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Renewable synthesis fuels play a crucial role in enabling a circular economy. This study assesses the environ-
mental impacts of power-to-hydrogen and biomass-to-hydrogen routes, considering four hydrogen storage op-
tions: hydrogen, ammonia, methane, and methanol with a function unit of 1 liter of a stored hydrogen-derived
product. The assessment encompasses metrics such as carbon footprint, use of fossil and nuclear energy,
ecosystem quality, human health impact, and water scarcity. The results reveal that the biomass-based route has

a lesser impact on global warming potential (GWP), with the system involving chemical looping technology and
using ammonia as the storage medium achieving a negative GWP of -7.55 kg COzeq. The power-based route
outperforms the biomass-based route except for GWP which is influenced by the penetration of renewable en-
ergy. Liquid hydrogen is found to be suitable for the fossil fuel-based route, while methane and ammonia are
favorable to the power-based and biomass-based routes, respectively.

1. Introduction

Creating a resource-efficient supply chain driven by renewable en-
ergy in the chemical and energy sectors is crucial in the circular econ-
omy era. Nevertheless, the significant challenge related to the inherent
nature of intermittency and fluctuating characteristics of renewable
energy sources must be overcome, as this variability can cause insta-
bility and system power imbalance in the grid on a large-scale system (Li
et al., 2022; Wen and Aziz, 2022). In response to these issues, there has
been increasing global attention on power-to-X (P2X) technology, a
combination of renewable power and electrochemical conversion de-
vices, aimed at maximizing the utilization of renewable energy sources
(Wang et al., 2020; Sorrenti et al., 2022). This technology holds prom-
ising potential as a solution to advance the clean energy transition to-
ward a circular economy and sustainability.

Over the last two decades, considerable interest in the development
of the P2X process, mainly focused on combining renewable powered-
electrolysis and CO5 hydrogenation, has led to the implementation of
several projects worldwide. For example, the Audi e-gas project in
Germany, one of the largest industrial power-to-methane (P2M) plants
worldwide, successfully demonstrated the production of 1,000 metric
tons of synthetic natural gas per year by using CO, from biogas and
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green H, obtained from alkaline electrolysis (AE) as sources (Bailera
et al., 2017). Since 2013, Haldor Topsge and other project partners have
jointly launched an El-Opgraderet biogas project in Denmark, with the
objective of coupling a 40 kWel solid oxide electrolysis cells (SOECs)
system with methanation of biogenic COy (Aubin et al., 2023). More-
over, a combination of a 7 kW polymer electrolyte membrane (PEM)
electrolyzer and methanation reactors has been demonstrated by the
DNV GL, Stedin, and TKI Gas in the Netherlands (Vlap et al., 2015). An
overall energy conversion efficiency of 35 % was achieved. Besides, the
power-to-ammonia process has also seen significant growth in R&D
activity. The latest and the world’s first dynamic plant project is under
construction and development in Denmark, executed by ABB, Skovgaard
Energy, Topsge, and Vestas (Lindorff, 2023). It is anticipated that the
carbon footprint will be reduced by utilizing green ammonia as an
alternative to fossil-based agricultural fertilizer.

Concerning the power-to-liquids (P2L) process, numerous projects
have so far practiced proof-of-concept trials. In 2014, Sunfire GmbH
built the world’s first demonstration plant for P2L in Germany to vali-
date the technical concept (Beckman, 2014). The process comprises
three steps: (1) green Hj is generated via SOECs, (2) the reverse
water-gas shift reaction is adopted to convert CO, and Hj into syngas,
and (3) the syngas is used as inputs for the synthesis of liquid fuels via
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Fischer-Tropsch (FT) technology. Based on this concept, over three tons
of synthetic crude oil were produced (Bioenergy International, 2017). In
2017, Sunfire GmbH announced the construction of an industrial-scale
(20MWe) power-to-blue crude plant with an annual capacity of 8000
tons in Norway (Sherrard, 2017). It is noteworthy that a part of the CO4
source originates from ambient air through direct air COy capture
technology. Recently, the Norsk e-Fuel industrial consortium, comprised
of Sunfire, Climeworks, Paul Wurth SMS Group, and Valinor, launched a
PtL technology project in Norway (Sunfire, 2022; Peters, 2022). The
project aims to generate 10 million liters of renewable aviation fuels.
Subsequently, it is scheduled to scale up to 100 million liters of jet fuel
by 2026. This initiative is expected to reduce approximately 250,000
tons of COy emissions annually (Bioenergy International, 2020).

According to the main demonstration projects reviewed above, it is
evident that P2X technology is environmentally attractive and techni-
cally achievable for deployment as large-scale renewable energy storage
systems. Despite the widely recognized technical feasibility of P2X
technologies, to the best of our knowledge, there is scarce research
regarding the evaluation of their environmental impact (Zhang et al.,
2017; Prabhakaran et al., 2019; Litheko et al.,2023; Lamers et al., 2023;
Weyand et al., 2023). Zhang et al. (2017) compared the environmental
performance of power-to-hydrogen (P2H) and P2M processes with
conventional approaches. It was concluded that the mitigation of
greenhouse gas emissions via P2G technology is subject to the origin of
CO,, feedstock and electricity sources. Litheko et al. (2023) evaluated
three electrolysis technologies integrated with the P2M process and
found out that the magnitude of emissions from highest to lowest was
ranked as SOECs, PEM electrolyzer, and AE.

On the other hand, bioenergy (BE) has been recognized as one of the
promising renewable energy sources capable of achieving negative
carbon emissions when carbon capture, utilization, and storage (CCUS)
is simultaneously implemented (Jaspers et al., 2021). Lamers et al.
(2023) analyzed the environmental impacts of two P2H technologies (i.
e., PEM and SOEC) compared with the steam methane reforming (SMR)
route, adopting the United States as a case study. Considering the global
warming potential (GWP) indicator, P2H pathways show a significant
mitigation trend after 2030, particularly with the incorporation of bio-
energy with carbon capture and storage technology. Weyand et al.
(2023) investigated the environmental performance of a biomass-based
P2L process. It has been shown that biomass processing (i.e., harvesting,
handling, and transportation) is one of the most impactful factors on the
GWP within the P2L process chain. However, only a few LCA studies
consider the storage process of fuels and the integration of CCS tech-
nology within the context of the circular economy. This study thus aims
to conduct an LCA on the production and storage of renewable synthesis
fuels and consider CCS in the system boundary. The
biomass-to-hydrogen (B2H) pathway with/without CCUS is also taken
into account for comparison.

The predominant methods of green Hj production, namely P2H, and
B2H, in contrast to the fossil fuel-based SMR with and without CCS, are
first compared. It is equally imperative to discuss integrating CCS into
traditional Hy production routes, which is considered a transitional so-
lution. Four primary storage methods are used, each dependent on site-
specific conditions: liquefaction, storage as ammonia, conversion to
methane, and conversion to methanol. The evaluation and comparison
of various combinations of Hy production and storage methods are
conducted through scenario analysis to determine the most optimal
pathway with minimal negative environmental impacts. A sensitivity
analysis is then performed to gain insight into the underlying reasons
contributing to high emissions, such as the proportions of solar and wind
energy in the renewable mix and the efficiency of carbon capture.

The contributions of this study are as follows:

(i) The establishment of a circular economy framework into current
and future energy systems, utilizing hydrogen as both energy
storage and carbon storage mediums.
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(i) A comprehensive comparison between P2H and B2H pathways in
terms of environmental impact, considering various hydrogen
production and storage methods.

(iii) Extend the system boundary to include the storage method with
the functional unit rather than limiting the analysis to 1 kg of Hy
production.

(iv) Provision of a reference point with a detailed Life Cycle Inventory
(LCD) for future research in the same field, aiding in the
advancement of knowledge and understanding.

2. Materials and methods

This study adopts a cradle-to-gate LCA methodology following the
guidance outlined in ISO 14040-44 (ISO, 2006a; ISO, 2006b). Sections
2.1-2.3 introduce the first three steps of LCA, namely goal and scope
definition, LCI analysis, and life cycle impact assessment (LCIA). Section
2.4 introduces system integration and scenario analysis to tailor the
comparison. The final step, interpretation and sensitivity analysis, are
presented in Chapter 3.

2.1. Goal and scope definition

The objective of this study is to evaluate the environmental impacts
on the production and storage of renewable synthesis fuels within the
circular economy framework, as illustrated in Fig. 1. Route (a) serves as
the baseline for comparison. The current prevalent method of hydrogen
production predominantly involves the utilization of fossil fuels, which
needs to be revised to align with the principles of a circular economy due
to its reliance on non-renewable resources and its failure to address CO5
emissions at the production stage.

It is acknowledged that alternative technologies can generate
carbon-neutral or even carbon-negative hydrogen. However, integrating
these technologies into existing infrastructures is a gradual process and
presents various technological and logistical challenges. In the interim,
it is crucial to consider transitional solutions that can bridge the gap
between current practices and a more sustainable future. One such
approach is the integration of carbon capture technologies with existing
hydrogen production facilities. By capturing and repurposing the CO,
emitted during hydrogen production, the environmental impact can be
mitigated while gradually transitioning to more sustainable methods.

Indeed, Hy produced through traditional methods with CCS holds
potential for various applications. However, while promising, its use as a
fuel within the future energy system presents significant logistical
challenges and requires additional time and effort. Typically, fuel pro-
duction sites are centralized in specific locations, with the produced fuel
then being distributed or transported to various smaller, localized areas.
The current infrastructure for fuel transportation is primarily designed
for methane, and hydrogen requires substantially different handling due
to unique properties. Consequently, integrating traditional hydrogen
production methods with CCS into the existing energy system can be
approached in two ways. First, the liquefaction of hydrogen is a widely
acknowledged method for its transportation to energy-demanding lo-
cales. Second, both captured CO, and hydrogen produced from non-
renewable sources can be employed in subsequent processes, such as
the production of synthetic fuels like methanol. This approach not only
reduces the carbon footprint of hydrogen production in the current en-
ergy system but also aligns with the circular economy concept by reusing
waste products as resources, thereby closing the loop in the energy
production cycle.

Route (b) outlines a P2H-based pathway for the circular economy.
The concept revolves around utilizing surplus renewable energy in
water electrolysis to produce green hydrogen. This green hydrogen can
then be stored through processes such as liquefaction or in representa-
tive hydrogen storage carriers like ammonia and methane. Pressure
swing adsorption (PSA) and CCS serve as additional suppliers of nitro-
gen and carbon dioxide feedstocks, respectively. Renewable synthesis
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Fig. 1. Schematic of using renewable synthesis fuels for the circular economy, (a) fossil fuel-based, (b) power-based, (c) biomass-based.

fuels can be utilized for power generation to supply electricity and
facilitate carbon circulation. It is important to note that this study does
not account for other potential applications in the industry and trans-
portation sectors. The surplus electricity, which would otherwise be
abandoned, is stored in renewable synthesis fuels and released as
needed. Renewable synthesis fuels, such as methane and methanol, can
store carbon dioxide as well. After power generation, the emitted carbon
dioxide is promptly captured and reintroduced into the production
process. Furthermore, integrating waste heat generated during
hydrogen production, storage, and power generation processes has the
potential to enhance the overall roundtrip efficiency.

Route (c) illustrates a B2H-based pathway for the circular economy.
The concept involves generating high-value-added products through the
utilization of biomass rather than direct combustion. In this study, straw
was used as the representative of biomass. The process entails biomass
gasification (GASF), which yields syngas that can be utilized directly to
produce methanol. When employing the water gas shift reactor, biomass
undergoes conversion into carbon dioxide and hydrogen. This mixture
can be readily separated, in contrast to the flue gas resulting from
combustion. On the other hand, the chemical looping (CL) process in-
volves the conversion of biomass into carbon dioxide, hydrogen, and
nitrogen with the assistance of oxygen carriers. These outputs can be
utilized to produce methane and ammonia, which are considered

renewable synthesis fuels, given that biomass serves as a carbon-based
renewable energy source. The choice between these options of fuel de-
pends on the specific site conditions, available technology, and desired
end-products, allowing for flexible and efficient utilization of resources.
If the produced syngas contains a higher concentration of CO than COs,
methanol synthesis is favored. This decision is based on the reaction
conditions that facilitate methanol production directly from CO and Ha,
thus avoiding the need for additional equipment and reducing overall
plant complexity. Conversely, if CO, is readily available on-site, both
methane and methanol become viable production options.

The system boundaries of the fossil fuel-based (baseline), power-
based, and biomass-based routes are depicted in Fig. 2. In this study,
the functional unit has been expanded to include 1 liter of a stored
hydrogen-derived product in Switzerland in 2024, rather than the
commonly used functional unit of 1 kg of hydrogen. This approach is
advantageous over the more typical functional unit of 1 kg of hydrogen
due to several key factors. First, transporting hydrogen in gaseous form
presents significant challenges due to its low density and high
compressibility, necessitating complex and costly infrastructure. How-
ever, when hydrogen is converted into liquid form, ammonia (Li, 2023),
methane (Gholkar, 2021), or methanol (Rolfe, 2022), it becomes denser
and easier to handle, store, and transport. Choosing 1 liter of these de-
rivatives or liquefied hydrogen as the functional unit provides a
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Fig. 2. System boundaries of baseline (a), power-based (b), and biomass-based (c) routes.

practical and effective metric for assessing energy storage and transport
efficiencies. This broader perspective enables a more relevant evalua-
tion of distribution systems, supporting decision-makers in optimizing
hydrogen logistics from production sites to various usage points.

The study delineates two primary unit processes critical to the pro-
duction and utilization of hydrogen. The first significant unit process
encompasses various hydrogen production technologies, with the in-
termediate flow from this unit quantified as 1 kg of hydrogen. The
process flows of SMR utilized in this study are derived from Susmozas
et al. (2013). The graphic illustrates the treatment of natural gas pro-
duction and transportation as an aggregated process. However, the
catalyst is portrayed as a disaggregated process, which is not included in
the figure due to spatial constraints. A simple method is employed to
disaggregate the construction of the SMR plant, providing an

approximate estimation of the materials used, including steel, iron,
aluminum, and concrete (Batgi and Dincer, 2024). Regarding waste
treatment, two options are available: landfill or recycling. The electro-
lyzer serves as the primary constituent of the power-based pathway. The
process of renewable electricity generation and transmission is
commonly regarded as an aggregated process. In contrast to the SMR
plant, the construction of the electrolyzer requires more specific
consideration of numerous components, such as the hydrogen electrode,
oxygen electrode, electrolyte, interconnect, and frame. This is due to the
utilization of diverse materials and noble metals in its construction.
Fig. 2 does not distinguish between the four types of electrolyzers being
studied, namely the Proton Exchange Membrane Electrolyzer (PEMEC),
Solid Oxide Electrolyzer (SOEC), Alkaline Electrolyzer (AE), and Anion
Exchange Membrane Electrolyzer (AMEC) (Zhao et al., 2020; Gerloff,
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2021; Schropp, 2024).

The biomass-based route involves a comparison between two tech-
nologies: GASF and CL (Wen and Aziz, 2022). Production and trans-
portation of biomass are considered to be the aggregated process in both
cases. After the pretreatment, the dry biomass is directed towards a
sequence of reactors wherein oxidation and reduction reactions occur,
resulting in the production of hydrogen, carbon dioxide, and nitrogen
(in chemical looping). The considerations for utility, catalyst, con-
struction, and waste treatment are similar to those of the fossil
fuel-based route. It is important to note that in the CL system, the gen-
eration of hydrogen and carbon dioxide occurs in distinct reactors,
enabling the accumulation and storage of high concentrations of carbon
dioxide. In contrast, the SMR and GASF processes produce a mixture of
hydrogen and carbon dioxide as the final product, necessitating the
integration of a CCS unit at the end. Following hydrogen production, the
second primary unit process involves hydrogen storage technologies.
This includes examining different sub-unit processes, such as fuel syn-
thesis and liquefaction. By distinguishing these unit processes, the study
systematically evaluates both the production and subsequent handling
of hydrogen, ensuring a comprehensive analysis of its lifecycle and
implications for energy systems. The general assumptions are outlined
below, while the specific assumptions for each technology are provided
in Appendix A:

(1) the aggregated processes of biomass (straw), materials, elec-
tricity, and heating are from the market;

(2) the LCI data for each technology are simplified using the identical
approach. The construction of the system only considers the
materials used, and maintenance is omitted. Waste is disposed of
either in a landfill or through recycling, with the proportion of
recycling depending on the materials and remaining constant;

(3) The LCI data of technologies have different input and output
conditions, especially in terms of temperature and pressure. De-
vices used to connect hydrogen production and storage processes
and to unify these conditions, such as heaters, compressors, etc.,
are neglected in the LCA.

Except for assumptions and simplifications, the limitations are
mostly due to data availability and quality:

(1) the desired LCI data require extraction from a single source or
integration from several sources. Due to the unclear description
of the system in references, there is a possibility of missing or
double-counting data. Different assumptions and considerations
of details can also generate discrepancies in the final results;

(2) maintaining data consistency is difficult. Some references provide
industrial data, while others obtain data through process simu-
lation or experiments;

(3) compositions of biomass vary greatly according to types and
places, which affects the generality of the results;

(4) technologies are not completely discussed; for instance, only
membranes are considered in the CCS system;

(5) transportation from the market to the plant and potential storage
leakage are omitted in the analysis.

2.2. Life cycle inventory (LCI) analysis

Information from literature and databases forms the basis for the
environmental impact assessment of three routes. Consolidating all the
necessary data into a single source poses a challenge. Background pro-
cesses such as natural gas extraction, renewable electricity generation,
and biomass production, including their associated transportation and
transmission, are treated as aggregated processes. The ecoinvent 3.6
database provides data for these processes. The foreground processes,
including water electrolysis, natural gas reforming, biomass gasifica-
tion, and chemical looping, among others, are considered disaggregated
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processes. Initially, data is gathered from real-world cases. In instances
where primary data is unavailable or incomplete, alternative sources
such as literature are explored, and the data is normalized to fit the same
function unit. Additionally, if necessary, data may be calculated based
on process simulations. The comprehensive LCI data for each technology
is provided in Appendix A, where Table A1l presents the LCI data of
SMR, Tables A2-A5 show the LCI data of four types of electrolyzer,
Tables A6 and A7 depict the LCI data of biomass gasification and
chemical looping, respectively, Tables A8-A10 give the LCI data of
methanol, methane, and ammonia synthesis, and Table A11 presents
the LCI data of membrane. These outputs are generated utilizing
OpenLCA 2.0 in conjunction with the ecoinvent 3.6 database.

2.3. Life cycle impact assessment (LCIA)

The LCIA is conducted using the IMPACT World+ v2.0 method,
encompassing various mid-point categories such as climate change,
fossil and nuclear energy use, freshwater acidification, freshwater eco-
toxicity, freshwater eutrophication, human toxicity, ionizing radiations,
land occupation, land transportation, marine eutrophication, mineral
resources use, ozone layer depletion, particulate matter formation,
photochemical oxidant formation, terrestrial acidification, water scar-
city. The mid-point categories are summarized into five impacts of
carbon footprint: fossil and nuclear energy use (FNEU), remaining
ecosystem quality damage (REQD), remaining human health damage
(RHHD), and water scarcity footprint (WSF). It is worth mentioning that
the Intergovernmental Panel on Climate Change (IPCC) method is
employed to compute global warming potential (GWP), which replaces
the carbon footprint metric.

2.4. System integration and scenario analysis

An overview of scenarios for the circular economy is shown in

Table 1

Descriptions of scenarios” for the circular economy.
Name Input Hydrogen Carbon Hydrogen

production capture” storage’

A0 Methane Steam reforming Without Liquefaction
Al Methane Steam reforming With Liquefaction
A2 Methane Steam reforming With PSA+NH3
A3 Methane Steam reforming With CH30H"
Blx Renewables  Electrolysis® Without Liquefaction
B2x Renewables  Electrolysis Without PSA+NH;3
B3x Renewables  Electrolysis With CH,4
C1 Biomass Gasification With Liquefaction
c2 Biomass Gasification With PSA+NHj3
c3 Biomass Gasification With CH50H
Cc4 Biomass Chemical looping' Without Liquefaction
Cc5 Biomass Chemical looping Without NH;3
c6 Biomass Chemical looping Without CH,4

@ Scenario AOQ serves as the baseline, utilizing fossil fuels without carbon
capture. Scenarios B1-3 represent the P2H pathway, while Scenarios C1-6
represent the B2H pathway.

> Only membrane-based carbon capture methods are considered in the
analysis.

¢ Various hydrogen storage methods are examined, including hydrogen
liquefaction, as well as the utilization of ammonia, methane, and methanol as
hydrogen storage mediums.

4 In methanol synthesis, syngas composed of H, and CO serve as the primary
feedstock. The syngas produced by reforming and gasification processes are
directly utilized, eliminating the need for a water gas shift reactor.

¢ Four types of water electrolysis technologies are evaluated, namely SOEC,
PEMEC, AE, and AMEC. They are distinguished by subscripts, such as B11, B12,
B13, and B14, respectively.

f In the chemical looping technology, the resulting gases in the three reactors
are CO,, Hj, and N, which serve as feedstocks for ammonia and methane syn-
thesis. Therefore, there is no need to install CCS and PSA units.
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Fig. 3. LCIA results of (a) global warming potential, (b) fossil and nuclear energy use, (c) remaining ecosystem quality damage, (d) remaining human health damage,
and (e) water scarcity footprint.
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Fig. 3. (continued).

Table 1. Fossil fuel, power, and biomass-based routes are evaluated and
compared, denoted by A, B, and C, respectively. Methane has been
selected as the representative fossil fuel due to its significant contribu-
tion, accounting for approximately 50 % of hydrogen production
derived from fossil fuels. Coal gasification and oil reforming are
excluded from the analysis for the sake of simplicity. The analysis
initially relies on electricity from the market, followed by a transition to
a renewable energy mix, primarily comprising solar and wind energy.
The proportion of solar and wind energy within this mix plays a crucial
role in shaping the environmental impact, a factor explored in detail
through the sensitivity analysis. Route B involves the consideration and
comparison of four types of electrolyzers, which are not included in the
table. Besides, there has been limited research on the environmental
impact of AMEC compared to the other three commonly used electro-
lyzers (SOEC, PEMEC, and AE). It is competitive due to its low cost, high
efficiency, and high durability.

Route C involves the utilization of GASF and CL. CL is an emerging
technique currently in the pilot scale. It is characterized by high carbon
capture potential, as carbon dioxide can be enriched and captured in the
fuel reactor without additional separation steps. This characteristic
holds significant promise for reducing carbon emissions in the produc-
tion process. It should be noted that the selection of biomass is

contingent upon the available LCI data. This research does not delve into
the influence of various types of biomass on the final results. In scenarios
using methanol as the final product, syngas is directly sent to the
methanol synthesis without the inclusion of the water gas shift reactor
and CCS unit. However, in other scenarios where methane synthesis is
involved, a CCS unit is used to capture carbon dioxide from the output
mixture gas or to provide the feedstock for methane synthesis. In each
route, liquid hydrogen and ammonia are considered as the hydrogen
storage methods. The choice between methane and methanol depends
on the byproduct, taking into account the utilization of carbon. If the
byproduct is carbon dioxide, it will be stored in methane. Conversely, if
the byproduct is carbon monoxide, syngas can be used to produce
methanol.

3. Results and discussion

The LCA of 22 scenarios for the circular economy has been con-
ducted, encompassing the evaluation of GWP, FNEU, REQD, RHHD, and
WSEF. The breakdown of impacts elucidates the contribution of each
process. Additionally, a sensitivity analysis delineates the trend con-
cerning varying proportions of the renewable energy mix and effi-
ciencies of carbon capture.
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3.1. LCIA results

Figs. 3 and 4 display the LCIA results for five impacts and their
corresponding breakdowns, respectively. The comprehensive results can
be found in Appendix B. Fig. 3(a) illustrates the GWP across 22 sce-
narios. Scenario AO, which is the baseline with SMR for hydrogen pro-
duction, liquefaction for storage, and no carbon capture unit, yields 0.96
kg CO2eq per liter of liquid hydrogen. If the carbon capture technology
with an efficiency of 90% is considered, the GWP decreases to 0.52 kg
CO2¢q, as shown by Scenario Al. Considering the storage density of
liquid hydrogen, ammonia, and methanol, the GWP varies accordingly,
where using ammonia as the storage under this situation has the highest
emission of 1.2 kg COgeq per liter of liquid ammonia, followed by
methanol and liquid hydrogen.

When it comes to power-based route B, no matter which P2H tech-
nology it uses, the GWP is generally higher than that of fossil fuel-based
route A in most instances. It is attributed to the electricity supply as it is
the major part of the GWP for the power-based route B, as illustrated in
Fig. 4(a). For a fair comparison, the electricity utilized in each scenario
comes from the same source of the electricity market. However, since
the Swiss electricity grid does not exclusively rely on renewable energy
sources, the emissions associated with electricity usage may exceed
initial expectations. The choice of P2H technology has less influence on
the GWP; for instance, the GWPs of B11-SOEC, B14-AMEC, B13-AE, and
B12-PEMEG, in ascending order, are 0.76, 0.8, 0.86, and 0.89 kg CO2¢q
per liter of liquid hydrogen, respectively. Tables A2-A5 offer insights
into the electricity consumption for operation, revealing that SOEC ex-
hibits the highest efficiency, whereas PEMEC has the lowest efficiency.
Although the storage density of liquid methane is six times higher than
that of liquid hydrogen, the integration of CCS makes it a suitable
storage method for the power-based route with less environmental
impact. It ranges from 0.43 to 0.63 kg COaeq, Which results in a reduction
of around 60% in GWP compared to the highest GWP when ammonia is
used. Based on the current energy structure, only when the cell effi-
ciency is higher than a threshold, such as SOEC, in the power-based
route, B21, using ammonia as the storage medium, can beat the
competitor of A2 in the fossil fuel-based route. B21 and A2 have GWPs of
1.15 and 1.2 kg COgz¢q, respectively.

The biomass-based route C exhibits the lowest GWP. The negative
value signifies a positive environmental benefit. Carbon emissions
associated with the construction and operation of systems in route C can
be mitigated through carbon capture processes. It is noteworthy that the
carbon dioxide emitted from biomass originates from the environment.
Therefore, in calculating the GWP, it is necessary to subtract the amount
of captured carbon dioxide from the total emissions. The details of
carbon emission, captured carbon dioxide, and emitted carbon dioxide
can be found in Appendix B. The biomass CL technology can fix 16.7 kg
of carbon dioxide per kg of hydrogen, whereas the biomass GASF
technology generates 9 kg of carbon dioxide per kg of hydrogen, which
is fixed by a CCS unit, as demonstrated in Tables A6 and A7. It should be
noted that in both cases, a carbon capture efficiency of 90 % is consid-
ered. When using the same storage medium of ammonia, the GWP of
scenario C5 is -7.55 kg COgeq, while it is -4.23 kg CO2¢q in scenario C2,
which presents the carbon capture capability of CL. However, without
the deduction of captured carbon dioxide, the GWP of CL is higher than
that of GASF. Since the carbon capture unit is integrated into the B2H
process, the captured carbon dioxide will be scaled up when considering
the storage process. The scaling factor is correlated to the density, where
liquid hydrogen is the lowest, followed by methane, ammonia, and
methanol. That explains why scenarios C1 and C3 have positive GWPs of
0.21 and 0.61 kg CO2¢q, respectively.

Fig. 3(b) illustrates the FNEU across 22 scenarios. The baseline
scenario AO utilizes 24.05 MJ of fossil and nuclear energy, primarily
consumed by the reforming process, which utilizes natural gas as feed-
stock and heating. After integrating CCS, scenario Al entails an addi-
tional 2.76 MJ of energy consumption, mostly from the fabrication of
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the membrane and operation of the system. Compared to scenario Al,
different storage densities and extra equipment make scenarios A2 and
A3 have more energy consumption, which is 38.28 and 40 MJ, respec-
tively. In route B, regardless of the type of water electrolysis technolo-
gies employed, energy consumption is highest among the three routes
due to the substantial electricity usage during operation. The difference
is presented in efficiency, which is the same as that of GWP. Conse-
quently, it maintains the same ranking as observed in GWP. Specifically,
B11-SOEC, B14-AMEC, B13-AE, and B12-PEMEC exhibit FNEUs of 35.53
MJ, 38.96 MJ, 41.26 MJ, and 42.81 MJ, respectively. The utilization of
ammonia and methane as hydrogen storage mediums necessitates
approximately 50% and 80% increases in FNEU, respectively. In route C,
scenarios using biomass GASF technology have the lowest FNEU among
the three routes. It is attributed to the absence of natural gas feedstock
compared to route A and lower electricity consumption than route B.
However, the lowest FNEU of 24.43 MJ in scenario C1 is still higher than
that of the baseline scenario A0, which is due to the extra CCS system.
The adoption of CL necessitates a higher heat duty, positioning its en-
ergy consumption between routes A and B.

Fig. 3(c) illustrates the REQD across 22 scenarios. The baseline
scenario A0 demonstrates a relatively low value of 1.07 PDF-m?-yr. This
primarily originates from the wastes and emissions generated during
operation. The increase in REQD in other scenarios within route A is
primarily attributed to the utilization of the CCS unit, which accounts for
approximately 70 % of the total increment. Scenarios A1-3 exhibit
REQD values of 2.89 PDF-mz-yr, 4.95 PDF-mz-yr, and 5.49 PDF-m2~yr,
respectively. The difference in values is attributed to the scaling factor
associated with the use of different storage mediums. Route B generally
exhibits the lowest REQD, which is less than 0.25 PDF-mzvyr, except for
scenarios B31-33, which integrates a CCS system unit. The use of
membranes for carbon capture generates an extra 3.5 PDF-mz-yr, which
is prominent. In route C, REQD values are several orders of magnitude
larger than those of routes A and B, increasing to 20-60 PDF-mZyr. This
disparity primarily arises from the utilization of biomass, which ac-
counts for over 90% of the breakdown, as depicted in Fig. 4(c).

Fig. 3(d) displays the RHHD across 22 scenarios, with the baseline
scenario AO exhibiting a relatively low value of 0.14E-6 Disability-
adjusted life year (DALY). Similar to the trend observed in REQD, the
utilization of the CCS unit exerts a significant influence, resulting in
RHHD values in scenarios A1-3 being 10 times larger than that in sce-
nario AO. The contribution of the CCS unit can exceed 80 %, as shown in
Fig. 4(d). In route B, without integrating a CCS unit, scenarios have
RHHDs ranging from 0.41E-6 DALY to 0.81E-6 DALY. Electricity supply
is the major contributor. When integrating the CCS units, scenarios
B31-34 have a 5-6 times increase in RHHD, up to around 2.5 81E-6
DALY. The B2H-based route C exhibits the highest RHHD due to the
extensive utilization of biomass and the associated emissions and wastes
during operation, as detailed in Tables A6 and A7. The highest RHHD of
4.04E-6 DALY comes from scenario C5, which uses CL and ammonia.
The disparity observed in using different storage methods primarily
stems from differences in scaling factors rather than the inherent char-
acteristics of the process itself.

Fig. 3(e) depicts the WSF across 22 scenarios. Route A demonstrates
arelatively lower WSF impact, approximately around 0.85 m? world-eq,
while Routes B and C exhibit a higher WSF impact. The highest WSF
achieves 9.49 m® world-eq in scenario B32, where water is primarily
utilized in water electrolysis and methanation processes. The influence
of different electrolyzers is not significant, which is less than 1 m® world-
eq when using the same storage medium. In contrast, utilizing liquid
hydrogen, ammonia, and methane as storage mediums in Route B has a
significant difference, which are approximately 3.11 m® world-eq (B11),
4.66 m® world-eq (B21), and 8.47 m® world-eq (B31), respectively. In
route C, scenarios C4-6 exhibit a comparable level of WSF compared to
that of route B. The primary contribution stems from biomass produc-
tion and the utilization of process water.

To sum up, scenarios in fossil fuel-based route A have advantages in
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RHHD and WSF. Scenarios in power-based route B are promising in
REQD and will be beneficial in FNEU if the penetration of renewable
energy increases. Because of the biogenic carbon dioxide, biomass-based
route C presents carbon negative in most scenarios. Although
membrane-based carbon capture technology has an improvement on
GWP, it has a negative effect on the other four impacts. The choice of
electrolyzers has less impact on LCIA results, which are related to the
efficiency, hence SOEC performs well among others. In biomass-based
route C, CL outperforms GASF in terms of GWP, while GASF has ad-
vantages on other impacts.

Additionally, this study analyzes optimal storage formats across
three distinct hydrogen production routes: fossil fuel-based, electro-
lyzer-based, and biomass-based. For fossil fuel-based hydrogen pro-
duction, liquefied hydrogen is identified as the most efficient method for
reducing CO, emissions. This efficiency is primarily attributed to hy-
drogen’s low density, which necessitates a smaller mass per liter for
storage, thus resulting in lower associated CO, emissions. This finding is
particularly significant considering that this route’s primary source of
CO;, emissions is derived from using methane in the reforming process.
In contrast, the biomass-based route exhibits a reversed scenario. This
process involves capturing biogenic CO;, which leads to a carbon-
negative impact. Consequently, denser storage mediums, such as
ammonia or methanol, are advantageous. The higher density of these
chemicals requires more biomass to produce one liter of the product,
capturing a more significant amount of CO, and enhancing the carbon-
negative effect of this route. For the electrolyzer route, methane emerges
as the preferred storage medium, primarily because the CO5 required in
the methanation process is biogenic, allowing it to be considered an
avoided burden and thus bringing benefits in GWP system analysis.

Fig. 4(a) illustrates the breakdown of GWP. In the baseline scenario
A0, the GWP is primarily influenced by the reforming process, as carbon
dioxide is emitted here, and using natural gas as the feedstock has a
certain effect, accounting for over 80 % of the total impact. The elec-
tricity used for liquefaction contributes to the rest of GWP. When inte-
grating a CCS unit in scenarios A1-3, there is a corresponding change in
the contribution. Specifically, the contribution of the reforming process
has decreased to less than 50 %. Although the use of CCS decreases
carbon emissions during operation, the utilization of electricity to
pressurize the inlet gas and emissions during manufacturing contribute
significantly to GWP, accounting for 27.5-38.6 %. The remaining
portion of GWP stems from the electricity utilized for the hydrogen
storage process, including hydrogen liquefaction, PSA, and acid gas
removal. For scenarios in power-based route B, the contribution to GWP
follows a similar pattern, where the cell operation process contributes
the most, as it consumes a significant amount of electricity compared to
other processes. The highest proportion is over 90 %. Additionally, the
methanation process accounts for over 20 % of the GWP because it in-
volves carbon emissions or gas emitted during the gas-cleaning process
and consumes 3.92 kWh of electricity for the production process.
Hydrogen liquefaction and CCS provide another considerable amount of
emission. In route C, using electricity and heat causes the pretreatment
process to account for over 20 % of GWP in CL-based scenarios and
around 40 % of GWP in GASF-based scenarios, respectively. For the
same reason, the proportions of reforming and CL processes exceed 30 %
and around 60 %, respectively.

Fig. 4(b) depicts the breakdown of FNEU, which is highly related to
the use of electricity and heat, especially electricity. The basic trend is
similar to that of GWP. The difference arises from the increasing weight
of natural gas, resulting in an increment of the reforming process in
route A. The breakdown of scenarios in route B remains largely consis-
tent, with the majority of FNEU stemming from electricity consumption
in the cell operation process. In route C, the proportions of bio-oil pro-
duction, liquefaction, and methanation processes are larger than that in
GWP, mainly due to the different influences of electricity and heat.
Generating the same amount of electricity requires more fossil fuel
compared to heating, increasing the contribution of those processes.

10

Resources, Conservation & Recycling 211 (2024) 107851

Fig. 4(c) illustrates the breakdown of REQD. The primary contributions
stem from CCS and biomass pretreatment processes. This is due to the
utilization of harmful chemicals during membrane manufacture and
biomass cultivation processes, damaging the ecosystem. In route B, the
membrane-based CCS process accounts for over 95 % of the total REQD,
but in route C, the effect of the CCS process becomes less significant. The
biomass pretreatment process predominates the REQD, which takes 90
% of REQD. Other than these two impact factors, the use of electricity
and heat has a minor effect, proved by the small proportion of the cell
operation process in scenarios B31-34.

Fig. 4(d) illustrates the breakdown of RHHD. Compared to REQD,
the CCS process becomes the main contributor, followed by the biomass
pretreatment process, as observed in route C. Additionally, the contri-
bution of electricity and heat has increased. In scenarios B31-34, the
percentage of the cell operation process has increased. Another piece of
evidence can be found in scenarios C4-6 through the CL process, which
involves a significant amount of electricity and heat. In terms of WSF, as
shown in Fig. 4(e), the usage of process water plays a significant role,
primarily evidenced by the increasing contribution of the methanation
process, accounting for up to 50 %. The cell operation process in route B
and the bio-oil production process in route C also exemplify the impact
of process water usage. Additionally, biomass contributes to WSF to a
certain extent.

3.2. Sensitivity analysis

In the life cycle impact assessment, scenarios in the power-based
route B are not entirely driven by 100% renewable energy, as the elec-
tricity used in water electrolysis is from the market. While this setup
facilitates a standardized comparison across the 22 scenarios, it renders
route B less competitive in terms of GWP compared to fossil fuel-based
and biomass-based routes. Meanwhile, using carbon capture units and
the CL process enables routes A and C to mitigate their environmental
impact. The extent of the positive influence of the CCS and CL process
depends on the assumed carbon capture efficiency, which is set at 90%.
Both the source of electricity and carbon capture efficiency significantly
influence the GWP. Therefore, a sensitivity analysis has been conducted
on these two factors.

Fig. 5 illustrates the variation of GWP concerning different pro-
portions of the renewable energy mix. A value of 0 represents 100 %
solar output in the mix, while a value of 1 denotes 100 % wind output.
It’s worth noting that scenarios B21, B22, B23, and B24, which utilize
ammonia as the storage medium, are analyzed with 100 % renewable
input. The dotted lines represent the baseline in LCIA. Utilizing 100 %
renewable energy results in approximately a 30 % reduction in GWP for
each scenario. The average GWPs in each scenario are 0.83 kg COz¢q,
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Fig. 5. The variation of GWP concerning different proportions of the renewable
energy mix.
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0.97 kg CO2¢q, 0.93 kg CO2¢q, and 0.86 kg COoeq, respectively. The
increased utilization of wind energy will contribute to a reduction in
environmental impact. In comparison to the GWP of 1.21 in scenario A2,
route B becomes more competitive, but it is still higher than that in route
C. However, in terms of the other four impacts, use B21 with 50% wind
output in the mix as an example. FNEU and WSF are substantially
reduced to 30.32 MJ and 2.44 world-eq mS, respectively, while REQD
and RHHD increase to 0.27 PDF-m2.yr and 0.74E-6 DALY, respectively.
They are less than those in route C.

Fig. 6 illustrates the variation of GWP concerning different carbon
capture efficiencies. It is important to note that scenarios involving the
CL process account for the emission rate of carbon dioxide, which can be
used to calculate the efficiency. The sum of emission rate and efficiency
is equal to 1. With changing carbon capture efficiencies, the variation of
GWP in scenarios Al and A3 is limited, ranging from 0.5 kg CO2¢q to 2 kg
CO2¢q. However, the change in GWP in scenario A2 is considerable, from
around 6 kg COz¢q to 0.5 kg CO2¢q. The slope of the decline is influenced
by both the amount of captured carbon dioxide and the scaling factor
between the hydrogen production and storage processes. In route B,
scenarios B31, B32, B33, and B34, which integrate a CCS unit, vary
within the same range of 0.5 to 2. CCS is employed to provide a carbon
dioxide source for methanation, with the major impact stemming from
the electricity supply from the market. Therefore, the influence of cap-
ture efficiency is less significant than expected. Due to a small scaling
factor of producing liquid hydrogen, scenarios C1 and C4 exhibit a
flattened declining curve, whereas scenarios C2, C3, C5, and C6
demonstrate a sharp decline because of the large storage density of
ammonia, methane, and methanol.

4. Conclusions

This study provides a comprehensive life cycle assessment of various
hydrogen production and storage routes, explicitly focusing on metrics
such as carbon footprint, use of fossil and nuclear energy, ecosystem
quality, human health impact, and water scarcity. In the context of the
circular economy, the production of renewable synthesis fuels for energy
and carbon storage based on power-to-hydrogen and biomass-to-
hydrogen routes are discussed and compared with the conventional
fossil fuel-based approach of steam methane reforming equipped with
CCS. The conclusions are summarized as follows:

While traditional hydrogen production methods using fossil fuels are
effective in certain impact categories of RHHD and WSF, they are
particularly detrimental regarding CO, emissions. As the global push
towards a net-zero emissions goal intensifies and regulations like COy
taxes become more stringent, integrating CCS technologies into existing
systems becomes crucial. CCS can significantly mitigate emissions from
traditional hydrogen production methods, serving as an effective tran-
sitional strategy, but it harms the ecosystem and human health. By
aligning with circular economy principles, such as minimizing waste and
reusing resources, this approach facilitates a smoother transition to
future sustainable energy systems without requiring new infrastructure.

Looking ahead to a future circular economy system, converting
excess renewable energy into chemical energy stands out as a strategic
approach, particularly for countries with significant seasonal fluctua-
tions in renewable electricity. This study provides a valuable guideline
for such nations, advocating for implementing Power-to-X technologies
to foster a more sustainable energy landscape. If a 100 % renewable
electricity supply is available, the power-based route outperforms the
fossil fuel-based route in terms of GWP, which is primarily influenced by
electrolyzer cell operation. A higher-efficiency electrolyzer is beneficial
for emission abatement.

Additionally, the LCA of biomass production routes is emphasized for
their favorable outcomes due to their carbon-neutral nature. The
optimal solution of using chemical looping for hydrogen production and
carbon capture, as well as ammonia as the storage medium, has a
negative GWP of -7.55 kg COaeq, indicating a carbon-negative system.
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Using gasification as the substitute is beneficial in decreasing the other
four impacts and has a considerable GWP of -4.32 kg CO¢q. However,
the practical implementation of these findings must consider the
regional availability of biomass, along with its processing and storage
requirements. It is also important to note that while biomass such as
wood naturally sequesters carbon, its usage can release carbon back into
the atmosphere or necessitate its capture. This challenges the perma-
nence of carbon fixation and underscores the need for careful policy and
practice considerations to support sustainable and circular economic
models.

Finally, this study endeavors to identify the most suitable chemical
for various applications, guided by LCA perspectives. Liquid hydrogen is
suitable for the fossil fuel-based route, while methane and ammonia are
favorable to the power-based and biomass-based routes, respectively.
The specific environmental impact category and the unique re-
quirements of users or industrial partners determine the optimal
chemical choice. Ultimately, this research underpins the critical role of
informed decision-making in advancing the adoption of technologies
that enhance environmental sustainability and economic viability
within the circular economy framework. It is critical to highlight that the
conclusions presented in this study are closely tied to the chosen func-
tional unit and system boundaries. Should the functional unit be altered
to 1 kg of hydrogen-derived product, the outcomes and interpretations
might vary significantly.
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