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ABSTRACT

This study evaluated potential uncertainties in calculating well-to-gate greenhouse gas (GHG) emissions for a 10
MW-scale proton exchange membrane (PEM) water electrolysis-based green hydrogen plant under South Korea's clean
hydrogen certification scheme. In particular, the probability of achieving each target tier under the scheme was analyzed
by considering various uncertainties across design, operation, and life cycle assessment (LCA), and key risk factors were
quantitatively identified. Probabilistic LCA based on Monte Carlo simulation revealed that the tier-wise achievement
probabilities for the green hydrogen were 24.15% for Tier 4, 10.35% for Tier 3, 3.11% for Tier 2, and 0% for Tier 1,
confirming clear limitations under current national power grid mix and technology level. Variance-based global sensitivity
analysis (total Sobol index) identified the renewable electricity usage ratio (0.974-0.985) as the dominant factor driving the
absolute variability of the well-to-gate GHG emissions. Conversely, the Risk Score (RS) analysis, which assesses risks near
regulatory boundaries, showed that the the influence of internal stack design parameters, including electrolyte membrane
thickness (RS: 0.0622 to 0.2192) and cathode catalyst loading (RS: 0.0697 to 0.1770), increased significantly as the
certification criteria became stricter (from Tier 4 to Tier 2). Furthermore, even when the renewable electricity usage ratio
was fixed at 100%, the probability of achieving Tier 1 reached only 2%. In this scenario, the stack replacement period was
the primary driver of the overall variance, whereas the exchange current density and stack temperature difference emerged
as the leading drivers determining the success or failure of Tier 1 certification. These findings suggest that while securing
renewable electricity (e.g., through power purchase agreements) is a prerequisite for achieving the entry-level tiers (Tiers
3-4), precise engineering design for overpotential reduction and operational control, coupled with ensuring stack durability,
must be concurrently implemented concurrently to reach the higher grades (Tiers 1-2).
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Fig. 1. System boundaries of the clean hydrogen certification system [4].
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Table 1. Clean hydrogen certification tiers under the Korean certification system [4]
Tier 1 2 3 4
Well-to-Gate greenhouse gas
emissions 0~0.1 0.1~1 1~2 2~4
(kgCO,-eq/kgH,)
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Fig. 2. System boundary of the PEM water
electrolysis—based green hydrogen plant.
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Fig. 3. Process flow diagram (PFD) of PEM water electrolysis—based green hydrogen plant.

Table 2. System design parameters of the base case

Category Parameter Amount Unit
Total system capacity 10 MW
System Number of stacks 10 ea
capacity Number of cells per stack 300 ea
Active area 877 cm’
Operating temperature 80 C
ti .
CO()Il)lilriiig:li Operating pressure 30 bar
Stack temperature gradient 5 C
Faraday efficiency 99 %
. Electro-osmotic drag coefficient 2.5 -
Electro-chemistry )
Membrane thickness 18 mm
Exchange current density 8x10-6 Alem?
Final hydrogen purity 99.97 %
P desi . 8
rocess cesign Chiller outlet temperature 30 C
parameters
Renewable electricity usage ratio 90 %
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Component Material Parameter Amount Unit Ref.
Anode catalyst Iridium Loading 2 mg/cm’ [27]
Cathode catalyst Platinum Loading 1 mg/cm’ [27]

Membrane Perfluorosulfonic acid (PFSA) Thickness 0.018 cm Nafion 117
Anode (porous Thickness 0.03 cm [25]
transport layer, Titanium

PTL) Porosity 0.54 [26]
Anode coating Platinum Thickness 0.001 mm [27]

Cathode (gas Thickness 0.015 cm [25]

diffusion layer, Carbon paper
GDL) Porosity 0.8 [28]

) o Area 1,225 e’ [19]

Bipolar plate Titanium .

Thickness 0.1 cm [19]

Bipolar plate Gold Thickness 0.001 mm [29]

coating
Frame Polytetrafluoroethylene (PTFE) Thickness 0.5 cm [26]
, Area 1,592.5 e’ [26]

End plate Stainless Steel (SS) .

Thickness 2 cm [29]
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Material Dataset name location Reference
DI water Market for water, deionised | water, deionised GLO ecoinvent
Cooling water Market for water, completely softened | water, completely softened RoW ecoinvent
Grid electricity =~ Market for electricity, medium voltage | electricity, medium voltage KR ecoinvent
Zeolite Market for zeolite, powder | zeolite, powder GLO ecoinvent
Iridium Iridium production GLO BAFU
Platinum Market for platinum | platinum GLO ecoinvent
PFSA Polymer electrolyte membrane (Nafion) production RER BAFU
Titanium Market for titanium | titanium GLO ecoinvent
Platinum Market for platinum | platinum GLO ecoinvent
Carbon paper Gas diffusion layer GLO ecoinvent
Titanium Market for titanium | titanium GLO BAFU
Gold Market for gold | gold GLO ecoinvent
PTFE Market for polytetrafluoroethylene | polytetrafluoroethylene GLO ecoinvent
ss Market for selective coat, stainless steel sheet, black chrome | selective GLO ccoinvent

coat, stainless steel sheet, black chrome
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Table 5. List of key parameters and their respective ranges and probability distributions

Category Parameter ;rs(;l?iit:tl:; Range / LCI dataset name Unit
Stack temperature gradient Uniform 4~10 C
Electro-osmotic drag coefficient Kernel 1~5
Exchange current density Triangular 1x10°~1x107¢ A/m?
Process design and Membrane thickness Kernel 0.003~0.02 cm
operation Stack replacement lifetime Triangular 40,000~100,000 hr
Anode catalyst loading Kernel 0.3~3 mg/cm’
Cathode catalyst loading Kernel 0.1~2.5 mg/cm’
Renewable electricity usage ratio Kernel 0~1
Market for electricity, medium
voltage | electricity, medium
voltage | KR (Ecoinvent)
. . . Electricity, medium voltage,
Grid electricity EF Uniform production KR, at grid kg CO,eq/kWh
Environmental (BAFU)
electricity grid mix, KR
(Sphera)
Iridium EF Triangular +30% kg CO,eq/kglr
Platinum EF Triangular +30% kg CO,eq/kgPt
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Fig. 5. Probability of achieving four clean hydrogen certification tiers.

Table 6. Results of variance-based and decision rule—based sensitivity analyses. Note that RS for Tier 1
is excluded as the achievement probability is zero

Tier 4 3 2 1
Parameter Sr RS Sr RS Sr RS Sr
Stack temperature o ) 7 0.0221 9.18E-07 0.0440 9.05E-07 0.0716 9.14E-07

gradient
Electro-osmotic drag , o5p 1 0.0207 2.97E-14 0.0378 2.96E-14 0.0678 2.95E-14
coefficient
Exchange current 0.0002 0.0374 0.0002 0.0591 0.0002 0.0791 0.0002
density
Membrane thickness ~ 0.0047 0.0622 0.0048 0.1223 0.0048 0.2192 0.0048
Stack replacement
P 1.54E-07 0.0270 1.56E-07 0.0249 1.56E-07 0.0461 1.55E-07
lifetime
Anode catalyst 5.37E-08 0.0233 5.36E-08 0.0325 5.40E-08 0.0535 5.33E-08
loading
Cathode catalyst 3.05E-08 0.0697 3.10E-08 0.1262 3.06E-08 0.1770 3.04E-08
loading
Renewable
electricity usage 0.9742 0.9697 0.9834 0.9651 0.9846 0.9668 0.9803
ratio
Grid electricity EF 0.0248 0.1020 0.0249 0.1372 0.0250 0.1618 0.0250
Iridium EF 8.14E-09 0.0119 8.13E-09 0.0324 8.21E-09 0.0380 8.12E-09
Platinum EF 6.60E-09 0.0274 6.65E-09 0.0306 6.60E-09 0.0237 6.56E-09
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Ate] A LE Ho} 4= AFY(RS-2025-02308870, RS- Y: Model Output
2022-NR06872). xi: Individual Input Parameter

o # 7= &89

BoP: Balance of Plant

LCA: Life Cycle Assessment

PEM: Proton Exchange Membrane
GWP: Global Warming Potential
LCI: Life Cycle Inventory

LCIA: Life Cycle Impact Assessment
PPA: Power Purchase Agreement
GSA: Global Sensitivity Analysis
MC: Monte Carlo

RS: Risk Score

S1(Smr): Total Sobol Index

PTL: Porous Transport Layer

GDL: Gas Diffusion Layer

TSA: Temperature Swing Adsorption
EF: Emission Factor

PFSA: Perfluorosulfonic Acid

PTFE: Polytetrafluoroethylene

SS: Stainless Steel

Pz System Total Power

Veer: Cell Voltage

i: Operating Current Density

Acar: Cell Active Area

Neeus: Number of Cells

V,ev: Reversible Voltage

Vier: Activation Overpotential

Vorm: Ohmic Overpotential

np2: Hydrogen Generation Rate

kp: Key parameter

effr: Faraday Efficiency

Z: Number of Electrons Transferred
F: Faraday Constant

Qgen: Generated Thermal Load
Meooling: Cooling Water Flow Rate
Cywaer: Specific Heat Capacity of Water
AT, Stack Temperature Gradient
Myrag: Electro-osmotic Drag Water Flow Rate

ng. Electro-osmotic Drag Coefficient
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2~: Complementary Parameter Set

P(x; | Success): Conditional Probability Density Function
for Success

P(x; | Faliure): Conditional Probability Density Function

for Failure
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