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Abstract >> Reliable life cycle inventory (LCl) data are essential for accurate life
cycle assessment (LCA) of emerging hydrogen technologies. For alkaline water
electrolysis (AWE), the scarcity of operational data often leads to reliance on lit-
erature-based datasets with high uncertainty. This study quantitatively eval-
uated the uncertainty of an AWE stack dataset and proposed a correction
approach. Uncertainty was quantified using a combined model of basic and ped-
igree-matrix-based additional uncertainty. The resulting geometric standard de-
viations (GSDs) were implemented in openLCA, and a Monte Carlo simulation
(10,000 iterations) was performed. The mean global warming potential (GWP)
was 0.068 kg CO:eq per kg H2 with a relative standard deviation (RSD) of 27.9%,
indicating “very poor” data quality. Nickel inputs contributed 70.9% of total
variance. To mitigate outlier effects in small samples, the 1-trim rule—excluding
the value farthest from the median in log space—was applied. After adjustment,
the mean GWP increased slightly to 0.073 kg CO2eq, while the RSD improved to
12.1% (fair). The results demonstrate that the 1-trim-based correction is a prac-
tical and transparent method for enhancing the reliability of literature-based LCI
datasets for hydrogen technologies.

Key words : Hydrogen technology($:4 7|&), Life cycle assessment( 2} T 7}, Life
cycle inventory(MItYE &), Uncertainty(82H L), Lognormal distribution
(CHE&MFE L), Geometirc standard deviation(7|stEZHX})
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Table 1. Defalt basic uncertainty (variance ¢,? of the log-
transformed data) based on ecoinvent database system
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Table 2. Default basic uncertainty (variance o,> of the log-
transformed data) based on ecoinvent database system

Situation Calculation input / output group variace(oy’)
n=1 ecoinvnent default basic uncertainty (c,2) demand of
n(z Jz ) thermal energy, electricity, semi-finished
n=2 0, = % products, working material, waste treatment |  0.0006
services
1 & transport services (tkm) 0.12
n>3 Op = \/ n—1 Z In(z; Z In(z;) infrastructures 0.3
i=1 ni=1
resources:
0, = QR inter quartile Range) primary energy carriers, metals, salts 0.0006
nx3 (in the ’ 1.349 Land use, occupation 0.04
presence of Land use, transportmation 0.12
outliers) (2,00 %) .
L pollutants emitted to water:
BOD, COD, DOC, TOC, inorganic compounds 0.04
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individual hydrocarbons, PAH 0.3

Heavy metals 0.65

pollutants emitted to soil:

Oil, hydrocarbon total 0.04
Heavy metals 0.04
pollutants emitted to air:

(6(0] 0.0006
SO2 0.0006
NMVOC total 0.04
NOx, N20 0.04
CH4, NH3 0.04
Individual hydrocarbons 0.12
PM>10 0.04
PM10 0.12
PM2.5 0.3

PAH 0.3

CO, Heavy metals 0.65
inorganic emissions, others 0.04
Radionuclides 0.3

3.2 28 7|dt LCI Hlo[E{e] 7t E&i= B
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Table 3. Pedigree matrix used to assess the data quality of data source, according to ecoinvent databse system

Indicator score

1

2

3

4

5 (default)

Reliability Verified5 data based|Verified data partly |Non-verified data Qualified estimate|Non-qualified estimate
on measurements6 |based on assumptions or|part-ly based on (e.g. by industrial
non-verified data based|qualified estimates |ex-pert)
on measure-ments
Completeness  |Representative data |Representative data |Representative data |Representative data|Representativeness
from all sites relevant|from >50% of the sites|from only some sites|from only one site|unknown or data from
for the market relevant for the market|(<<50%) relevant for|rel-evant for the |a small number of sites
consid-ered, over an |considered, over an |the market considered|market considered|and from shorter periods
ade-quate period to |adequate period to |or >50% of sites but|or some sites but
even out normal even out normal from shorter periods |[from shorter
fluctuations fluc-tuations periods
Temporal Less than 3 years of|Less than 6 years of|Less than 10 years of|Less than 15 years|Age of data unknown or
correlation difference to the time|difference to the time|difference to the time|of difference to the|more than 15 years of
period of the dataset|period of the dataset|period of the dataset|time period of the|difference to the time
dataset period of the da-taset
Geographical  |Data from area under|Average data from |Data from area with |Data fiom area with| Data from unknown or
correlation study larger area in which the|similar production |slightly similar |distinctly different area
area under study is |conditions produc-tion (North America in-stead
included conditions of Middle East,
OECD-Europe instead
of Russia)
Further Data from enterprises,| Data from processes |[Data from processes |[Data on related |Data on related
technological  |processes and and materials under |and materials under |pro-cesses or pro-cesses on laboratory
correlation mate-rials under study|study (i.e. identical |study but from materials scale or from different

technology) but from
different enterprises

differ-ent technology

technology

Table 4. Uncertainty factors (variances of the underlying normal
distributions) used to convert the data quality indicators of
the pedigree matrix in Table 3 into additional uncertainty,
according to ecoinvent database system

Indicator score 1 2 3 4 5
Reliability | 0.000 | 0.0006 | 0.002 | 0.008 | 0.04
Completeness | 0.000 | 0.0001 | 0.0006 | 0.002 | 0.008
Temporal | o 005 | 0.0002 | 0.002 | 0.008 | 0.04
correlation
Geographical | ) 10 | 5 5e5 | 0.0001 | 0.0006 | 0.002
correlation
Further
technological | 0.000 | 0.0006 | 0.008 | 0.04 | 0.12
correlation
relation) 0.2 F-EE ) Hlo]g 9] FAL2 oFAAE
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Table 5. Example of Additional Uncertainty Calculation for
Raw Material A (based on Tables 2-3 and Egs. (1)-(2))
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Table 6. Confidence interval according to log-normal dis-
tribution

Indicator indicator Variarzlce confidence lower boundary upper boundary
Score (Can") Interval
Reliability 4 0.008 68.0% GM - GSD GM x GSD
Completeness 3 0.0006 95.0% GM+ GSD* GMx GSD*
Temporal correlation 1 0.000 99.7% GM=GSD?® GMx GSD*®
Geographical correlation 3 0.0001
Further technological correlation 2 0.0006 SslEe gerdom WA 2 ot
Additional uncertainty(c,?) 0.0093 mEmE o= osle o
Additional uncertainty(GSD) 110124 <7t 22l A 41%] 7+ Kconfidence interval)>-
Table 63} Z+o] 7]8FEHGM)T} 7|5} 2 HZHGSD)
G S R AV AR Table Ssh gy oo

3.3 28 7|gt LCI HIO[Ee| 53t Bt Y

Sz 714 A HE YALe] B9] W A dlo]g]
B Belwl 7|8 2ol 27 Bewo| fow
A A% cﬂo]ag Bap :Laz
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A3 7149l Alkaline Water Electrolyzer (AWE)
28 LCI dlole] 3 Aol g3kt 715 o
O] 224 | kg AARS: ©J5F 22 MW AWE A
L unito.2 Ageigich AAT AAE 92 2 3
E 4 Jl3EE AWE 2819 AAR7LX](cradle to
gate) 22 A3}tk AWE AB1L Table 73} o] 1L
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|

AWE stack % 74 BES FASHE YRAA,
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Table 7. Configuration and lifetime of AWE stack modules

Module Lifetime (year/hour)

Anode unit 10/60 000

Cachode unit 10/60 000

Membrane unit 10/60 000

Cell frame/Bipolar plate 20/120 000

Gascket/sealing unit 20/120 000

End plate/frame unit 20/120 000
AWE stack assembly
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Table 8. Unit process date of AWE stack modules including uncertainty information (per functional unit)

. uncertain 95% confidence interval
module category flow unit M distribution t(}}]SD lower upper
. input nickel plate kg | 4.73E-04 | lognormal |3.35E+00| 4.21E-05 | 5.30E-03
Anode unit - -

output Anode unit unit 1
Ni plated (156 pm) kg | 3.28E-04 | lognormal |3.08E+00| 3.47E-05 | 3.11E-03
. sulfur kg | 1.50E-06 | lognormal |1.25E+00| 9.60E-07 | 2.35E-06
Cathode unit | P Aluminum ke | 9.34E-05 | lognormal | 1.25E+00| 5.97E-05 | 1.46E-04
Carbon monoxide kg | 3.11E-05 | lognormal |1.25E+00| 1.99E-05 | 4.87E-05

output Cathode unit unit 1
Zirconium oxide kg | 1.14E-04 | lognormal |1.14E+00| 8.72E-05 | 1.49E-04
Polyphenelene sulfide kg | 3.66E-05 | lognormal |1.15E+00| 2.79E-05 | 4.82E-05
. input Polysulfones kg | 2.62E-05 | lognormal |1.15E+00| 1.99E-05 | 3.44E-05

Membrane unit -

N-Methyl-2-pyrrolidone kg | 9.55E-05 | lognormal |1.31E+00| 5.59E-05 | 1.63E-04
Water kg | 8.20E-03 | lognormal |1.31E+00| 4.81E-03 | 1.40E-02

output Membrane unit unit 1
Stainless steel kg | 1.24E-04 | lognormal [1.25E+00| 7.92E-05 | 1.94E-04
Polyphenylene sulfide kg | 1.04E-04 | lognormal |[1.25E+00| 6.62E-05 | 1.62E-04
Cell frame/Bipolar | input | Perforated Carbon Steel (anode) | kg | 3.16E-03 | lognormal [1.88E+00| 8.91E-04 | 1.12E-02
plate unit Perforated Carbon Steel (cathode)| kg | 3.16E-03 | lognormal |1.88E+00| 8.91E-04 | 1.12E-02
Nickel kg | 5.07E-04 | lognormal |1.70E+00| 1.75E-04 | 1.47E-03

output Cell frame unit unit 1
Polytetrafluoroethylene kg | 8.09E-06 | lognormal |1.25E+00| 5.17E-06 | 1.27E-05
Graphite kg | 4.46E-05 | lognormal |1.25E+00| 2.85E-05 | 6.98E-05
Acrylonitrile butadiene styrene | kg | 1.66E-05 | lognormal |1.25E+00| 1.06E-05 | 2.60E-05
Lubricating oil kg | 4.98E-08 | lognormal |1.25E+00| 3.18E-08 | 7.79E-08
input Aniline (Aramid fibers) kg | 5.08E-06 | lognormal |1.25E+00| 3.25E-06 | 7.95E-06

Gasket/Sealing unit
asketibealing um Acetic anhydride (Aramid fibers)| kg | 5.60E-06 | lognormal | 1.25E+00| 3.58E-06 | 8.76E-06

Terephthalic acid (Aramid fibers)| kg | 9.13E-06 | lognormal |1.25E+00| 5.84E-06 | 1.43E-05

Nitric acid (Aramid fibers) kg | 3.42E-06 | lognormal |[1.25E+00| 2.19E-06 | 5.35E-06

Hydrochloric acid (Aramid fibers)| kg | 1.35E-05 | lognormal |1.25E+00| 8.63E-06 | 2.11E-05

output Gasket/Sealing unit unit 1
End plate/Frame input Unalloyed steel kg | 6.49E-03 | lognormal |1.22E+00| 4.36E-03 | 9.67E-03
unit Copper kg | 7.35E-05 | lognormal |1.31E+00| 4.31E-05 | 1.26E-04

output Current collector unit unit 1

Anode unit unit 1

Cathode unit unit 1

Membrane unit unit 1

Cell frame/Bipolar plate unit | unit 1

Gasket/Sealing unit unit 1

End plate/Frame unit unit 1
. . Stainless Steel kg | 1.87E-03 | lognormal |1.25E+00| 1.20E-03 | 2.93E-03

Manufacturing of | input -

Stack Steel processing kg | 1.87E-03 | lognormal |1.25E+00| 1.20E-03 | 2.93E-03
Water tank polyethylene kg | 5.83E-06 | lognormal |1.25E+00| 3.73E-06 | 9.12E-06
Plastic processing kg | 5.83E-06 | lognormal |1.25E+00| 3.73E-06 | 9.12E-06

Electricity per manufacturing | kWh | 9.76E-04 | lognormal |1.25E+00| 6.24E-04 | 1.53E-03

Heat (to manufacture of the system)| MJ | 1.09E-02 | lognormal |1.25E+00| 6.99E-03 | 1.71E-02

Steam (to manufacture of the

MJ | 8.71E-05 | lognormal |1.25E+00| 5.57E-05 | 1.36E-04
system)

output AWE stack unit 1

>> a0 A S| =28 HI6H Mo 20254 122



Table 9. Summary of uncertainty levels for each module in
the AWE stack

Range of | Uncertainty

Module Major input unit (GSD) range
Anode unit nickel plate 335 very high
i-pl h
Cathode unit | TV-Patedsheet, o 5 0 | medium-hign
Aluminum
Polyphenylene
sulfide (PPS),

Membrane unit| Polysulfone (PSF), | 1.15~1.31 low
N-methyl-2-pyrroli

done (NMP)
Cell Stainless steel.
frame/Bipolar > 11.25~1.88| medium
Carbon steel
plate
.| Polytetrafluoroethy
GaskevSealing| ") (pTFE), 1.25 low
unit .
Graphite
End plate./ Unalloyed steel, 122~131 low
Frame unit Copper

Manufacturing | Electricity, Heat,

1.2 1
of Stack steam > ow
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ile: 0.050 95% percentile: 0.098 Median: 0.065

sults: 10000 Mean: 0,068 Standard deviation: 0.019 5% percenti

0.040 0492

Fig. 1. Monte Carlo simulation results (10,000 iterations) for
the climate change impact (GWP) of AWE stack production for
the functional unit of 1 kg hydrogen
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Fig. 2. Monte Carlo simulation results (10,000 iterations) by ad-
justed GSD of nickel input for the climate change impact (GWP)
of AWE stack production for the functional unit of 1 kg hydrogen
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