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Abstract:

Green hydrogen (GH;) export from Chile is typically evaluated through techno-economic lenses, while
environmental assessments remain limited to production-gate boundaries and climate change alone. This
paper presents a cradle-to-destination-port life cycle assessment (LCA) of four GH, export pathways from two
real Chilean projects: wind-powered e-methanol at HIF Cabo Negro (Magallanes, 384 MW, 57% capacity
factor) and solar-powered green ammonia at the Volta/MAE project (Mejillones, 600 MW). Four pathway
variants are evaluated: biogenic and direct air capture (DAC) CO, sourcing for methanol, and mixed versus
full seawater reverse osmosis (SWRO) water supply for ammonia, across three destination ports: Rotterdam,
Los Angeles, and Kobe-Kansai. Six midpoint impact categories from the Environmental Footprint 3.1 (EF 3.1)
method are assessed: climate change, particulate matter, water use, land use, fossil resource use, and
minerals and metals. Site-specific renewable electricity characterization factors are derived for both sites,
replacing outdated national-average inventory data. All four green pathways achieve climate intensities 2.7 to
6.2 times below grey hydrogen (9.50 kg CO,-eq/kg H,-eq). MEJ solar ammonia reaches 1.66 kg CO,-eq/kg
H,-eq delivered to Rotterdam, approaching the blue hydrogen benchmark of 2.20 kg CO,-eq/kg H,-eq even
after full international shipping. No single pathway dominates across all six impact categories: MAG biogenic
methanol shows a particulate matter burden ten times higher than other pathways, traced to forest residue
combustion in the CO, supply chain, while MEJ ammonia carries the highest land use score driven by the
photovoltaic (PV) supply chain. Maritime shipping contributes between 11% and 48% of total climate footprint
depending on route and carrier, a supply chain stage systematically absent from production-gate assessments
and directly relevant to emerging import certification frameworks in Europe, the United States, and Japan.
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1. Introduction

Green hydrogen (GH,) and its derivative carriers are widely recognized as key vectors for decarbonizing hard-
to-abate sectors including maritime transport, industrial chemistry, and long-distance energy trade. Large-
scale GH, trade will depend on cryogenic or chemically bound carriers such as ammonia and methanol
transported by sea, adding a supply-chain stage that most existing environmental assessments omit [1,2].

Research on GH, export remains disproportionately focused on economic metrics, notably the levelized cost
of hydrogen (LCOH) [3], rather than comprehensive multi-impact LCA. Studies that report environmental
impacts frequently stop at the production gate [4—6], rely on national-average electricity inventories [6-8], or
restrict assessment to climate change alone [9,10]. Ecoinvent datasets prior to version 3.9 characterize PV
and wind manufacturing inputs from the early 2010s [11], and PEM electrolyzer studies such as [12] rely on
stack designs that predate current commercial performance. These gaps are particularly consequential for
Chilean pathways, where site capacity factors deviate substantially from national averages.

Chile occupies an exceptional position in the emerging GH, export landscape, underpinned by Patagonian
wind in Magallanes with capacity factors exceeding 57% [13], and Atacama solar radiation above 2,500
kWh/m?/year [14], consistent with the National Green Hydrogen Strategy [15] targeting top-three global
exporter status by 2040. The HIF Cabo Negro project produces e-methanol from wind-powered electrolysis



[16] while the Volta/MAE project in Mejillones is developing large-scale green ammonia with seawater
desalination and municipal wastewater reuse [17]. Key specifications of both projects are summarized in Table
1. The environmental profile of these projects against a full cradle-to-destination-port boundary has not
previously been reported.

Table 1. Selected GH2 Chilean projects’ specifications.

Parameter Cabo Negro, Magallanes [16] Mejillones, Antofagasta [17] Unit
Location (lat., long.) -52.94, -70.81 -23.11,-70.43 -
Concession Owner HIF Mejillones Ammonia Energy (MAE) -
Phase of the Project Industrial Plant Industrial Plant (2 phases) -
Type of plant On-shore wind-based .

Solar PV-based green ammonia plant -

e-methanol plant
Turbines Manufacturer/Model  Siemens-Gamesa SG 6.0-145 - -
Total Installed Capacity 384 600 MW
Capacity Factor 0.57 Not reported -
Source of Water Sea Water Desalination Plant Wastewajcer reuse (85%) + )
desalination (15%)

Electrolyzer Capacity 287 ~700 MW
GH2 Production 27830 - tons/year
e-Methanol Production 175,000 - tons/year
Ammonia production 600,000 tons/year
CO: Avoided 215,000 - tons/year
Investment 1.3 bn 2.5 bn USD

Water availability is a cross-cutting constraint. Carrefio [18] estimates that full GH, sector deployment in
Antofagasta would require approximately 43 million m3year of process water by 2030, making SWRO
infrastructure a prerequisite at scale. In Magallanes, 100% SWRO is already the operational baseline given
the absence of nearby urban wastewater networks. Four pathway variants are modelled to reflect these
conditions, as described in Table 2: two wind-powered methanol variants in Magallanes differing in CO, source
(biogenic versus DAC), and two solar-powered ammonia variants in Mejillones differing in water supply
strategy (mixed SWRO/MWWR versus 100% SWRO sensitivity).

Table 2. Pathway variants modelled.

Pathway ID Site Renewable Carrier CO2/N:2 source Water supply

1. MAG- Magallanes Wind 384 MW, Methanol ~ Biogenic CO: (forest 100% SWRO

Biogenic (53°S) 57% CF biomass flue gas)

2. MAG-DAC Magallanes Wind 384 MW, Methanol Direct air capture 100% SWRO
(53°S) 57% CF (DAC) CO:

3. MEJ-NH; Mejillones Solar PV 600 MW,  Ammonia N: from air (HB + 15% SWRO + 85%
(23°S) >2,500 kWh/m%yr ASU) MWWR

3b. MEJ-NHs Mejillones Solar PV 600 MW  Ammonia N: from air (HB + 100% SWRO —

SWRO (23°S) ASU) sensitivity (Q1)

MAG = Magallanes; MEJ = Megjillones; CF = capacity factor; HB = Haber-Bosch; ASU = Air Separation Unit; SWRO = Seawater Reverse
Osmosis; MWWR = Municipal Wastewater Reuse.
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Figure 1. Shipping routes and distances from Chilean production sites to destination ports [19]. MAG =
Magallanes (Cabo Negro); MEJ = Mejillones; RTM = Rotterdam; LA = Los Angeles; KOBE = Kobe-Kansai.

Emerging import regulations in Europe [20], the United States [21], and Japan [22] are creating regulatory
demand for full lifecycle intensity certification including maritime shipping. As shown in Figure 1, destination
ports span three major import markets: Rotterdam, Los Angeles, and Kobe-Kansai, with the longest route
covering 23,703 km. Shipping can contribute 11-48% of total carbon footprint depending on route and carrier
(see Section 3), a term systematically absent from production-gate assessments.

Against this background, this paper makes three contributions to the literature. First, it provides the first multi-
impact LCA of two real Chilean GH, export projects under industrial development, moving beyond generic
country-level models. Second, it replaces national-average ecoinvent proxies with site-specific electricity
characterization, materially affecting all downstream results. Third, it integrates maritime shipping across three
destination markets and six EF 3.1 impact categories, enabling compliance-relevant assessment against
emerging EU, US, and Japanese certification thresholds.

All calculations are performed in Brightway?2 [23] with ecoinvent 3.10 [11]updated via Premise [24] to a 2020
base year. Section 2 describes the methodology, Section 3 presents results and discussion, and Section 4
states conclusions and future work directions.

2. Methodology

2.1. Life Cycle Assessment Framework

Environmental impacts were assessed following an attributional, process-based life cycle assessment (LCA)
in accordance with ISO 14040/44 [25]. The LCA quantifies inputs and outputs between the technosphere and
the environment along the full supply chain, from renewable electricity generation and hydrogen production in
Chile through carrier synthesis, maritime shipping, and delivery to the destination port. System modelling and
impact calculations were performed in Brightway?2 [23] using background datasets from ecoinvent 3.10 cut-off
system model [11].

2.2. Goal, Scope and Functional Unit

This study quantifies and compares the life cycle environmental impacts of two Chilean GH, export pathways,
wind-powered e-methanol from Magallanes and solar-powered ammonia from Mejillones, delivered to
Rotterdam (EU), Los Angeles (US), and Kobe-Kansai (Japan). The system boundary is cradle-to-destination-
port, encompassing renewable electricity generation, water provision, electrolysis, CO, or N, supply, carrier
synthesis, and maritime shipping; end-use conversion is excluded as carrier- and market-dependent and
outside the scope of Chilean exporters' compliance obligations.

The primary functional unit is 1 kg of hydrogen equivalent (kg H;-eq) delivered to the destination port. A
secondary functional unit of 1 kWh of site-specific renewable electricity is used internally to characterise the
electricity generation stage and propagate site-specific impacts into the foreground model (Section 2.3).

2.3. System Boundaries



The study adopts a cradle-to-destination-port system boundary. Included stages are: (i) full life cycle of the
renewable electricity generation asset, covering manufacturing, installation, operation and maintenance, and
end-of-life, for the Siemens Gamesa SG 6.0-145 wind farm in Magallanes (384 MW) and utility-scale
monocrystalline silicon PV in Mejillones (600 MW); (ii) process water supply via SWRO desalination, municipal
wastewater reuse (MWWR, treated as a zero-burden secondary resource per ISO 14044 §4.3.4), or a mixed
scenario as per project documentation; (iii) PEM electrolysis; (iv) carrier synthesis, either methanol via CO,
hydrogenation and distillation, or ammonia via Haber-Bosch with integrated air separation; and (v) maritime
shipping from the origin port to the destination port.

Explicitly excluded are downstream carrier reconversion, end-use combustion, onshore distribution beyond
the arrival port, and decommissioning of processing facilities. These exclusions are consistent with the scope
relevant to Chilean exporters under current GH, certification frameworks [20,22,26] and with the production-
to-port boundary adopted in comparable export LCA studies [7,8,27]

2.4. Impact Assessment Method and Environmental Indicators

Life cycle impact assessment (LCIA) was carried out using the Environmental Footprint 3.1 (EF 3.1) no long-
term characterization method [28], recommended by the European Commission for product environmental
footprints and directly relevant to EU RED Ill compliance. Six midpoint impact categories were assessed,
selected to cover the main environmental trade-offs identified in the literature for hydrogen export systems:

= Climate change (kg CO.eq): primary regulatory metric for GH, certification

= Particulate matter (disease incidence): relevant to biomass CO, supply chains

* Water use (m? world-equivalent, AWARE): critical for water-stressed Chilean regions
= Land use (Pt, soil quality index): relevant to solar PV footprint

= Fossil resource use (MJ): to capture DAC energy burden

= Minerals and metals (kg Sb-eq): to capture electrolyser and turbine material demand

Results are reported at midpoint level; no single-score aggregation is applied, since the study objective is to
identify trade-offs across impact categories rather than to declare a single winner.

2.5. Site-Specific Electricity Characterization

Renewable electricity generation is the dominant contributor to life cycle impacts in electrolysis-based green
hydrogen: for a PEM system operating at 43-50 kWh/kg H,, the carbon intensity of the input electricity
propagates almost linearly into the total climate change impact of the pathway [29]. The exceptional renewable
resource quality at both Chilean project sites: Patagonian wind in Magallanes (capacity factor 57%) and
Atacama solar radiation in Mejillones (global horizontal irradiance ~2,500 kWh/m?/year), is precisely why these
locations were selected for development, and it is the primary justification for replacing national-average
ecoinvent datasets with site-specific characterization factors. The Chilean national-average datasets in
ecoinvent 3.10 assume capacity factors of 35% for wind and 20% for solar PV [11], both of which substantially
underestimate the performance of the project sites and would inflate lifecycle impacts by 15-47% depending
on the pathway (see Section 3).

Solar PV, Mejillones. A 1 MW reference plant was modelled using the ecoinvent 3.10 dataset, which captures
the embodied impacts of monocrystalline silicon modules, mounting structure, inverter, and balance-of-system
electronics. The national-average ecoinvent carbon intensity for this dataset is 0.080 kg CO,eq/kWh (updated
from a 2012 inventory baseline [11]). To obtain a site-specific yield, the plant was simulated in the System
Advisor Model (SAM, [30] using a generic 360 W monocrystalline module (Jinko Solar, 19.16% efficiency)
under Mejillones irradiance data [31]. The simulation returns an annual electricity yield of 2,947.855 kWh/kW,
which, integrated over a 30-year lifespan with 0.5%/year degradation, gives a lifetime-average yield used to
reweight the ecoinvent embodied impact per kWh.

Wind, Magallanes. For the Siemens Gamesa SG 6.0-145 turbine deployed in the HIF Global project, no
turbine-specific EPD was available at the time of this study. The closest available EPD within the Siemens
Gamesa onshore product range (for the SG 6.6-155) was used as a proxy, representative of a European
onshore context. Both turbines belong to the same direct-drive platform and share comparable nacelle
architecture and material composition per MW of rated capacity; the proxy is considered conservative given
that the SG 6.6-155 has a larger rotor and higher specific yield, which would slightly underestimate the
embodied impact per kWh of the SG 6.0-145 at equal capacity factor. [32]. The ecoinvent 3.10 was used as
the structural proxy for all non-climate impact categories. A capacity factor correction was applied: the
embodied manufacturing carbon per kWh scales inversely with full-load hours, thus the EPD climate change
value was adjusted from 45.8% to the Magallanes project capacity factor of 57% using the ratio of lifetime
energy outputs. This corrected climate change value was then used as a scaling factor to proportionally adjust



all six EF 3.1 impact categories, yielding a consistent site-specific characterization vector for Magallanes wind
electricity.

2.6. Water Supply Modelling

Process water for PEM electrolysis must meet ASTM D1193 Type /1l purity standards (electrical resistivity >1
MQ-cm), requiring a three-stage supply system: raw water intake (seawater via SWRO or municipal
wastewater effluent via MWWR), electrodeionization (EDI) pre-treatment, and mixed-bed ion exchange
polishing, consuming approximately 15% of intake volume.

Two demand scenarios are modelled. The baseline (10 L/kg H;) represents near-stoichiometric direct
electrolysis demand and is used as the primary foreground parameter. For Magallanes, 100% SWRO is
assumed given the absence of accessible urban wastewater infrastructure at Cabo Negro; for Mejillones, a
mixed supply of 85% MWWR and 15% SWRO is applied as assumption. The full-system sensitivity scenario
(35 L/kg H,) follows [18] and accounts for all demand components: electrolysis (11 L/kg H), water-cooled
electrolyser cooling (22 L/kg H,), and EDI pre-treatment losses (2 L/kg H;). At a SWRO recovery rate of 42%
[33], this requires 83.3 L of seawater intake and generates 48.3 L of brine discharge per kg H, produced; the
associated SWRO inventory is parameterized following [34].

Municipal wastewater reuse is modelled with zero environmental burden in both scenarios, consistent with ISO
14044 §4.3.4: the wastewater treatment process occurs independently of the GH, system, and the treated
effluent is treated as a secondary resource output of the urban sanitation system with no allocated upstream
impacts.

2.7. Computational LCA Framework: Brightway2 and Premise

The life cycle model was implemented in Brightway?2 [23], an open-source Python-based LCA framework that
allows full programmatic control over foreground activity construction, background database queries, and LCIA
calculations.

The background life cycle inventory database used is ecoinvent 3.10 cut-off [11], accessed via
Brightway2's bw2io import routines. For the two electricity datasets for Magallanes wind and Mejillones solar
PV, the ecoinvent national-average Chilean datasets were not used directly as final inputs; instead, they served
as structural proxies whose impact vectors were rescaled by site-specific correction factors. All other
background processes (electrolyzer components, chemical production, shipping fuels, water treatment) use
ecoinvent 3.10 without modification.

To account for the expected evolution of background supply chains over the operational horizon of the projects,
the Premise library [24] was used to generate a prospective version of the ecoinvent database. Premise
systematically updates electricity mixes, fuel production chains, and industrial process emissions in ecoinvent
according to Integrated Assessment Model (IAM) outputs, enabling the generation of prospective background
databases consistent with decarbonisation scenarios such as IEA Net Zero by 2050. In this study, Premise
was used to prepare a 2020-aligned base version of ecoinvent 3.10 as the primary background database; full
prospective sensitivity analysis against a 2040-horizon scenario is identified as a priority direction for future
work (Section 4).

The foreground model builds 13 activities covering electricity generation, water provision (including SWRO),
electrolysis, CO, supply (biogenic and DAC), nitrogen supply (Haber—-Bosch ASU proxy), methanol and
ammonia synthesis, and maritime shipping for three destination ports. Impact results are computed for six EF
3.1 no-LT midpoint categories across 12 delivered pathways (three destinations x two CO, strategies for
Magallanes, plus two water scenarios for Mejillones), totaling 144 individual LCIA calculations per database
version.

All foreground parameters, proxy choices, and uncertainty flags are documented in Table A.1 (Appendix A).
Results are reported first for the site-specific renewable electricity characterisation, which conditions all
downstream impacts, and then for the full cradle-to-destination-port pathways across six EF 3.1 impact
categories, three destination markets, and four pathway variants.

3. Results and discussion

3.1. Site-specific electricity characterization

The site-specific electricity results confirm that both Chilean project sites offer among the lowest renewable
electricity carbon intensities reported in the literature for their respective technologies (5.84 g CO,eq/kWh for
Magallanes wind and 21.6 g CO,eq/kWh for Mejillones solar PV) driven by exceptional capacity factors and,
in the solar case, by modern high-efficiency modules under Atacama irradiance conditions. These values sit



well below the national-average ecoinvent baselines (9.6 and 80 g CO,eq/kWh respectively) and at the lower
end of comparable ground-mounted and onshore wind LCA studies (Table 3). This gap is not trivial: replacing
the site-specific factors with the national-average proxies would increase the total pathway climate change
result by 15-47% depending on the carrier, confirming that electricity characterization is the primary
methodological sensitivity in electrolysis-based GH, LCA.

Table 3. Site-specific electricity characterization climate change factors, values in gCO,eq/kWh.

Electricity source This study (site-specific)  Ecoinvent CL national avg. Literature range
Magallanes wind (57% CF) 5.84 ~9.6 (35% CF) 4-23.7 [35,36] (onshore wind)
Mejillones solar PV (SAM) 21.6 ~80 (2012 baseline) 41.8-64.2 [[37-39] (utility PV)

3.2. Multi-criteria life cycle results

Figure 2 presents the full multi-criteria results for all four pathway variants delivered to Rotterdam, expressed
across the six EF 3.1 impact categories on independent scales. No single pathway dominates all categories
simultaneously, which is the central finding of this study. The key observations across categories and
destinations are:

= Climate change: MEJ solar ammonia is the lowest-carbon pathway (1.66 kg CO,-eq/kg H,-eq to
Rotterdam), approaching the blue hydrogen benchmark (2.20 kg CO,-eq) even after including full
international shipping. MAG biogenic methanol (3.21 kg CO,-eq) is the best methanol variant. MAG DAC
methanol (5.25 kg CO,-eq) is the worst green pathway but still 1.8x% below grey hydrogen (9.50 kg CO,-
eq). All four variants clear the grey hydrogen benchmark by a factor of 2.7—6.2 regardless of destination.

* Route sensitivity: Shipping distance matters but does not alter pathway rankings. The Kobe-Kansai route
adds 0.58 kg CO,-eq (+35%) to MEJ ammonia and 0.37 kg CO,-eq (+11%) to MAG methanol relative to
Rotterdam, reflecting the longer Pacific crossing and the lower energy density of ammonia as a carrier.

= Particulate matter: MAG biogenic methanol shows a PM burden approximately 10x higher than all other
pathways, traced to forest residue combustion in the biogenic CO, supply chain. This is a genuine physical
result, not a modelling artefact, and represents a conservative upper bound — alternative biogenic CO,
sources such as ethanol fermentation or biogas upgrading would reduce PM by 2—10xx (Section 3.3).

= Water use: MEJ ammonia (0.72 m?® deprivation/kg H,-eq) and MAG DAC methanol (0.58 m?3®) show
comparable water use. MAG biogenic methanol is the most allocation-sensitive result in the dataset:
applying 1ISO 14044 §4.3.4 zero-burden treatment to biomass cultivation water reduces this indicator from
2.32t0 0.13 m®* — a 17-fold difference that underlines the importance of transparent allocation reporting for
biomass-based pathways.

* Land use: MEJ ammonia (124.8 Pt) is 19-36x higher than both methanol pathways (3.5-6.4 Pt), driven
entirely by the PV supply chain of the 600 MW solar field. The 100% SWRO sensitivity scenario adds less
than 0.2 Pt, confirming that water infrastructure has a negligible contribution to land use.

* Fossil resource use: MAG DAC methanol (86.9 MJ/kg H,-eq) is the clear outlier, driven by the energy
intensity of direct air capture. MEJ ammonia (20.4 MJ) and MAG biogenic methanol (44.0 MJ) perform
significantly better. If DAC were powered entirely by co-located Magallanes wind, its fossil resource score
would decrease substantially.

* Minerals and metals: All pathways show similar and relatively low scores (4.2—10 kg Sb-eq/kg H,-eq),
reflecting electrolyzer and turbine material demand. No pathway is strongly differentiated on this indicator.
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Figure 2. Life cycle impact results for four pathway variants delivered to Rotterdam across six EF 3.1 impact
categories. Independent y-axis scales per panel.

The radar chart (Figure 3) four scenarios to capture the most meaningful contrasts: the two Magallanes variants
isolate the effect of CO, sourcing (biogenic versus DAC), Mejillones ammonia to Rotterdam provides a cross-
technology comparison, and Mejillones ammonia to Kobe-Kansai replaces the SWRO sensitivity, which differs
by less than 5% across all categories, to reveal the penalty of the longest shipping distance in the study. The
normalised profiles confirm no pathway is universally optimal: biogenic methanol scores well on climate and
fossil resources but poorly on particulate matter, solar ammonia dominates on land use, and the Kobe-Kansai
profile diverges from Rotterdam only on climate change, confirming that route choice affects carbon intensity
but leaves the remaining impact categories unchanged.
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Figure 3. Normalized multi-criteria environmental profiles for four contrasting export scenarios (0 = best, 100
= worst performer per category). MAG-Bio = MAG biogenic methanol, Rotterdam; MAG-DAC = MAG DAC
methanol, Rotterdam; MEJ-RTM = MEJ solar ammonia, Rotterdam; MEJ-KIX = MEJ solar ammonia, Kobe.



3.3. Climate change

Table 4 summarizes the climate change results for all pathway variants across three destination ports, with
and without the N, sensitivity correction for ammonia. All green pathways achieve climate intensities between
2.7 and 6.2 times lower than grey hydrogen (9.50 kg CO,-eq/kg H»-eq). MAG biogenic methanol (3.21 kg CO,-
eq to Rotterdam) and MEJ solar ammonia (1.66 kg CO,-eq to Rotterdam, or 1.86 with the N, correction)
approach or fall below the blue hydrogen benchmark of 2.20 kg CO,-eq/kg H,-eq even after including full
international shipping, while MAG DAC methanol (5.25 kg CO,-eq) remains well below grey hydrogen but does
not reach that benchmark, reflecting the energy burden of direct air capture at current performance levels.
Route sensitivity is significant for ammonia but does not alter comparative rankings: the Kobe-Kansai route
adds 0.58 kg CO,-eq (+35%) relative to Rotterdam due to the 23,703 km Pacific crossing, whereas the penalty
for MAG methanol variants is smaller (+0.37 kg CO,-eq, +11%) given methanol's higher energy density, and
Los Angeles is consistently the best-performing destination for all pathways.

Table 4. Climate change results (kg CO,-eq/kg H,-eq delivered) by pathway and destination port. Grey and
blue H. listed as benchmarks.

Pathway Los Angeles Rotterdam Kobe/Kansai Rotterdam +N,*
MAG-Biogenic MeOH 3.084 3.212 3.580 3.212
MAG-DAC MeOH 5.126 5.254 5.622 5.254
MEJ Solar NHs (baseline) 1.529 1.663 2.241 1.863
MEJ Solar NHs (100% SWRO) 1.607 1.741 2.319 1.941
Grey H2 (SMR, no CCS) 9.500 —

Blue Hz (SMR + 90% CCS) 2.200 —

*N2/ASU sensitivity correction: +0.20 kg COz-eq/kg Hz-eq applied to NHs pathways only. Conservative lower bound without correction; upper
bound with correction shown as "+N>" column.

Figure 4 presents the stage-level breakdown for the Rotterdam route. The dominant driver differs by pathway.

* For MAG biogenic methanol, the CO, supply chain accounts for approximately 72% of total climate change
impact, confirming that CO, sourcing strategy rather than renewable electricity quality is the primary design
variable for methanol pathways.

* For MAG DAC methanol, DAC CO, supply reaches approximately 83%, a share that would decrease
substantially if DAC were powered by co-located Magallanes wind under a prospective grid scenario.

* For MEJ solar ammonia, electricity dominates at approximately 69% with maritime shipping contributing
30%, making this pathway uniquely sensitive to electricity carbon intensity and uniquely well-positioned
given the 5.84 g CO,-eq/kWh Magallanes wind and 21.6 g CO,-eq/kWh Mejillones PV factors derived in
Section 2.5.

These profiles have direct implications for improvement priorities: methanol exporters gain more from reducing
CO; supply chain impacts than from electrolyzer efficiency gains, while for ammonia exporters electricity
carbon intensity and shipping distance are the two levers that matter most, both already optimized at the
Mejillones site.
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3.4. Water use

Figure 5 shows the underlying physical water inventory. Water use (AWARE, m?® world-equivalent deprivation
per kg H,-eq) is the most methodology-sensitive category in the study: for MAG biogenic methanol, applying
ISO 14044 zero-burden allocation to biomass cultivation water reduces the indicator from 2.32 to
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Figure 5. Physical water inventory per kg H,-eq for the four pathway variants (Rotterdam route). Values shown
for raw water intake, process consumption, and brine discharge. MAG scenarios assume 100% SWRO; MEJ
baseline assumes 15% SWRO / 85% MWWR; MEJ 100% SWRO sensitivity assumes full desalination at 35
L/kg H, following [18].

0.13 m®/kg H,-eq, a 17-fold difference that underlines the importance of transparent allocation reporting, while
under zero-burden allocation MAG DAC methanol (0.58 m?®) and MEJ solar ammonia baseline (0.72 m?) show
comparable deprivation, both driven by SWRO demand. The 100% SWRO sensitivity for Mejillones increases
water deprivation by less than 3% and adds only 0.08 kg CO,-eq (<5%) to climate change, confirming that
water supply strategy is an infrastructure and permitting decision rather than a significant environmental



differentiator, though at full deployment process water requirements in Antofagasta could reach 43 Mm?3/year
[18], making SWRO a regional planning prerequisite independent of its lifecycle score.

3.5. Particulate matter, fossil resource use and minerals

Particulate matter shows the sharpest contrast of all six categories and is driven almost entirely by the CO,
supply chain: MAG biogenic methanol reaches 8.55 x 1077 disease incidence/kg H,-eq, approximately 10x
higher than MAG DAC and MEJ ammonia (8.17 and 8.97 x 1078 respectively), traced to forest residue
combustion, with contribution analysis confirming that 85-90% of total PM originates in the biogenic CO, proxy
process. This is nonetheless a conservative upper bound, as alternative feedstocks such as ethanol
fermentation or biogas upgrading involve no combustion and would reduce PM by 2-10x, making CO,
feedstock selection a dual climate-and-PM design decision. Fossil resource use is dominated by CO, sourcing
strategy, with MAG DAC methanol (86.9 MJ) the clear outlier due to direct air capture energy intensity, while
MEJ solar ammonia (20.4 MJ) benefits from the absence of a carbon capture step. Minerals and metals show
the smallest differentiation across pathways (4.2—10 kg Sb-eq). These categories are reported at midpoint
level using EF 3.1 factors; a natural extension would apply the Cumulative Energy Demand method [40,41],
which disaggregates primary energy by source and enables direct comparison of energy return on investment
across pathways.

4. Conclusions

This paper presents the first multi-impact, cradle-to-destination-port LCA of two real Chilean GH, export
projects under industrial development, addressing three gaps systematically identified in the literature: the
production-gate boundary, reliance on national-average electricity inventories, and restriction of environmental
reporting to climate change alone. Four pathway variants are evaluated against six EF 3.1 impact categories
and three destination markets using site-specific renewable electricity characterization and a fully traceable
Brightway?2 foreground model.

The results confirm the fundamental climate case for Chilean GH, export: all pathways achieve climate
intensities 2.7-6.2 times below grey hydrogen regardless of destination, and MEJ solar ammonia (1.66—1.86
kg CO,-eq/kg H,-eq to Rotterdam) approaches or falls below the blue hydrogen benchmark of 2.20 kg CO,-
eqg/kg H,-eq even after including full international shipping. However, no single pathway dominates across all
six impact categories, and the multi-criteria profile reveals trade-offs invisible to climate-only assessments:
solar ammonia minimizes climate change and fossil resource use but carries the highest land use score, while
biogenic methanol is competitive on climate but exhibits a particulate matter burden 10 times higher than other
pathways, traced to forest residue combustion in the CO, supply chain and sensitive to feedstock selection.

Two findings carry direct regulatory relevance. First, maritime shipping contributes between 11% and 48% of
total carbon footprint depending on route and carrier, a supply chain stage systematically absent from
production-gate assessments: for the Kobe-Kansai route, the total pathway climate change (2.24 kg CO,-eq/kg
H,-eq) approaches the blue hydrogen benchmark, with direct implications for exporters seeking certification
under EU RED Ill, IRA Section 45V, or Japan GIF MRV protocols. Second, site-specific electricity
characterization is the most critical methodological choice in electrolysis-based GH, LCA: national-average
proxies would overestimate pathway climate change by 15-47%, obscuring the genuine environmental
advantage of both Chilean project sites and potentially misclassifying compliant pathways under emerging
thresholds.

CO; sourcing strategy emerges as the primary design variable for methanol pathways, contributing 72—-83%
of total climate change and governing the climate-versus-PM trade-off, while for ammonia pathways electricity
carbon intensity and shipping distance are the two dominant levers, both already optimized at the Mejillones
site. Water supply strategy has a negligible effect on lifecycle scores, though desalination infrastructure
remains a regional planning prerequisite at deployment scale in Antofagasta.

Future work should address four directions: Monte Carlo uncertainty propagation of proxy assumptions;
extension with the Cumulative Energy Demand method to provide a net energy balance perspective relevant
to hydrogen carriers as traded energy products; explicit mapping of results against the quantitative thresholds
of EU RED llI, IRA Section 45V, and Japan GIF MRV protocols; and situating these findings within Chile's
National Green Hydrogen Strategy to identify which pathway variants are best positioned to meet both cost
and multi-criteria environmental requirements as the country pursues top-three global exporter status by 2040.
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Appendix A

Table A.1 presents all primary foreground model parameters with their sources and uncertainty assessments.
All parameters are traceable to project documentation, peer-reviewed literature, or industry standards,

ensuring full reproducibility of the Brightway2 foreground model described in Section 2.7.

Parameter Value Unit Source Uncertainty

Electrolysis energy 43.47 kWh/kg H. HIF/Haru Oni operational KPI Low — actual

MAG 2023 operating data

Electrolysis energy 50.0 kWh/kg H. IEA Global Hydrogen Review Moderate — [EA

MEJ 2023, Table 2.2 (PEM central) range 46-60

MeOH synthesis + 0.50 kWh/kg Ecoinvent LAM methanol Low

distillation MeOH synthesis proxy

NHs synthesis (HB 0.60 kWh/kg NHs IEA Ammonia Technology Low

+ ASU) Roadmap 2021, Table A2

Process water 10.0 L/kg H> Near-stoichiometric: 9.0 L Low

(baseline) theoretical + process losses

Process water 35.0 L/kg H: Carrefio (2023) GIZ PtX Hub Low — mass balance

(100% SWRO, Q1) Chile: 11+22+2 L/kg H> study

MEJ water mix 15% SWRO + 85% — Volta/MAE Phase 1 water Moderate — pre-FID

(baseline) MWWR management plan data

MAG water supply 100% SWRO — HIF/Haru Oni project docs (no Low

MWWR near Cabo Negro)

SWRO recovery 42% kg desal./kg Jones et al. (2018) Chilean Low

factor seawater standard seawater

N2/ASU for HB Not in Premise — — Proxy absent in ecoinvent 3.10 / HIGH — see Section
zero (lower bound) Premise Base2020 3, N2 sensitivity

Biogenic CO: Forest residues + — HIF/Haru Oni sourcing; Moderate —

source flue gas capture Magallanes forest sector feedstock varies

Shipping MeOH Liquid goods tanker — Ecoinvent GLO; Brynolf et al. Low

proxy (2014) J. Clean. Prod. 74

Shipping NHs proxy LNG tanker — Ecoinvent GLO — dedicated Moderate — £15%
(cryogenic proxy) NHs tanker absent from DB

LHV H: 120.1 MlJ/kg ITUPAC thermodynamic N/A

standard
SWRO CO: 2.33 g CO2/kg Ecoinvent seawater Low
intensity factor water ultrafiltration two-stage proxy

MAG = Magallanes; MEJ = Mejillones; HB = Haber-Bosch; ASU = Air Separation Unit; SWRO = Seawater Reverse Osmosis; MWWR =
Municipal Wastewater Reuse; CF = capacity factor.




