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Abstract

This study evaluates the environmental sustainability of hydrogen production from high-calorific
mixed waste gasification through a Cradle-to-Gate(CtG) Life Cycle Assessment (LCA) based on
operational data from a 2 TPD pilot plant. The Global Warming Potential (GWP) was calculated to
be 9.80 kg COz-eq per kg of H2 produced. This carbon footprint is competitive with conventional
steam methane reforming (SMR) and lower than coal gasification, but significantly higher than
biomass-based pathways. A contribution analysis identified the primary environmental hotspots as
external electricity consumption (39.3%), production of chelated iron for syngas cleaning (18.8%),
externally supplied oxygen (17.9%), and plant construction (11.9%). These findings position this
Waste-to-Hydrogen (WtH) technology as a strategic transitional solution, offering the dual benefit of
valorizing problematic waste and producing a valuable energy carrier. While not yet a ‘green’
hydrogen source, the identification of clear environmental hotspots provides actionable pathways
for improving its sustainability, primarily through enhancing energy self-sufficiency and optimizing
consumable usage. This research provides a critical empirical benchmark for the technology’s future
development and commercialization, bridging the gap between laboratory research and industrial
application.

Keywords: hydrogen production; high-calorific mixed waste; waste gasification; life cycle assessment;
global warming potential

1. Introduction

Globally, energy consumption is continuously increasing in tandem with economic and
population growth, leading to severe environmental problems. In particular, the fossil fuel-centric
energy system has been identified as a primary contributor to global warming and climate change
due to its substantial emissions of greenhouse gases (GHG) [1]. Against this backdrop, the transition
to a sustainable energy system has emerged as a global imperative, with hydrogen garnering
significant attention as a key clean energy carrier for achieving a carbon-neutral society. Currently,
the majority of commercially produced hydrogen relies on Steam Methane Reforming (SMR) of
natural gas; however, this process is constrained by its significant carbon dioxide emissions [2].
Consequently, there is a pressing need for the development of eco-friendly hydrogen production
technologies that can minimize carbon emissions. Among these alternatives, Waste-to-Energy (WtE)
technologies, which produce hydrogen from waste resources, are gaining prominence. WtE
technologies transcend simple waste disposal by utilizing waste as an energy source, thereby offering
the potential to simultaneously address environmental issues and secure energy resources [3,4].

Among the WtE technologies, gasification is a thermochemical conversion process that
transforms solid waste into synthesis gas (syngas) —composed mainly of hydrogen (Hz) and carbon
monoxide (CO)—through pyrolysis at high temperatures under oxygen-limited conditions [5]. This
syngas can be converted into high-purity hydrogen through a reforming process, used as a feedstock
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for various chemical products such as methanol and ammonia, or utilized for electricity generation.
In this respect, gasification technology is evaluated as a key technology that can contribute to
establishing a circular economy [6]. While waste gasification is emerging as a promising alternative
for hydrogen production, its commercialization and widespread adoption necessitate an objective
and quantitative assessment of its environmental sustainability.

Life Cycle Assessment (LCA) is a standardized methodology for holistically evaluating the
potential environmental impacts of a product or service throughout its entire life cycle, from raw
material extraction to manufacturing, transportation, use, and disposal. By applying LCA to waste
gasification, it is possible to identify the technology’s environmental strengths and weaknesses,
derive strategies for improvement, and provide an evidentiary basis for promoting its adoption in
pursuit of carbon neutrality. To date, numerous LCA studies have been conducted on hydrogen
production via gasification using various feedstocks, such as biomass, municipal solid waste, and
plastic waste. Kalinci et al. [7] performed an LCA of hydrogen production from biomass gasification
(downdraft and circulating fluidized bed) to evaluate fossil energy consumption and GHG emissions,
proposing a Coefficient of Hydrogen Production Performance (CHPP). Muresan et al. [8] compared
dual fluidized bed biomass gasification with entrained flow coal/biomass co-gasification, analyzing
their Global Warming Potential (GWP). Hajjaji et al. [9] reported that hydrogen production from
biogas reforming resulted in GHG emissions approximately half that of the conventional SMR
process. Chari et al. [10] conducted a detailed LCA of a semi-commercial hydrogen production
process combining mixed plastic waste (MPW) gasification with 90% carbon capture and storage
(CCS) in the UK. Borges et al. [11] performed a comprehensive technical, economic, and
environmental assessment of hydrogen production from biomass gasification, reporting a GWP
range of -0.5 to 8.0 kgCO2-eq/kgHz, significantly lower than that of natural gas reforming (average
11.88 kgCO2-eq/kgH>), and identified the fluidized bed gasifier as the most practical technology.

Recently, LCA research has actively explored various waste types and utilization pathways,
including hydrogen and methanol production from plastic waste gasification, agricultural residue
gasification, and comparisons between municipal solid waste gasification and landfilling. These
studies demonstrate that environmental impacts can vary significantly depending on the feedstock
type, gasification technology, system boundary definition, and the electricity mix utilized [12,13].
However, there is a notable scarcity of in-depth LCA studies on the entire process of hydrogen
production from the gasification of high-calorific mixed waste based on operational data from actual
pilot-scale plants tailored to the domestic context in South Korea. Pilot-scale research is crucial as it
bridges the gap between laboratory-scale studies and commercial-scale plants, enabling a more
realistic environmental assessment by reflecting the various parameters and efficiencies encountered
during actual operation. Furthermore, predicting environmental impacts and identifying areas for
improvement by scaling up from pilot plant data is essential for formulating commercialization
strategies.

Therefore, this study aims to evaluate the life-cycle greenhouse gas emissions of a hydrogen
production system based on the actual design and operational data from a 2 TPD pilot plant for high-
calorific mixed waste gasification. Specifically, the LCA model encompasses the processes from waste
feeding to gasification, cleaning, reforming (water-gas shift reaction), and final hydrogen separation
(PSA). The objectives of this research are to identify the system’s environmental hotspots based on
the results, predict the environmental impact at a larger scale (40 TPD), and conduct a comparative
analysis of its GWP against other hydrogen production technologies. Through this, we seek to
validate the environmental feasibility of hydrogen production via high-calorific mixed waste
gasification and contribute to future technology development and policy formulation.
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2. Methods

2.1. System Description: Gasification Pilot Plant and Process

The system under investigation in this study is based on a pilot-scale gasification plant with a
processing capacity of 2 tons per day (TPD), designed and operated to produce hydrogen-rich syngas
from high-calorific mixed waste. The entire system is composed of sequential process stages, from
waste feeding to the final hydrogen separation step, configured to maximize hydrogen yield and
purity. As illustrated in Figure 1, the integrated process consists of (1) a waste feeding system, (2) a
gasifier, (3) a syngas cleaning system, (4) a syngas reforming system, and (5) a virtually applied
Pressure Swing Adsorption (PSA) system for hydrogen separation. Collected high-calorific mixed
waste is converted into syngas in the gasification reactor, which then undergoes dust removal,
desulfurization, and dechlorination in the cleaning system. The purified syngas is reformed into an
Ho>-rich gas in the reforming system (Water-Gas Shift), and finally, the PSA unit separates high-purity
hydrogen of over 99.9%. Process simulations based on heat and mass balance calculations were
conducted to determine the design specifications for each unit, leading to the construction of the 2
TPD-class gasifier and hydrogen production pilot plant.

High-calorific Mixed Waste

¥

. . Waste Gasification Syngas Cleaning
Waste Feeding (Gasifier) (Bag filter, Fixed bed, Scrubber)
|
v
Syngas Reforming , Syngas Separation
{WGS Reactor) {Psa) . H,-rich Gas

Figure 1. Schematic diagram of the process for hydrogen production from high-calorific mixed waste.

2.1.1. Waste Feeding

To select the feedstock for gasification, three types of mixed waste were collected: waste from a
Refuse-Derived Fuel (RPF) manufacturing process, containing various materials like synthetic resins,
paper, and wood; Automotive Shredder Residue (ASR); and incinerator feed waste. For optimal
thermal efficiency in the gasification process, it is crucial to use waste with a high calorific value and
a low ash content [14]. Elemental and calorific value analyses were performed to measure the
moisture, ash, elemental composition, and heating value of each waste type (Table 1). Among the
three candidates, the waste from the RPF manufacturing process was ultimately selected as the
feedstock for this study, as it exhibited the highest calorific value and the lowest ash content. The
collected waste undergoes crushing to ensure smooth feeding into the gasifier.

Table 1. Elemental analysis and heating values of waste samples.

RPF Manufacturing ASR Incineration Feed
Residue Waste
C(wt.%) 51.8 52.8 39.6
H(wt.%) 7.8 7.0 5.3
N(wt.%) 1.1 15.8 15
S(wt.%) 0.4 0.7 0.2
Cl(wt.%) 0.4 14 0.5
O(wt.%) 18.6 5.0 18.0
Moisture(wt.%) 8.5 1.2 7.5
Ash(wt.%) 11.4 16.1 27.4
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LHV (kcal/kg) 5,735 5,162 4,143

2.1.2. Gasification

The primary objective of the waste gasification process is to convert the solid waste into a
combustible gaseous fuel with a high conversion efficiency. The collected and pre-treated high-
calorific waste is fed into the gasifier via a constant-rate feeding system to ensure stable operation.
Inside the gasifier, the waste undergoes a series of thermochemical reactions at high temperatures,
ranging from 800 to 1,200°C, under oxygen-limited conditions. The carbon (C), hydrogen (H), and
oxygen (O) components in the feedstock undergo various reactions, including combustion (Table 2),
and are converted into a primary syngas composed of CO, Hz, CO2, and HCI [15].

Table 2. Key thermochemical reactions in the gasifier.

Reactions Equation AH (M]/kmol)

C+1/20:=CO -111

Combustion reaction CO+1/202=CO2 -283
H2 +1/202=H20 -242

Boudouard reaction C+CO2=2CO 172
Water-gas reaction C+H0 < H2+CO 131
Water-gas shift reaction CO + H20 « H2+ CO2 -47
Methanation reaction C+2H2 « CHas -75

The gasifier was designed based on the reaction kinetics and process simulation results. A fixed-
bed reactor was employed due to its flexibility with varying waste shapes and minimal pretreatment
requirements [16]. The designed operating conditions for the gasifier are a waste feed rate of 2 tons/d,
an oxygen supply rate of 1,700 Nm?3/d, and a temperature of 1,100°C. During the initial start-up, an
auxiliary fuel (LPG) was used to raise the gasifier temperature. Once stabilized, the temperature was
maintained by adjusting the waste feed rate

2.1.3. Syngas Cleaning

The high-temperature syngas produced in the gasifier contains various impurities that can cause
corrosion of downstream equipment or catalyst deactivation [17,18]. Therefore, a cleaning system
was implemented to maximize the efficiency of the subsequent catalytic reforming and separation
processes. The cleaning system consists of a high-temperature dry-cleaning system and a low-
temperature wet-cleaning system, installed sequentially (Figure 2).

* §: Sampling point

Dry Cleaning Wet Cleaning

Primary Dechlorination Desulfurization Secondary

Bag Filter Fixed-bed ‘ Fixed-bed Bag Filter sAuls
t*+ *
Na,CO, nQ NaCH, Chelated Iron

Figure 2. Schematic diagram of the syngas cleaning system.

The dry high-temperature cleaning system was configured to remove high concentrations of
pollutants (dust, HCl, H2S) from the syngas and comprises a primary bag filter, a dechlorination
fixed-bed reactor, a desulfurization fixed-bed reactor, and a secondary bag filter. The process begins
with cooling the syngas to approximately 600°C using a cooler, followed by the physical removal of
particulate matter (e.g., dust, ash) with a ceramic filter. The gas then sequentially passes through
reactors packed with dry sorbents to remove acid gases (HCl, H2S). Sodium carbonate (Na2COs),
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which demonstrates excellent hydrogen chloride removal performance without requiring special
processing, was used in the dechlorination reactor. For the desulfurization reactor, zinc oxide was
utilized due to its superior removal efficiency compared to iron-based desulfurizing agents (Fe20s,
FesOs) [19-21]. To prevent catalyst deactivation in the WGS reactor and ensure high-purity hydrogen
production in the PSA unit, trace impurities remaining after the dry high-temperature cleaning were
removed using a wet low-temperature cleaning system. This wet system consists of a rapid cooler
(quencher) to prevent dioxin synthesis and a wet scrubber for pollutant removal [22,23]. In the wet
scrubber, not only water but also NaOH and chelated iron were injected for dechlorination and
desulfurization, respectively.

2.1.4. Syngas Reforming

The purified syngas is transferred to the reforming system to achieve a composition optimized
for hydrogen production. The core process in this stage is the Water-Gas Shift (WGS) reaction (CO +
H20 < CO2 + Hz), which was carried out in a fixed-bed reactor. The primary purpose of the WGS
reaction is to reduce the concentration of carbon monoxide (CO) while simultaneously increasing the
concentration of hydrogen (Hz) in the syngas, thereby adjusting the H2/CO molar ratio to be suitable
for the final product synthesis. A commercial Fe:Os-based catalyst, known for its thermal stability
and poison resistance, was used for the reforming reaction. To maintain a high CO conversion rate,
the reactor was operated at a steam/CO ratio of 2.0-2.5 and a reaction temperature of 400-450°C [24—
26]. The steam was self-supplied, generated using energy recovered from the syngas produced in the
gasifier.

2.1.5. Hydrogen Separation

For the final separation of hydrogen, a Pressure Swing Adsorption (PSA) system was virtually
applied to the process model in this study. The syngas, enriched with hydrogen and carbon dioxide
after passing through the WGS reactor, is fed into the PSA unit. This process produces a high-purity
hydrogen product by utilizing pressure changes to selectively adsorb impurities (e.g.,, COz, CHs,
residual CO) onto a sorbent material, thereby separating the hydrogen. PSA typically separates
hydrogen with a recovery rate of 85-90% and a purity of 99.99% [27-29]. In this study, the virtual
application of PSA post-syngas reforming assumed a hydrogen separation with a recovery rate of 85%
and a purity of 99.99%. It was also assumed that the separated off-gas was captured separately rather
than being vented to the atmosphere.

2.2. Life Cycle Assessment

Life Cycle Assessment (LCA) is a standardized methodology for evaluating the environmental
impacts of a product throughout its entire life cycle (from cradle to grave). The life cycle encompasses
all stages from raw material acquisition to production, use, and end-of-life (EoL), and the system
boundaries can be adjusted according to the scope of the study. The international standards ISO 14040
and 14044 define the framework for LCA in four phases: (1) Goal and Scope Definition, (2) Life Cycle
Inventory Analysis, (3) Life Cycle Impact Assessment, and (4) Interpretation [30]. In this study, an
LCA was conducted following this framework to quantitatively assess the potential environmental
impacts of a hydrogen production system based on high-calorific mixed waste gasification.

2.2.1. Goal and Scope Definition

The primary goal of the LCA in this study is to identify the environmental hotspots that arise
throughout the life cycle of the hydrogen production system via high-calorific mixed waste
gasification. Furthermore, this study aims to ascertain the environmental positioning of the system
by comparing its environmental impact results with those of existing hydrogen production
technologies (e.g., coal gasification, methane reforming). The functional unit for this analysis was
defined as 1 kg of produced hydrogen. The system boundary encompasses a “cradle-to-gate”

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0870.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 August 2025 d0i:10.20944/preprints202508.0870.v1

6 of 15

perspective, including the processes from waste collection and sorting to final hydrogen production
(Figure 3). The system boundary includes not only the operational phase of the plant—comprising
gasification, syngas cleaning, reforming, and separation—but also the plant construction phase.

Ml Plant Construction
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Syngas Separation
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Figure 3. System boundary for the LCA of the hydrogen production process.

2.2.2. Inventory Data Acquisition and Impact Assessment

The Life Cycle Inventory (LCI) analysis is a critical phase of an LCA, involving the collection of
data on all inputs and outputs required to produce the functional unit [31]. In this study, operational
data, including materials and utilities for the main processes, were established based on actual
operational data from the 2 TPD pilot plant. Although the operational data originated from the 2 TPD
pilot plant, the construction data were established using data for a syngas production plant from the
Ecoinvent database, representing a 40 TPD scale, to facilitate comparison with other commercialized
hydrogen production technologies. The collected data were quantified for the functional unit
assuming a plant lifespan of 20 years and 8,000 annual operating hours, based on the total amount of
hydrogen produced during this period. Data for background processes, such as electricity generation
and raw material production, were sourced from the Ecoinvent v3.11 database.

To calculate the life-cycle greenhouse gas emissions from hydrogen production via high-calorific
mixed waste gasification, the environmental impacts were assessed using the GaBi software. The
CML methodology, developed by Leiden University in the Netherlands, was employed for the
impact assessment. The scope of the assessment was focused on the Global Warming Potential (GWP),
which is associated with the increase in the Earth’s average temperature caused by greenhouse gases
such as COz, CH4, and N20. The environmental impact calculation included materials input into the
plant, waste generated during the hydrogen production process, and plant construction. Steam was
excluded from the environmental impact assessment as it was produced and utilized internally
within the plant.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3. Results

3.1. Performance of the Gasification Plant

Continuous operation of the 2 TPD pilot gasification plant was conducted to verify its
performance and hydrogen production rate. As illustrated in Figure 1, hydrogen was produced from
the residual waste of the RPF manufacturing process through sequential stages of gasification, syngas
cleaning, syngas reforming, and syngas separation. The waste feed rate into the gasifier was
approximately 2 ton/d, and the oxidant (oxygen) was supplied at a rate of approximately 1,700 Nm3/d.
The average composition of the syngas generated after the gasification reaction was found to be 24.78%
hydrogen, 38.78% carbon monoxide, and 33.40% carbon dioxide (Table 4).

To determine the purification efficiency of contaminants in the syngas, sampling was performed
at the inlet and outlet of each unit within the cleaning process. A total of six sampling points were
established: the syngas inlet (S1), downstream of the primary bag filter (52), downstream of the
dechlorination fixed-bed reactor (S3), downstream of the desulfurization fixed-bed reactor (S4),
downstream of the secondary bag filter (S5), and downstream of the wet scrubber (S6) (Figure 2). The
parameters measured to verify cleaning efficiency were dust, HCl, and H2S. The sampling results
indicated a removal efficiency exceeding 99.99% for all contaminants (Table 3).

Table 3. Pollutant concentrations at different stages of the cleaning system.

S1 S2 S3 S4 S5 S6
Dust(mg/Nm?) 36922.66 4351.21 - - 7.20 <0.001
HCl(ppm) 170.21 - 21.99 ND ND ND
H2S(ppm) 1050.27 - 822.75 0.23 0.05 ND

The purified syngas is subsequently converted into high-purity hydrogen via the WGS reactor
and the PSA system. Through the WGS reaction, the syngas reacted with a CO conversion rate of
approximately 60%, increasing the hydrogen composition from an initial 24.78% to 38.93%. Following
syngas reforming, a hydrogen separation process is carried out using the PSA unit. The reformed
syngas was fed into the PSA unit at a controlled flow rate of 100 Nm 3 /h, ultimately yielding a
hydrogen production rate of 2.95 kg/h from the gasification of high-calorific waste (Table 4).

Table 4. Syngas composition at different process stages.

After Gasifier After WGS After PSA
Hz(vol%) 24.78 38.93 99.99
CO(vol%) 38.78 12.66 <0.001
CO2(vol%) 33.40 45.93 <0.001
CHa(vol%) 1.55 1.26 <0.001
CxHy(vol%) 1.50 1.22 <0.001

3.2. Gasification Plant LCA

3.2.1. Life Cycle Inventory

Table 5 presents the key inventory data for the inputs and outputs required to produce 1 kg of
hydrogen via high-calorific waste gasification. The LCI analysis revealed that approximately 28.8 kg
of waste and 23.8 Nm? of oxygen were consumed to produce 1 kg of hydrogen. For pollutant removal,
water, sorbents (for desulfurization and dechlorination), NaOH, and chelated iron were utilized.
Steam and catalyst were supplied for the WGS reaction, and electricity was consumed for the overall
plant operation (gasification, cleaning, reforming, and separation). The auxiliary fuel (LPG), used
only during the initial start-up phase, was excluded from consideration due to its negligible quantity.
The materials and utilities for plant construction, considered as a one-time input, were allocated by
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dividing their total amounts by the total quantity of hydrogen produced over the plant’s operational
lifetime (160,000 hr). The outputs of the plant consist of hydrogen, wastewater from the cleaning unit,
and a solid residue composed of ash and slag from the gasifier.

Table 5. Life cycle inventory data per 1 kg of hydrogen produced.

Category Item Value Unit

Input

Feeding and gasification Mixed waste 2.88 x 101 kg
Oxygen 2.38 x 101 Nm3
Electricity 6.30 x 10 kWh

Cleaning Adsorbent(ZnO) 5.79 x 101 kg
Adsorbent(Na2COs) 9.38 x 102 kg
Chelated Iron 2.68 x 100 kg
NaOH 4.97 x 101 kg
Water 4.99 x 101 kg
Electricity 3.91 x 100 kWh

Reforming and separation Catalyst (Fe-Al-Cu) 8.83 x 103 kg
Steam 2.06 x 101 kg
Electricity 7.21 x 101 kWh

Plant construction Aluminum 4.87 x 10+ kg
Concrete 1.04 x 10 m?
Copper 7.61 x 104 kg
Reinforcing steel 2.28 x 100 kg
Steel(low alloyed) 1.14 x 101 kg
Diesel 3.81 x10° MJ
Electricity 2.28 x 100 kWh
Heat 1.27 x 10 M]

Output

Product Hydrogen 1.00 kg

Waste treatment Wastewater 5.04 x 10 kg
Solid residue 3.28 x 100 kg

3.2.2. Life Cycle GHG Emissions

Table 6 shows the GWP environmental impact for the production of 1 kg of hydrogen from high-
calorific waste gasification, and Figure 4 illustrates the contribution analysis (hotspot) results by
process stage. The total GWP for producing 1 kg of hydrogen was determined to be 9.80 kgCO2-eq.
The syngas cleaning process exhibited the highest environmental impact at 5.78 kgCO:x-eq,
accounting for the largest share (58.95%) of the total impact. This was followed by the feeding and
gasification process with 2.25 kgCOz-eq (22.99%), plant construction with 1.21 kgCOz-eq (12.30%),
reforming and separation with 0.515 kgCOz-eq (5.25%), and waste treatment with 0.049 kgCO2—eq
(0.50%). Within the feeding and gasification process, the impact from oxygen was identified as the
most significant contributor, at 1.82 kgCOz-eq (80.73%). For the syngas cleaning and the syngas
reforming and separation processes, the impact of electricity was dominant, accounting for 46.70%
(2.70 kgCO2-eq) and 96.59% (0.497 kgCO2—eq) of the GWP within each process, respectively.

Table 6. Contribution to GWP per functional unit (1kgH?2).

Category Item (kgg‘gfeq)

Input
Feeding and gasification Oxygen 1.82 x 100
Electricity 4.35 x 10!
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Cleaning Adsorbent(ZnO) 4.17 x 101
Adsorbent(Na2CO:s) 3.99 x 102
Chelated Iron 1.91 x 100
NaOH 6.96 x 101
Water 2.06 x 102
Electricity 2.70 x 100
Reforming and separation Catalyst (Fe-Al-Cu) 1.76 x 102
Electricity 4.97 x 101
Plant construction Construction 1.21 x 100
Output
Product Hydrogen 1.00
Waste treatment Wastewater 2.35 x 102
Solid residue 2.55 x 102
7.00.E+00
6.00.E+00
:EI 5.00.E+00
2
=
IEJ 4.00.E+00
=)
43, 3008400
=3
[
g 2.00.E+00
O
1.00.£+00 .
0.00.E+00 -
Feeding and Gasification Syngas Cleaning Syngas Reforming and Plant Construction Waste Treatment
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Figure 4. Contribution of each process stage to the total Global Warming Potential (GWP).

As shown in Figure 5, which presents the contribution analysis by material, the impact of
electricity was the highest contributor to the GWP for producing 1 kg of hydrogen, accounting for
39.3% (3.99 kgCO2—eq). This was followed by chelated iron at 18.8% (1.91 kgCO2-eq), oxygen at 17.9%
(1.82 kgCO2-eq), and plant construction at 11.9% (1.21 kgCO2-eq). Collectively, electricity, chelated
iron, oxygen, and plant construction accounted for approximately 88% of the total GWP, with the
remaining items contributing 12%.

B Oxygen
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W Steam

u Water

® Absorbent(ZnO)

W Absorbent{Na2C03)
W Catalyst(Fe-Al-Cu)
m Chelated Iron

m NaOH

M Plant
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Figure 5. Contribution analysis of different input materials and utilities to the total Global Warming Potential
(GWP).
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4. Discussion

4.1. Environmental Hotspots and Improvement Strategies

The contribution analysis revealed that the Global Warming Potential (GWP) of hydrogen
production from high-calorific mixed waste primarily stems from external electricity consumption,
oxygen supply, chelated iron, and plant construction. The significant environmental impact
attributed to electricity consumption is a characteristic feature of typical gasification and syngas
production plants, resulting from the power required to operate various units, including the gasifier,
cleaning, reforming, and separation facilities [32,33]. To address this, several strategies can be
considered. First, an approach to reduce the fundamental electricity demand by enhancing the
process’s intrinsic energy efficiency can be employed. For instance, the environmental burden from
electricity consumption can be directly lowered by introducing high-efficiency equipment for major
power-consuming facilities, such as gasifiers, compressors, and pumps, or by minimizing
unnecessary energy losses through process optimization. Second, transitioning the power supply to
low-carbon energy sources. If the electricity required for plant operation is sourced directly from
renewables, such as solar or wind, instead of the national grid, the greenhouse gas emissions
generated during the electricity consumption phase can be drastically reduced. These strategies can
play a pivotal role in improving the environmental performance of this technology [34].

The current practice of purchasing liquid oxygen from external suppliers induces a high
environmental burden from a life-cycle perspective, owing to the substantial energy consumption
inherent in oxygen production. As a potential mitigation strategy, the adoption of a non-cryogenic
air separation unit, appropriately scaled for the plant, can be considered. Non-cryogenic air
separation consumes approximately 20-35% of the energy required for liquid oxygen production,
and it is therefore posited that this approach could substantially reduce the GWP associated with
oxygen supply [35,36]. Alongside oxygen, chelated iron used for syngas cleaning was identified as
another major environmental load, accounting for a significant 18.8% of the total GWP. To mitigate
the associated environmental impact, strategies could include optimizing the operating conditions of
the chelated iron regeneration (oxidation) reactor, such as air injection rate and pH, and enhancing
the efficiency of the sulfur separation and washing systems to minimize the decomposition and loss
of the chelated iron [37].

The environmental impact attributed to plant construction varies depending on the operational
lifetime of the plant. Table 7 and Figure 6 present the environmental impact resulting from operating
the plant for 10, 20, 30, and 40 years, assuming 8,000 annual operating hours. For a 10-year operational
lifetime, the GWP impact from plant construction is 2.41 kgCO2-eq, which constitutes 21.91% of the
total GWP of 11.0 kgCO2-eq. However, as the operational lifetime extends to 20, 30, and 40 years, the
contribution of plant construction to the GWP diminishes to 12.30%, 8.55%, and 6.56%, respectively.
Furthermore, it was confirmed that with the increase in the operational period, the GWP per 1 kg of
hydrogen produced decreases by 15.91%, from 11.0 kgCOz—eq for a 10-year lifetime to 9.20 kgCOz-eq
for a 40-year lifetime.

Table 7. GWP variation with plant operational lifetime.

10 Years 20 Years 30 Years 40 Years
Total 1.10 x 10t 9.80 x 100 9.40 x 100 9.20 x 100
Plant Construction 2.41 x 100 1.21 x 100 8.04 x 101 6.03 x 10!
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Figure 6. Sensitivity of total GWP to plant operational lifetime, showing the contribution of the construction and

operational phases.

4.2. Comparison with Other Hydrogen Production Technologies

The life-cycle greenhouse gas (GWP) emissions from hydrogen production via high-calorific
mixed waste gasification, as determined in this study (9.80 kgCOz2—eq/kgH:), were comparatively
analyzed with results from previous LCA studies on other hydrogen production technologies (Table
8). For a fair comparison, differences in system boundaries, feedstocks, and key processes of each
study were carefully reviewed, and the GWP values were normalized to a functional unit of 1 kg of
hydrogen produced. The technologies selected for comparison include those similar to this study,
such as waste plastic or municipal solid waste (MSW) gasification, as well as traditional fossil fuel-
based technologies and eco-friendly biomass-based technologies.

The most directly comparable study is that of Afzal et al. [38], which investigated mixed plastic
waste (MPW) gasification. In their research, the GWP for hydrogen production from MPW
gasification was estimated at 12.8 kgCO2-eq/kgHz>, a value slightly higher than that of the present
study. The primary difference is analyzed to stem from the energy supply methodology of the process;
their study reported higher GHG emissions due to a significant reliance on natural gas combustion
to supply the heat required for multiple endothermic reaction stages, including the gasifier, tar
reformer, and steam reformer. This indicates that even in similar waste gasification processes, the
level of internal heat integration and the choice of external energy sources can have a substantial
impact on the overall GWP. Furthermore, their study reported an even higher GWP of 15.6
kgCO2-eq/kgH: for MSW gasification, which was attributed to the lower hydrogen yield resulting
from the lower calorific value and hydrogen content of MSW.

Gasification technologies utilizing biomass as a feedstock present a stark contrast to the results
of this study. Abawalo et al. [39] evaluated the GWP for hydrogen production from agricultural
residue (rice straw) gasification to be as low as 1.30 kgCO2—eq/kgHo>. This is because biomass is
considered a ‘carbon-neutral’ feedstock due to its absorption of carbon dioxide during growth, and
the process minimized fossil fuel use by recycling by-product gases as an energy source. Abawalo et
al. [39] also conducted a study on a process that produces hydrogen by reforming biogas generated
from the anaerobic digestion of organic waste, assessing the GWP from biogas reforming at 5.05
kgCO2-eq/kgH2. The GWP of the biogas reforming process was primarily attributed to methane
leakage during anaerobic digestion and the consumption of grid electricity required for process
operation. The reason the GWP of the high-calorific mixed waste gasification process in this study is
higher than that of biogas reforming can be interpreted as twofold: the feedstock plastic is a fossil
fuel-based material lacking the carbon fixation effect of biomass, and more energy (particularly
electricity and oxygen) is consumed in the high-temperature gasification and purification processes.

A comparison with traditional fossil fuel-based hydrogen production technologies provides a
crucial benchmark for understanding the current environmental position of this technology. Franchi
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et al [40] and Elgowainy et al. [41] have reported that the GWP of Steam Methane Reforming (SMR),
the most prevalent technology today, ranges from 8.0 to 12.4 kgCOz-eq/kgHz. According to studies
by Verma [42] and Elgowainy et al. [41], coal gasification is assessed at a level of 11.6 to 18.0
kgCOz2-eq/kgH2. The GWP value derived from this study falls within the range of SMR technology
and is slightly lower than that of coal gasification. This suggests that, in its current unoptimized state,
the waste gasification process does not demonstrate a distinct GHG reduction effect compared to
existing fossil fuel-based technologies. Particularly, as the hotspot analysis in this study identified
external electricity and liquid oxygen production as major contributors to the GWP, replacing these
utility supplies with renewable energy could significantly improve the environmental performance.

Table 8. Comparative GWP of different hydrogen production pathways.

Category Main Process Feedstock GWP Ref
Waste Gasification High-calorific mixed waste 9.80 Our Study
Gasification Mixed plastic waste 12.8 [38]
Gasification Municipal solid waste 15.6 [38]
Gasification Agricultural Residue 1.30 [39]
Reforming Biogas from Organic waste 5.05 [39]
Fossil Fuel Gasification Coal 11.6~18.0 [41,42]
Reforming Natural Gas 8.0~12.4 [40,41]

Through this comparative analysis, it was confirmed that the GWP of the high-calorific mixed
waste gasification technology evaluated in this study is comparable to that of traditional fossil fuel-
based SMR and is markedly higher than that of biomass-based gasification technologies. This
disparity is primarily due to the origin of the feedstock (fossil-derived plastics vs. bio-based biomass)
and the types of external energy sources supplied to the process. Therefore, it is evident that
enhancing process energy self-sufficiency and utilizing renewable energy are imperative for securing
the environmental competitiveness of waste gasification technology in the future.

5. Conclusions

This study performed a cradle-to-gate life cycle assessment (LCA) of hydrogen production via
high-calorific mixed waste gasification, utilizing actual operational data from a 2 TPD pilot plant. The
Global Warming Potential (GWP) was determined to be 9.80 kgCO2-eq per kg of H2 produced. This
figure falls within the emission range of Steam Methane Reforming (SMR) ( 8.0~12.4 kgCO2—eq/kgH>)
and is lower than that of coal gasification (11.6~18.0 kgCO2-eq/kgH2), suggesting a competitive
environmental performance against conventional fossil fuel-based technologies. Furthermore, it
exhibited slightly lower emissions than gasification methods using mixed plastic waste (MPW) or
municipal solid waste (MSW). However, the emissions were significantly higher than those from
biomass-based pathways. The primary environmental hotspots were identified as electricity
consumption (39.3%), the production and use of chelated iron for gas cleaning (18.8%), the supply of
externally produced oxygen (17.9%), and plant construction (11.9%).

These findings indicate that, in its current pilot-scale configuration, this Waste-to-Hydrogen
(WtH) technology serves a critical dual purpose: valorizing problematic waste streams while
producing a valuable energy carrier. Therefore, it is positioned as a strategic transitional pathway
rather than a fully ‘green’ solution. However, this study has several limitations. The analysis relies
on a linear scale-up from pilot data, which may not fully capture economies of scale and could
potentially overestimate the GWP of a commercial-scale plant. Additionally, the system boundary
was restricted to cradle-to-gate, the final hydrogen purification unit (PSA) was a virtual model rather
than an actual facility, and the off-gas generated was assumed to be captured separately.

Future research should focus on validating these findings through an LCA of a commercial-scale
plant using empirical data. In particular, the reliability of the assessment should be enhanced by re-
performing the LCA after obtaining data from the actual construction and operation of the PSA
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process and off-gas capture unit, which were virtually applied in this study. Furthermore, an
integrated Techno-Economic Analysis (TEA) is essential to evaluate the financial feasibility of GWP
mitigation strategies, such as improving equipment efficiency, process optimization, and adopting
renewable energy. Additional research into alternative materials and processes with lower
environmental impacts for syngas cleaning is also warranted. In conclusion, high-calorific mixed
waste gasification is a promising enabling technology that bridges waste management and the
emerging hydrogen economy, presenting a clear and actionable pathway for improving
environmental sustainability.
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