, water depletion, and
land use.

2.4. Interpretation

The final step involved interpreting the inventory and impact assessment results
in alignment with this study’s objectives. This step included summarizing the previous
phases and formulating recommendations. Furthermore, two main LCA approaches were
recognized: consequential LCA (cLCA) and attributional LCA (aLCA). The cLCA approach
evaluates environmental implications based on marginal data, while the aLCA assesses
average environmental impacts over a product’s life cycle.
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Table 4. Main inventory data for hydrogen production from agricultural residue gasification [45].

Category Component Amount Unit
Rice husk 1.54 kg
Diesel 2.6 x107° kg

Inputs from the Wat.er . 0.254 kg

Technosphere De-ionized water 0.209 kg
Zinc oxide 1.61 x 1074 kg
Cu foam 297 x 1077 P
Hegt and power cogeneration 421 % 108 P
unit

Energy Electricity 0.19 kWh

Input from Nature  Olivine 2.7 x 1075 kg

Outputs to the

Technosphere Hydrogen 1 ke

Avoided Product Electricity 0.26 kWh
Nitrogen oxide 1x 1077 kg
Methane 1.7 x 1078 kg

Emissions to Air Carbon dioxide, biogenic 0.16 kg
Water 0.15 kg
Sulfur dioxide 2x107°° kg

Emissions to Water =~ Wastewater 0.05 kg
Ash 1.6 x 1073 kg

. Olivine 2.7 x 1074 kg

Solid Waste Flows Insulation 0.5 x 1077 kg

Hydrogen sulfide 5x 1075 kg

The environmental impacts of the two hydrogen production pathways were eval-
uated and compared using the following impact categories: global warming potential
(GWP), stratospheric ozone depletion (SOD), ionizing radiation (IR), Ozone Formation
Human Health (OFHH), fine particulate matter formation (FPMF), Ozone Formation Terres-
trial Ecosystems (OFTESs), terrestrial acidification (TA), freshwater eutrophication (FEW),
marine eutrophication (ME), terrestrial ecotoxicity (TET), freshwater ecotoxicity (FWET),
marine ecotoxicity (MET), human carcinogenic toxicity (HCT), human non-carcinogenic
toxicity (HNCT), land use (LU), mineral resource scarcity (MRS), fossil resource scarcity
(FRS), and water consumption (WC) [11].

The life cycle modeling and simulation were performed using SimaPro 9.4, utilizing
background data from the Ecoinvent 3.1 database. Simulation runtimes ranged from 12
to 18 min per scenario, depending on the complexity of the impact categories considered.
The energy consumption during the computational phase was estimated at approximately
0.04 to 0.06 kWh. Peak memory usage during the life cycle inventory processing and
impact assessment reached approximately 2.4 GB, influenced by database size, scenario
configurations, and iterative calculations. These figures reflect the moderate computational
requirements of SimaPro-based LCA modeling, supporting its feasibility for academic and
institutional use with standard computing resources.
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3. Results and Discussion

3.1. LCA of Hydrogen Production
3.1.1. Biogas Reforming

Figure 5 illustrates the environmental impacts of producing 1 kg of hydrogen (Hj)
via biogas reforming across key categories. The anaerobic digestion (AD) plant, air, and
electricity consumption are the primary contributors to global warming potential (GWP),
accounting for approximately 95% of the total emissions (5.0471 kg CO,-eq/kg Hj). This
aligns with the energy-intensive nature of biogas reforming, driven by methane combustion
and grid electricity reliance. The impacts on ozone depletion and ionizing radiation
are predominantly influenced by electricity consumption, which aligns with previous
research indicating that electricity derived from non-renewable sources significantly affects
these categories. The AD plant and iron components also contribute significantly to
the impacts on terrestrial ecosystems and human health. Material inputs, such as iron,
nickel, and concrete, also play significant roles, contributing 18% to terrestrial ecotoxicity
(33.44 kg 1,4-DCB eq) and 22% to mineral resource scarcity (0.1168 kg Cu eq). Freshwater
eutrophication (0.0120 kg SO, eq) and fine particulate matter formation (0.0243 kg PM2.5 eq)
are primarily associated with AD plant operations. Water consumption remains relatively
low (0.0485 m3/kg H), mainly due to cooling, reforming reactions, and gas purification
processes. The negative environmental effects of constructing and demolishing a biogas
reforming and gasification facility are relatively insignificant. Operating the plant at a
high capacity can further reduce environmental impacts. The evidence indicates that
long-lived biogas plants have minimal environmental impact during construction and
demolition. During plant operation, CH4 emissions from overpressure valves or leaks can
significantly contribute to GHG emissions. Construction and demolition of the installations
have minimal environmental impacts [21].
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Figure 5. Environmental impacts of 1 kg of H, production from biogas reforming.
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The dominance of AD plant operations and electricity in global warming potential
(GWP) corroborates the findings of Zhang et al. (2020) [46], who identified biogas combus-
tion and fossil-based energy inputs as critical emission sources. However, biogas reforming
still exhibits a 40-60% lower GWP than steam methane reforming (SMR) due to renewable
feedstock utilization (Hajjaji et al., 2016) [11]. The high ozone depletion and ionizing
radiation impacts (0.3729 kBq Co-60 eq) reflect reliance on non-renewable electricity, consis-
tent with Bareif3 et al. (2019) [47], who emphasized grid dependency as a key drawback.
Particulate emissions from biomass handling and iron components align with Valente
etal. (2017) [48], who linked these to mechanical processing and catalyst use. Ecotoxicity
from nickel and concrete mirrors Spath and Mann (2001) [49], who attributed heavy metal
leaching to infrastructure and reforming catalysts. Despite lower land use (0.0358 m? a crop
eq) compared to electrolysis [50], optimizing renewable energy integration and material
efficiency remains critical to mitigate trade-offs.

3.1.2. Agricultural Residue Gasification

Figure 6 illustrates the environmental profile of hydrogen (H;) production via agricul-
tural residue gasification, showing a global warming potential (GWP) of 1.30 kg CO,-eq/kg
H;, which is 4.89 times lower than that of biogas reforming. This significant reduction aligns
with Chang et al. (2009) [51], who attributed such outcomes to the carbon-neutral nature
of biomass feedstocks, which offset process-related emissions. However, ozone depletion
(2.14 x 10> kg CFC11-eq) and ionizing radiation (—0.0355 kBq Co-60-eq) remain notable,
driven by reliance on grid electricity, a trend also observed in electrolysis systems (Bareifs
etal.,, 2019) [47]. Freshwater eutrophication (0.0005 kg P-eq) and marine ecotoxicity (0.15 kg
1,4-DCB-eq) are linked to nitrogen fertilizer use and ash emissions, mirroring Valente et al.
(2017) [48], who emphasized nutrient runoff as a systemic issue in biomass-based systems.
The mineral resource scarcity value (0.0106 kg Cu-eq) reflects the material demands associ-
ated with zinc oxide and solid manure usage. Water consumption (5.37 m?/kg H,), while
higher than biogas reforming, remains lower than that of fossil-based methods, though
advanced dry gasification technologies could further reduce this. Overall, gasification’s
lower GWP and fossil resource depletion (3.20 vs. 10.42 kg oil-eq) position it as a promising
low-carbon pathway, contingent on renewable energy integration and optimized feedstock
management to address trade-offs in water use and material efficiency.

Figure 6 also shows that “electricity and medium-voltage” yields negative environmen-
tal impacts across all categories, while “manure” contributes to negative values, specifically
in the ionizing radiation category. These negative values indicate environmental credits re-
sulting from coproduct advantages and the avoidance of certain processes. The gasification
system generates excess electricity that substitutes conventional grid electricity, typically
sourced from fossil fuels or nuclear energy, thus mitigating impacts like greenhouse gas
emissions and ionizing radiation. The utilization of solid manure as feedstock mitigates
emissions associated with conventional disposal methods and decreases dependence on
energy-intensive inputs, such as synthetic fertilizers. These contributions illustrate the
potential of renewable feedstocks and energy recovery to improve the environmental per-
formance of hydrogen production. However, some inputs still exert environmental burdens
due to the resource use and emissions generated during their production, transportation,
or utilization within the gasification system.
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Figure 6. Environmental impacts for 1 kg of H, production by the gasification process.

The Cumulative Energy Demand (CED) and Non-Renewable Energy (NRE) use are
critical indicators of hydrogen production systems’ energy intensity and sustainability. The
CED represents the total amount of primary energy consumed throughout a product’s
life cycle—including both renewable and non-renewable sources—while NRE accounts
only for the fraction derived from fossil-based and nuclear sources. The CED is typically
calculated using Equation (9):

n
CED =) (E; x EF;) )
i=1
where E; is the quantity of input i (e.g., electricity, diesel) and EF; is its energy fac-
tor in MJ/unit. For NRE, the non-renewable share of total energy is calculated using
Equation (10):

NRE = (10)

m
y l(Ej X EFf )non—renewable
]:

where E; represents the quantity of input j that is non-renewable (e.g., coal, natural gas,
diesel). EF; is the energy factor of non-renewable input j expressed in MJ per unit of
the input.

In this study, biogas reforming consumed a higher CED of approximately 1.95 MJ/kg
H,, primarily due to the electricity demand during the anaerobic digestion and reforming
stages, with most energy sourced from the fossil-fueled grid. Conversely, agricultural
residue gasification exhibited a lower total CED of about 0.685 M]/kg Hj and significantly
reduced NRE use due to the partial integration of renewable cogeneration systems for
electricity. These findings also emphasize the superior energy sustainability of gasification,
complementing its environmental advantages demonstrated through LCA.

3.2. Comparative LCA of Hydrogen Production: Biogas Reforming vs. Agricultural Residue
Gasification

Table 5 presents a comparative LCA of hydrogen production processes, demonstrating
that agricultural residue gasification outperforms biogas reforming in nearly all environ-
mental impact categories.
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Table 5. LCA comparative results of H, production processes.

H, Production by

H, Production from

Impact Category Gasification (>99%) Biogas Reforming (>99%)
GWP (kg CO; eq) 1.298778438 5.04713142
SOD (kg CFC11 eq) 2.14344 x 107 2.72936 x 107>
IR (kBq Co-60 eq) —0.035526092 0.37295624
OFHH (kg NOx eq) 0.002332391 0.012577232
FPMF (kg PM2.5 eq) 0.001513217 0.02432786
OFTES (kg NOx eq) 0.002376209 0.012821774
TA (kg SO; eq) 0.004978886 0.121065517
FEW (kg P eq) 0.000315479 0.00413299
ME (kg N eq) 6.98639 x 10~° 0.006735414
TET (kg 1,4-DCB) 4.148159856 33.44363458
FWET (kg 1,4-DCB) 0.03321721 0.413201296
MET (kg 1,4-DCB) 0.049880356 0.562196103
HCT (kg 1,4-DCB) 0.018535482 0.323963195
HNCT (kg 1,4-DCB) 1.508073488 23.28455044
LU (m? a crop eq) 0.015720069 3.683536534
MRS (kg Cu eq) 0.0106641388 0.048885568
FRS (kg oil eq) 0.330117896 1.10519594
WC (m?) 5.373767301 0.040951105
NRE (M] eq) 0.457 1.05
CED (M] eq) 0.685 1.95

3.2.1. Global Warming Potential

One of the most crucial impact categories analyzed is global warming potential (GWP),
measured in kg CO, equivalent per kg of hydrogen produced. As depicted in Table 5, the
GHG emissions from biogas reforming (5.0471 kg CO; eq) are significantly higher than
those from gasification (1.2987 kg CO, eq), primarily due to reduced reliance on fossil-based
electricity and methane emissions. This indicates that biogas reforming generates 4.89 times
more CO, emissions, reinforcing the environmental advantage of gasification in mitigating
climate change. Figures 5 and 6 further highlight these differences, showing the substantial
contribution of process emissions in biogas reforming to overall environmental burdens.
These findings align with the work of previous researchers [30—42], who reported that
thermochemical gasification of biomass results in substantially lower GHG emissions than
reforming-based hydrogen production due to the reduced reliance on fossil carbon sources.

3.2.2. Ozone Depletion and Ionizing Radiation Impact

Stratospheric ozone depletion potential (SOD) is found to be slightly higher in biogas
reforming (2.72936 x 10~° kg CFC11 eq) than in gasification (2.14344 x 10> kg CFC11 eq),
though the difference is relatively minor. However, the ionizing radiation impact is notably
negative (—0.0355 kBq Co-60 eq) for gasification, suggesting a potential benefit in certain
scenarios. In contrast, biogas reforming has a positive impact value of 0.3729 kBq Co-60 eq,
indicating higher environmental burdens in this category. Biogas reforming contributed to
higher levels of radioactive emissions due to the energy-intensive nature of the process and
the reliance on fossil-derived methane. In contrast, gasification processes are associated
with lower radiative impacts, particularly when using renewable feedstock.

3.2.3. Human and Ecosystem Toxicity

This study also assessed the toxicity impacts on human health and ecosystems. The
human non-carcinogenic toxicity (HNCT) impact from biogas reforming (23.88 kg 1,4-
DCB eq) is substantially higher compared to gasification (1.506 kg 1,4-DCB eq). Similarly,
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terrestrial ecotoxicity (TET) is much more pronounced in biogas reforming (33.44 kg 1,4-
DCB eq) than in gasification (4.15 kg 1,4-DCB eq), underscoring the lower environmental
impact of gasification in terms of chemical toxicity. Figures 4 and 5 visually illustrate
these differences, emphasizing the higher environmental burdens associated with biogas
reforming across multiple impact categories. Table 5 shows that biogas reforming generates
higher toxic emissions due to residual contaminants in feedstocks and the combustion of
fossil-based gas. On the other hand, biomass gasification benefits from cleaner combustion
pathways, reducing hazardous emissions.

3.2.4. Particulate Matter and Acidification Effects

Fine particulate matter formation (FPMF) is significantly higher in biogas reform-
ing (0.0243 kg PM; 5 eq) compared to gasification (0.00151 kg PM; 5 eq). This suggests
that biogas reforming contributes more to air pollution, with potential respiratory health
risks. Additionally, terrestrial acidification (TA) is markedly greater for biogas reforming
(0.0120 kg SO, eq) than for gasification (0.0004788 kg SO, eq), reinforcing the lower en-
vironmental burden of gasification. These results align with findings of Ilulianelli et al.
(2021) [19], who demonstrated that hydrogen production from biogas results in higher
emissions of sulfur oxides and nitrogen oxides, leading to increased acidification poten-
tial. Conversely, agricultural residue gasification minimizes these emissions due to more
controlled combustion conditions and efficient gas cleaning systems.

3.2.5. Fossil and Mineral Resource Scarcity

Fossil resource scarcity (FRS) is a critical concern in hydrogen production sustain-
ability. This study shows that gasification requires significantly fewer fossil resources
(3.203 kg oil eq) compared to biogas reforming (10.416 kg oil eq). Similarly, mineral resource
scarcity (MRS) is notably higher in biogas reforming (0.1168 kg Cu eq) than in gasification
(0.0106 kg Cu eq), demonstrating that gasification is a more resource-efficient process.

3.2.6. Water Consumption and Land Use

A unique finding of this study is the water consumption required for both processes.
While agricultural residue gasification requires significantly more water (5.3737 m3) than
biogas reforming (0.0485 m?), the overall environmental benefits of gasification still out-
weigh this drawback. Additionally, the land use (LU) impacts are lower in gasification
(0.0116 m? a crop eq) compared to biogas reforming (0.0358 m? a crop eq), making gasifica-
tion more sustainable in terms of land requirements. According to Kalinci et al. (2012) [23],
biomass gasification systems often require substantial water input for gas cleaning and
cooling, though advanced technologies, such as dry gas cleaning, could mitigate this impact.
Meanwhile, the land use advantage of gasification aligns with other studies highlighting
that agricultural residue utilization reduces pressure on arable land compared to energy
crops used for biogas production.

The superior GWP gasification performance emphasizes that carbon-neutral biomass
feedstocks offset emissions from thermochemical processes. The lower fossil resource
scarcity linked to biomass-based systems reduces the dependency on non-renewable cata-
lysts and infrastructure. Gasification requires a higher water demand for biomass pretreat-
ment, and gas cleaning indicates that it involves water-intensive stages. Though lower than
biogas reforming, land use impacts highlight the need for sustainable agricultural residue
sourcing to avoid competition with food production. The reduced toxicity in gasification
is associated with fossil-based reforming, with higher heavy metal leaching. While gasifi-
cation’s water use remains a challenge, its overall environmental profile positions it as a
more sustainable alternative to both biogas reforming and conventional steam methane
reforming (SMR), particularly when paired with renewable energy integration. These
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findings underscore the importance of process optimization and feedstock management in
advancing low-carbon hydrogen economies.

3.3. Socio-Economic Analysis of Hydrogen Production Pathways

To complement the environmental findings, a socio-economic analysis was conducted
to provide a fuller picture of sustainability, comparing hydrogen production from biogas
reforming and agricultural residue gasification. Biogas reforming, typically applied in
urban contexts with established waste management systems, offers socio-economic benefits,
such as improved sanitation, waste valorization, and employment opportunities in system
operation and maintenance. However, its economic viability is hindered by high capital
costs and feedstock variability, which require supportive policies and investments. In
contrast, agricultural residue gasification promotes decentralized energy systems and
rural economic development by creating jobs in biomass collection and plant operations
while also mitigating environmental issues, like open biomass burning. Despite its higher
technical and infrastructural requirements, gasification offers long-term potential when
supported by stable biomass supply chains and capacity-building efforts. From a policy
standpoint, both technologies align with circular economy and greenhouse gas reduction
goals, and their widespread adoption can be facilitated through targeted subsidies, carbon
credits, and development programs.

In addition to environmental and socio-economic aspects, a techno-economic assess-
ment provides further insight into the feasibility of biogas reforming and biomass gasifi-
cation. This includes capital expenditure (CAPEX), operational expenditure (OPEX), and
the levelized cost of hydrogen (LCOH), defined as the average cost per unit of hydrogen
produced over the lifetime of the system.

3.3.1. Capital Expenditure (CAPEX)

Capital expenditure (CAPEX) encompasses all the expenses associated with estab-
lishing the hydrogen production system, which includes reforming or gasification units,
purification systems, compressors, and other components. CAPEX is typically calculated
as the sum of all major component costs (Equation (11)):

n
CAPEX =) _C; (11)

r=1

where C; denotes the cost of component i and # is the total number of components. For
comparative analysis, CAPEX is often normalized by rated system capacity (Equation (12)):
Total installed cost

CAPEX = Rated capacity (kW or kg Ha/day (12)

3.3.2. Operational Expenditure (OPEX)

Operational expenditure (OPEX) encompasses the recurring costs during plant opera-
tion, including feedstock procurement, electricity consumption, labor, maintenance, and
consumables. OPEX is typically calculated using Equations (13) and (14):

OPEX,nua1 = Fuel Cost + Electricity Cost + Labor Cost + Maintainance Cost 4+ Miscellaneous (13)

OPEXunnual
Annual production Hy (kg)

OPEXiorm = (14)

where

Fuel cost = biomass/biogas feedstock cost;
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Electricity = power consumption X unit price;

Labor = operators and technicians;

Maintenance = 2-5% of CAPEX annually (commonly used assumption);
Miscellaneous = catalyst, consumables, and disposal fees.

3.3.3. Levelized Cost of Hydrogen (LCOH)

The LCOH is the average cost to produce one kilogram of hydrogen over the entire life
of a production plant. It includes both operating costs (OPEX) and capital costs (CAPEX),
adjusted over time using a capital recovery factor (CRF) (Equation (15)):

CAPEX x CRF + OPEX

LCOH = Annual H, Production (15)

where CRF = % (capital recovery factor), i = discount rate (assumed 8%), and
n = plant lifetime (25 years).

The LCOH is a key indicator for comparing hydrogen production methods and as-
sessing their economic feasibility. A lower LCOH means a more cost-effective hydrogen
supply, making it essential for planning large-scale, sustainable energy systems.

Figure 7 summarizes the comparative techno-economic evaluation of the hydrogen
production pathways, including biogas reforming, biomass gasification (small-scale), and
biomass gasification (large-scale), highlighting significant differences in the capital expen-
diture (CAPEX), operating expenditure (OPEX), and levelized cost of hydrogen (LCOH).
Biogas reforming shows a moderate CAPEX of approximately USD 2400/kW, reflecting the
maturity and standardization of reforming technology. However, its OPEX is the highest
among the three options, reaching around USD 0.75/kg H, likely due to the relatively
high cost and variability in biogas feedstock and the operational demands of reforming
processes. Consequently, biogas reforming results in the highest LCOH at about USD
5.2/kg Hp, making it the least economically favorable option in this comparison. On the
other hand, biomass gasification at a small scale exhibits the highest CAPEX, approximately
USD 3000/kW, attributed to the lack of scale economies and the complexity of biomass
handling systems. Despite this, its OPEX is moderately lower, at around USD 0.60/kg H,
leading to a reduced LCOH of about USD 4.0/kg H; compared to biogas reforming. The
most economically viable option is biomass gasification at a large scale, which benefits from
significant cost reductions due to scale. This pathway demonstrates the lowest CAPEX
(approximately USD 2200/kW) and OPEX (around USD 0.45/kg Hj), resulting in the most
competitive LCOH of approximately USD 2.8/kg Hy.
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These findings underscore the critical role of scale in enhancing the economic perfor-
mance of biomass-based hydrogen production technologies. While small-scale systems
offer flexibility and decentralized applications, the cost advantages of large-scale biomass
gasification suggest it holds the greatest promise for cost-effective hydrogen generation.

4. Conclusions

This study conducted a comparative LCA of hydrogen production through biogas
reforming and agricultural residue gasification, offering critical insights into their environ-
mental performance. The results demonstrate that agricultural residue gasification exhibits
a substantially lower global warming potential (GWP) of 1.30 kg CO,-eq/kg Hj, which is
4.89 times lower than biogas reforming (5.047 kg CO,-eq/kg H;). This advantage stems
from gasification’s reliance on carbon-neutral feedstocks, which offset process-related emis-
sions and reduce dependency on fossil-based energy inputs. Conversely, biogas reforming’s
higher GWP is driven by methane leakage during anaerobic digestion and fossil-intensive
electricity consumption.

While gasification outperforms biogas reforming in most environmental impact cate-
gories, including fossil resource scarcity, toxicity, and eutrophication, it presents trade-offs
in water consumption (5.37 m?/kg Hj vs. 0.05 m?/kg Hy) and land use. These challenges
highlight the need for optimized feedstock management to prevent competition with food
production and the adoption of dry gasification technologies to mitigate water demands.
Biogas reforming, though less sustainable overall, benefits from lower water usage and
existing waste valorization pathways, emphasizing the importance of methane leakage
mitigation and renewable energy integration.

The findings underscore agricultural residue gasification as a promising pathway for
low-carbon hydrogen production, aligning with global decarbonization goals. However,
achieving sustainability requires addressing systemic inefficiencies, such as grid electricity
reliance and emission control during syngas cleanup. Future research and policy efforts
should jointly prioritize the advancement of agricultural residue gasification, particularly
in biomass-rich regions, by integrating renewable energy sources, improving gasification
technologies, and aligning life cycle assessments with socio-economic analyses to support
holistic and sustainable energy planning.
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Abbreviations

AD anaerobic digestion
ATR autothermal reforming
BF biogas reforming

CAPEX capital expenditure
FPMF fine particulate matter formation

FRS fossil resource scarcity
FU functional unit
FWE freshwater eutrophication

FWET  freshwater ecotoxicity

GHG greenhouse gas

GWP global warming potential

HCT human carcinogenic toxicity
HNCT  human non-carcinogenic toxicity
HTS High-Temperature Shift

IR ionizing radiation

LCA life cycle assessment

LCI life cycle inventory

LCIA life cycle impact assessment
LCOH  levelized cost of hydrogen
LTS Low-Temperature Shift
LU land use

ME marine eutrophication
MET marine ecotoxicity

MRS mineral resource scarcity
NG natural gas

OFHH ozone formation, human health
OFTES  ozone formation, terrestrial ecosystems
OPEX operating expenditure

POX Partial Oxidation

SG synthesis gas

SMR steam methane reforming

SOD stratospheric ozone depletion
TA terrestrial acidification

TET terrestrial ecotoxicity

WGS water—gas shift

WC water consumption
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