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Abstract

Green hydrogen from solar-powered alkaline water electrolysis (AWE) is pivotal for sustainable energy systems, yet
long-term performance predictions often neglect component degradation, leading to overly optimistic feasibility
assessments. This paper quantifies the system-level impact of AWE degradation on the lifetime performance of a
standalone PV-battery-electrolyzer system. A comprehensive dynamic model was developed, integrating a novel,
physics-informed material degradation mechanism based on bubble-induced mechanical stress with coupled sub-
models for power generation, storage, and hydrogen production. Comparative "Beginning of Life" (BOL) and 5-year
"End of Life" (EOL) simulations were conducted. The results demonstrate that accumulated degradation causes a
significant voltage penalty, increasing the AWE cell voltage from 2.0 V to 3.3 V for a 150 W input. In the power-
controlled system, this leads to a 41.5% reduction in daily hydrogen throughput. Consequently, the overall solar-to-
hydrogen (STH) efficiency collapses from 7.9% at BOL to 4.6% at EOL, an absolute loss of 3.3 percentage points.
This study concludes that neglecting AWE degradation leads to a gross overestimation of lifetime productivity,
highlighting the necessity of including dynamic aging models in the techno-economic analysis of green hydrogen
infrastructure.
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1. Introduction

The global drive toward decarbonization has placed renewable energy and sustainable technologies at the center of
energy transition strategies. Among the various clean energy carriers, green hydrogen has emerged as a pivotal
solution due to its capacity to decouple energy generation from fossil fuels, thereby reducing greenhouse gas emissions
while supporting diverse applications across sectors. Hydrogen produced via renewable-powered electrolysis can
serve as a clean fuel for transportation, as a reducing agent in industrial processes such as steel and ammonia
production, and as a medium for long-term energy storage that complements the intermittency of solar and wind
power. These attributes make hydrogen a cornerstone of emerging low-carbon economies and a critical enabler of
sustainable development.
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In this context, the Kingdom of Saudi Arabia (KSA) has made substantial commitments to renewable energy
deployment, most notably through the NEOM project, which seeks to become a global hub for innovation,
sustainability, and green energy (Aljohani et al., 2023). NEOM’s unique climatic conditions, characterized by high
annual solar radiation (12.54 GJ/m?), moderate wind speeds (15.68 km/h), and favorable temperature ranges (1638
°C), provide exceptional potential for renewable energy utilization. Studies demonstrate that solar resources in this
region can be harnessed not only for electricity production but also for advanced applications including seawater
desalination, cooling, and, most importantly, green hydrogen production at rates of 41-47 mol/day/m? (Aljohani et
al., 2023). These conditions position NEOM as a leading testbed for large-scale hydrogen initiatives, reflecting broader
global efforts to establish sustainable hydrogen economies.

At the technological level, solar-driven electrolysis has been extensively studied as a pathway for cost-effective green
hydrogen generation. The integration of photovoltaic (PV) systems with advanced maximum power point tracking
(MPPT) controllers and alkaline electrolyzers offers a promising route to maximize energy conversion efficiency and
system reliability. Recent modeling studies have highlighted the strong dependence of system performance on solar
irradiance variability, underscoring the importance of addressing seasonal fluctuations in hydrogen yield and the need
for effective buffering strategies, such as battery storage, to stabilize output (Abdelmeguid et al., 2023; S.
AbdelMeguid et al., 2023). These findings emphasize that while the potential of renewable-based hydrogen production
is significant, system-level challenges—particularly those related to electrolyzer performance and degradation under
variable operating conditions—must be quantitatively assessed to ensure long-term viability and scalability..

1.1 Objectives

The primary goal of this research is to quantify the system-level consequences of material degradation within a
standalone, solar-powered alkaline water electrolyzer (AWE) system. To achieve this, the following specific
objectives were established:

1. To develop a comprehensive, dynamic system model that integrates a physics-informed material degradation
mechanism for the AWE with coupled sub-models for PV power generation, battery storage, and power
management.

2. To simulate and compare the system's performance under two distinct scenarios: an ideal 'Beginning of Life'
(BOL) state with no degradation, and an aged 'End of Life' (EOL) state after a multi-year operational period
with accumulated degradation.

3. To quantify the specific performance losses in the AWE stack attributable to material degradation, including
the emergent voltage penalty, the resultant decrease in operating current, and the subsequent reduction in the
daily hydrogen production rate.

4. To determine the overall impact on the end-to-end system efficiency by evaluating the absolute reduction in
the solar-to-hydrogen (STH) efficiency, thereby demonstrating the necessity of including lifetime
performance dynamics in the techno-economic assessment of green hydrogen projects.

2. Literature Review

Alkaline water electrolysis (AWE) remains one of the most mature and commercially relevant technologies for large-
scale green hydrogen production due to its robust design, relatively low cost, and independence from scarce noble
metals. The process involves the hydrogen evolution reaction (HER) at the cathode and the oxygen evolution reaction
(OER) at the anode, with degradation primarily linked to the sluggish kinetics of OER and the long-term stability of
electrode materials (Tiiysiiz, 2023). Structural modifications, phase transformations, and interactions between
catalysts and reaction intermediates are known to accelerate degradation, underscoring the importance of durable
transition-metal-based electrocatalysts to enhance system longevity and efficiency (Tiiysiiz, 2023).

Several reviews emphasize that despite its maturity, AWE faces fundamental challenges that hinder its scalability to
gigawatt-scale plants. These include electrode degradation, electrolyte and bubble transport inefficiencies, and the
need for improved diaphragm or membrane optimization. Addressing these factors is critical for enhancing energy
efficiency, reducing capital expenditure, and ensuring dynamic adaptability to intermittent renewable energy sources
(Dubouis et al., 2024). Moreover, frequent shutdowns exacerbate degradation by inducing reverse currents and gas
crossover, highlighting the importance of improved electrode coatings, thinner diaphragms, and advanced zero-gap
designs to operate at higher current densities while maintaining durability (de Groot, 2023).
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From a commercialization perspective, achieving stable operation under high current densities while ensuring safety
and reliability is essential for market viability. Research identifies stability and safety as critical barriers to large-scale
deployment, emphasizing the need for breakthroughs in electrode design and system integration to support future
hydrogen economies (Kwon et al., 2023). In parallel, electrode material degradation, particularly at the cathode, has
been systematically investigated. Iron-based materials are emerging as cost-effective and stable alternatives, whereas
nickel-based electrodes, though widely used, suffer from deterioration under prolonged operation. This highlights the
importance of improved material characterization and realistic durability testing beyond conventional thermodynamic
predictions such as E-pH diagrams (Esfandiari et al., 2024).

The durability of alkaline water electrolyzers (AWESs) is strongly constrained by electrode degradation under dynamic
operating conditions, particularly during frequent start-up and shut-down cycles. Reverse current phenomena have
been identified as a critical driver of performance loss, with contrasting effects at the electrodes. At the anode, reverse
polarization often enhances oxygen evolution reaction (OER) activity through the formation of NiIOOH/Ni(OH)-
species, whereas the cathode suffers severe degradation due to the irreversible oxidation of metallic Ni to Ni(OH)z-,
leading to reduced hydrogen evolution reaction (HER) activity, conductivity loss, and strain-induced mechanical
failure (Wang et al., 2024). Complementary work confirmed that reverse current induces irreversible phase
transformations that shorten electrode lifespan, but demonstrated that interrupting ion transfer by lowering electrolyte
conductivity during shut-down can effectively mitigate degradation, offering a practical route for enhancing stack
durability in renewable-integrated systems (Im et al., 2024).

Start/stop cycling further accelerates degradation in liquid alkaline water electrolyzers (LAWESs), particularly
damaging bipolar plates and electrodes under reverse current conditions. Laboratory-scale investigations have shown
that while start/stop strategies can partially replicate these effects, the extrapolation to industrial stacks remains
uncertain, underscoring the need for improved understanding of scale-dependent degradation processes (Maurya et
al., 2024). Catalyst layer degradation during shut-down is another major limitation, with conventional uncatalyzed Ni
anodes exhibiting poor reverse-current tolerance and mechanical instability. This highlights the necessity of
developing reverse-current-tolerant catalyst layers tailored for fluctuating renewable energy inputs to maintain high
efficiency and extend electrolyzer lifetime (Lindquist, 2024).

In industrial-scale AWEs, iron electrodeposition has been identified as a dominant degradation pathway, reducing
HER activity and increasing ohmic overpotential by altering membrane porosity and electrode surfaces. A validated
multiphysics model confirmed the significance of this mechanism, showing strong agreement with experimental data
(£3%) and enabling the coupling of degradation effects with economic analysis. The findings emphasize that
operational strategies minimizing iron contamination and deposition are essential for sustaining long-term efficiency
and cost-effectiveness in large-scale hydrogen production (Huang et al., 2024).

Beyond these electrochemical pathways, material design significantly influences degradation resistance. Recent
studies on electrodeposited nickel electrodes have highlighted the role of morphology in mitigating corrosion. Bulk
and mesoporous (MP) nickel electrodes exposed to alkaline electrolysis showed improved stability under magnetic
fields, attributed to reduced gas bubble adhesion and stabilization of the hydroxide layer. Notably, mesoporous Ni
electrodes exhibited markedly less structural damage, owing to their high density of active sites and inherent porosity,
which minimized bubble-induced stress and surface deterioration. While large-scale application of magnetic field-
assisted electrolysis poses economic and technical challenges, the use of mesoporous nickel electrodes offers a
promising pathway to enhance durability and efficiency in AWEs (Farmani et al., 2025).

The integration of alkaline water electrolyzers (AWEs) with renewable energy systems necessitates robust dynamic
performance to accommodate fluctuating inputs. At the pilot scale, a 25 kW AWE demonstrated rapid ramp-up times,
achieving optimal system efficiency of 64% at 52 A stack current, with hydrogen flow rate exhibiting exponential
dependence on current. These results underscore the potential of AWEs for renewable-powered applications, though
techno-economic analysis revealed relatively high levelized cost of hydrogen (LCOH), highlighting the need for
further cost optimization (Bora, 2025). At the industrial scale, experimental studies on a 250 kW system revealed
complex response characteristics during start-stop and variable load operations across seconds to hours, with
performance strongly influenced by transient current, voltage, temperature, and gas crossover dynamics. The findings
provide essential guidelines for designing control strategies that enhance operational stability under intermittent
renewable supply (Gu et al., 2023).
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Complementary modeling studies have advanced the predictive understanding of dynamic AWE operation. A detailed
model incorporating cell voltage, electrolyte concentration, temperature, and gas purity achieved high accuracy for
laboratory systems, but its predictive capacity diminished for industrial stacks exceeding 1 m? active area due to
limitations in the assumption of perfectly mixed half-cells. Improved models incorporating height-dependent gas
fraction distributions are therefore critical for capturing large-scale performance under dynamic renewable coupling
(Turek et al., 2024). Parallel analyses of safety and efficiency challenges emphasize that renewable-driven wide-range
operation can compromise gas purity, power regulation flexibility, and long-term efficiency. Addressing these issues
requires mechanism-based approaches to identify degradation pathways and operational limits, as well as improved
design strategies for enhanced system reliability (Haoran et al., 2024).

In summary, the durability of alkaline water electrolyzers is constrained by electrochemical degradation mechanisms
such as reverse current-induced Ni oxidation, contamination-driven electrodeposition, and mechanical stress from
bubble formation, which collectively impair efficiency and reliability. Recent advances—including reverse-current
mitigation strategies, improved dynamic operation models, and the development of mesoporous Ni electrodes—
demonstrate promising pathways to enhance stability and efficiency. However, scaling these solutions to industrial
systems remains a key challenge, requiring integrated approaches that couple material innovation with optimized
operational control for reliable renewable-powered hydrogen production.

2.1 Research Question

This study seeks to investigate the extent to which progressive material degradation in alkaline water electrolyzers
influences the long-term operational performance of standalone, PV driven green hydrogen systems. Specifically, the
analysis focuses on quantifying how electrode and component degradation mechanisms affect two critical
performance indicators: the daily hydrogen production rate and the overall solar-to-hydrogen (STH) efficiency.

2.2 Research Gap

Despite extensive advancements in AWE, several gaps remain in understanding and addressing degradation
mechanisms, dynamic operation under renewable intermittency, and long-term integration with PV-driven systems.
Table 1 summarizes the critical research gaps identified.

Table 1. Summary of Research Gaps in Alkaline Water Electrolyzer Durability, Dynamic Operation, and PV-
Integrated Green Hydrogen Systems.

Area Current Understanding Identified Gap Implication
Degradation Reverse current during start/stop | Lack of quantitative link | Limits predictive
& Durability cycles causes severe cathode | between progressive | durability models and

oxidation and electrode failure; | material degradation and | techno-economic
mesoporous Ni electrodes improve | hydrogen output/efficiency | optimization.
resilience (Huang et al., 2024; Im et | over long-term operation.
al., 2024; Lindquist, 2024; Maurya et
al., 2024; Wang et al., 2024)
Dynamic Pilot-scale studies (25 kW and 250 | Insufficient models for | Uncertainty in system
Operation kW) demonstrate rapid ramp-up and | scaling dynamic behavior | design and  control
variable load response (Bora, 2025; | to industrial stacks, | strategies  for  grid-
Gu et al., 2023). especially under fluctuating | independent operation.
renewable input.
System Models highlight efficiency and gas | Limited experimental | Knowledge gap hampers
Integration purity challenges during part-load | validation of AWE | reliable PV-AWE
with operation and safety risks from | behavior in real standalone | coupling for
Renewables impurity accumulation ([22], [26]). | PV-powered systems with | decentralized hydrogen
daily/seasonal solar | production.
variability.
Materials & Research suggests reverse-current | Lack of scalable, cost- | Constrains
Catalysts tolerant catalysts and mesoporous | effective electrode | commercialization  and
structures improve durability | materials validated under | large-scale deployment.
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(Farmani et al., 2025; Lindquist, | industrial cycling and harsh

2024) environments.
Techno- LCOH for pilot plants remains high; | Absence of integrated | Prevents accurate
Economic economic models consider efficiency | degradation—performance— | assessment of system
Analysis but rarely incorporate degradation | cost models linking | viability over 10-20 year

effects (Bora, 2025; Huang et al., | material aging with | lifetimes.

2024) hydrogen cost projections.

3. System Modeling and Methodology

To quantify the long-term performance of a standalone green hydrogen system, a comprehensive dynamic simulation
model was developed in MATLAB. This model integrates the interdependent behaviors of each key subsystem: solar
energy conversion, power management and storage, and hydrogen generation via alkaline water electrolysis. This
section details the architecture of the simulated system and the mathematical models governing each component..

3.1 System Architecture
The simulated system, depicted in Figure 1, represents a typical off-grid green hydrogen production facility. It
comprises four primary subsystems:
e A Photovoltaic Panel: Captures solar irradiance and converts it into DC electrical power.
e A Maximum Power Point Tracking (MPPT) Controller: Manages the flow of energy, optimizing power
extraction from the PV panel and directing it to the load or battery.
e A Battery Storage System: Acts as an energy buffer, storing surplus solar energy for later use and supplying
power during periods of low irradiance to maintain stable operation of the electrolyzer.

e An Alkaline Water Electrolyzer Stack: The primary load, which consumes DC power to produce hydrogen
gas through the electrolysis of an aqueous alkaline solution.
The model simulates the dynamic response of this integrated system to a time-varying environmental profile of solar
irradiance and ambient temperature, with a temporal resolution of 60 seconds.

3.5 m> PV Panel

with Tracker Sun
e Alakaine
EIe(cI::?il)yzer
+ve Controller 2 p &t
. ‘ ;;: 1. 4‘:- H, 0,
of S Tank Tank
I ! =Ve -Ve
AWE Stack, 3 cells
+ - 4
12V, 200Ah
Battery 4
Filter D.C. Pump

Figure 1. The system diagram of a standalone, off-grid solar-to-hydrogen production unit

3.2. Integrated Mathematical Models
The system is described by a set of coupled differential and algebraic equations.
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PV Panel Electrical Model
The power output of the PV panel (P_pv) is modeled using the single-diode equivalent circuit approach. The
current-voltage (I-V) characteristic is given by:

V. +I1 R V +1 R
_ pv py LS pv pvis
”’[P[—VHR— ()

t

where:
Ly, Vpy: Output current and voltage of the panel.
L,;: Photocurrent, proportional to solar irradiance G.

G
Iph = []sc,nf + Ki (Tce// - Tn,)]G_
ref
Iy: Diode reverse saturation current, strongly dependent on cell temperature.
R,, Ry: Series and shunt resistances.
n: Diode ideality factor.
Vi = kT ei/q: Thermal voltage.

The MPPT controller continuously adjusts /,, and ¥}, to maximize the output power. P

pv = va x [pv
PV Panel Thermal Model
The cell temperature T is crucial for accuracy and is determined by a thermal energy balance:
dr.,
mc]l 7” = A]lvl (Ta) - f)pv - UL Apv (7-;'1’[1 - T:zmh ) (2)

where:

mcp: Thermal mass of the panel.

A,y: Panel area.

ra: Effective transmittance-absorptance product.
UL: Overall heat loss coefficient, often modeled as a function of wind speed V,ina.

Battery Model
The State of Charge (SOC) is modeled using coulomb counting, which integrates the battery current (/pa):

1
S0C(1) =50C(,) - || %(T)dr (3)
0 bat
where:
Cpar: Nominal battery capacity.
Ia: Battery current (positive for discharging, negative for charging).

Mhar: Coulombic efficiency (different for charging and discharging).
Power Management Logic (MPPT Controller)

=V

cell

x [

elec *

The controller dictates the power flow. The electrolyzer power demand is P,

lec

=14, —1, (Battery charges).
If B, > P, and SOC=100% : P, is curtailed to match P, (or P,
andSOC >SOC, : 1, =14, —1,, (Battery discharges).

VB, <P
If P, <P, andSOC<SOC,;, :P,, isreduced or the system shuts down, /.. =0.

elec bat

If P, > P,.and SOC <100% :1,

is increased if possible).

lec
“)
elec bat
elec > Telec
Alkaline Electrolyzer (AWE) Stack Model

This is a multi-physics model based on the work of (Farmani et al., 2025; Hu et al., 2022). The total voltage across a
single cell V. is the sum of the reversible potential and various overpotentials:
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Ver (> Taer) =V oo Ttaess PY Vet o (o Taer) + Vet 5 L) + Vo (5 T ) ©)
Reversible Voltage (V.y): The minimum thermodynamic voltage required.
0.5
RT, ay a
Vrev — V,SV + stack In H, "0, (6)
2F Ay o
Activation Overpotential (V,.): Energy barrier for the electrochemical reactions, modeled using the Butler-Volmer
equation, often simplified to the Tafel equation at higher current densities (J = 1, /4, ).
RT,
Vi =—2%sinh™ ; ~a, +b, log L (7
T aunF 2jp(I-a,) l-a,

where k denotes anode (a) or cathode (c), jyis the exchange current density, and the term (1-c) accounts for the
reduction in effective electrode area due to gas bubbles (void fraction).
Ohmic Overpotential (Voi,): Voltage drop due to resistance in the electrodes, electrolyte, and diaphragm. This is where
degradation has a major impact.

V

ohm

=J-(R

The void fraction ¢, represents the volume fraction of gas bubbles in the electrolyte channels. It directly impacts both
activation and ohmic overpotentials. We adapt the bubble coverage rate model from (Hu et al., 2022). as a proxy

for o
T P
a, =0.023-J% [—T”f J(#J ©)
stack

This semi-empirical model captures the key dependencies: ¢, increases with current density J but decreases with
higher stack temperature 7. and operating pressure P.
The dynamic stack temperature is governed by a lumped-parameter energy balance:

dT, . . .
Cth,.\'tavk T[:Ck = Qgen - Q/u.\'s - Qr(’act (10)

elec ion

+ Ry + Ry R (0 )+ Ry (1)) ®)

Heat Generation (Q, ): Primarily from overpotentials.

gen

Qgen = Ncel/s .]elec : (Vcell - Vm) (1 1)
where V;, is the thermoneutral voltage.
Heat Loss (0, ): Convective and radiative losses to the environment.

Ot = " aex s = o) (12)
Heat Removed by Reactants/Products (©Q___): Enthalpy change of the flowing water, Hz, and O: streams.
Material Degradation Model

The novel contribution of this work lies in the integration of a dynamic material degradation model. Based on the
findings of (Farmani et al., 2025)., which identify bubble-induced mechanical stress as a primary driver of degradation
in Ni-based alkaline electrodes, we model degradation as a progressive increase in the cell's ohmic resistance (Reg).
The rate of this increase is a function of the primary operational stressors: current density (J), bubble void fraction
(ag:), and stack temperature (7cx). The degradation rate is expressed as:

dR E
Le _k ~J”-(ag)”’-exp[— “*"%’j (13)

dr RT

stack
where kg, is the intrinsic degradation rate constant, n and m are exponents defining the sensitivity to current density
and void fraction respectively, and £, 4 is the activation energy for the degradation processes. This rate is integrated
over the simulation time to yield the total accumulated degradation resistance, Raeg(?), which directly impacts the
ohmic overpotential as shown in Eq (8).

3.3 Simulation and Analysis Framework

To quantify the impact of degradation, a comparative study was performed. First, a "Beginning of Life" (BOL)
simulation was conducted over a 48-hour period with the degradation model disabled (k4. = 0). Second, an "End of
Life" (EOL) simulation was run for a 5-year period with the full degradation model enabled. The performance on the
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final day of the EOL simulation was then directly compared against the BOL results to isolate and quantify the long-
term performance losses. Key system parameters for the simulation are listed in Table 2

Table 2. Key Parameters for the Integrated Green Hydrogen System Simulation.

Category Parameter Symbol | Value Units
PV Panel Panel Area Apy 3.5 m?
Reference Short-Circuit Current | Ly rer 6.1 A
Reference Open-Circuit Voltage | Voerer 22.5 \
Temperature Coeff. of [ sc K; 0.0032 A/K
Diode Ideality Factor n 1.3 -
Series Resistance R, 0.221 Q
Shunt Resistance R 415 Q
Heat Loss Coefficient UL 20 W/(m?-K)
Battery Nominal Capacity Chom 200 Ah
Nominal Voltage Viom 12 \
Charging Efficiency Neh 95% -
Discharging Efficiency dch 90% -
Minimum State of Charge S50Chin 20% -
Maximum State of Charge S0Chmax | 90% -
AWE Stack Number of Cells Neells 3 -
Nominal Operating Power Prominal 150 w
Electrode Area per Cell Aclec 0.04 m?
Initial Ohmic Resistance Ropm,initiar | 0.003 Q-m?
Thermal Mass Cu 5000 JK
Heat Loss Coefficient Rioss 4 W/(m?-K)
Degradation Model | Rate Constant Kdeg 1.0 x 1072 | (units vary)!
Current Density Exponent n 1.5 -
Void Fraction Exponent m 1.0 -
Activation Energy Eodeo 20,000 J/mol

' Units for k_deg are complex, e.g., (Qm?)/s - (A/m?)™.

3.4 Performance Evaluation Metrics

To provide a comprehensive and quantitative assessment of the system's performance and the impact of degradation,
several Key Performance Indicators (KPIs) were defined and calculated throughout the simulation. These metrics
evaluate the performance at the component, subsystem, and overall system levels.

Daily Hydrogen Production
The primary measure of the system's output is the total mass of hydrogen produced over a 24-hour operational cycle.
It is calculated by integrating the instantaneous hydrogen production rate ( 71,,, ) over the duration of one day:

day _end

Moy = [ o0 1o (Ot (14)

Where 1, 1s derived from the electrolyzer current via Faraday's Law. This metric directly reflects the system's
throughput and is a key indicator of performance loss due to degradation.

Electrolyzer Electrical Efficiency
The electrical efficiency, or Voltaic efficiency (7,,. ), of the AWE stack quantifies how effectively the consumed

electrical energy is used for the water-splitting reaction, compared to the minimum theoretical energy required. It is
defined as:

|14
Metee (£) = ——— (15)
: V:?ell (t)
Solar-to-Hydrogen (STH) Efficiency

The Solar-to-Hydrogen (STH) efficiency is the ultimate "sunlight-to-fuel" metric for the entire system. It represents
the ratio of the chemical energy stored in all the hydrogen produced up to a given time (t) to the total solar energy that
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has impinged on the PV panel area over the same period. It is calculated using the Lower Heating Value of hydrogen
(LH VHQ)Z

H2,accum (t) X LHVHZ
t
jo G(1)- 4, -dr

where mu, aceum(t) 1s the cumulative mass of hydrogen produced, G(7) is the instantaneous solar irradiance,. This KPI
holistically accounts for all losses in the system, from PV conversion and power electronics to battery round-trip losses

and electrolyzer inefficiencies. The average operational STH efficiency over a single day is used for comparing BOL
and EOL performance.

m
Nspy (1) = (16)

Voltage Penalty and Current Drop
To specifically isolate the electrical impact of degradation, two differential metrics are defined by comparing the
performance on the final day of the End of Life (EOL) simulation to the Beginning of Life (BOL) baseline:
Voltage Penalty (AV ): The increase in the peak operating cell voltage at EOL compared to BOL. This directly
quantifies the impact of the accumulated degradation resistance (Reg)-

AV = szl, peak EOL Vuell, peak,BOL (17)
Current Drop ( Al,, ): The percentage reduction in the peak operating current at EOL compared to BOL, which occurs
as a consequence of the voltage penalty in the power-controlled system.

1 .
AI% _ {1 _ awe, peak ,EOL JX 100% (18)

awe, peak ,BOL

Together, these metrics provide a clear picture of the electrochemical performance decay of the AWE stack.

5. Results and Discussion
The dynamic simulation model was executed for both the Beginning of Life (BOL) and the 5-year End of Life (EOL)

scenarios to quantify the performance impacts of AWE degradation. This section presents and discusses the key
findings, beginning with the environmental inputs that drive the system's operation.

5.1 Environmental Operating Conditions

The performance of the solar-powered system is fundamentally dictated by the diurnal patterns of solar irradiance and
ambient temperature. Figure 2 illustrates the standardized 24-hour environmental profile used for each day of the
simulation to ensure a consistent basis for comparison between the BOL and EOL states.

w
&

30

Irradiance(W/m?)

Ambient Temperature (°C)

00:00 06:00 12:00 18:00 24:00 30:00 36:00 42:00 48:00

Time (hours)

Figure 2. Diurnal Profile of Solar Irradiance and Ambient Temperature.

The solar irradiance profile begins at 06:30, peaks at 1000 W/m? at noon, and declines to zero by 18:00, yielding a
total daily insolation of 7.8 kWh/m? under clear sky conditions. The ambient temperature follows a sinusoidal pattern,
ranging from a nocturnal minimum of 25.0 °C to a diurnal maximum of 35.0 °C in the late afternoon. These controlled
daily inputs—irradiance and temperature—ensure that performance variations between the BOL and EOL electrolyzer
scenarios arise exclusively from material degradation effects.

5.2 System Power Management and Energy Flow

The MPPT controller and battery storage system are responsible for mediating the variable solar power generation to
provide a stable input to the electrolyzer. Figure 3 details the dynamic power flows between the PV panel, battery,
and AWE load over a 48-hour period, demonstrating the controller's energy management strategy.
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Figure 3. System Power Flow Dynamics

The simulation results demonstrate the effectiveness of the hybrid PV-battery power management strategy in ensuring
continuous operation of the alkaline water electrolyzer (AWE) at its nominal demand of 150 W. During the night
period (00:00-06:00), when no solar energy is available, the battery exclusively supplies the electrolyzer, discharging
at a nearly constant rate of 150 W. As sunrise begins (06:30-07:30), PV generation gradually increases but remains
insufficient to meet the electrolyzer demand; thus, the battery compensates for the shortfall, with the maximum deficit
recorded at —30.6 W at 17:00.

Once solar irradiance reaches higher levels (07:30—15:30), PV output exceeds the electrolyzer demand, and the excess
power is directed to battery charging. The charging rate peaks at 332.2 W at noon, ensuring rapid recovery of the
battery’s state of charge. By 15:30-16:30, the battery becomes fully charged, and any additional PV generation that
cannot be utilized is curtailed, as illustrated by the case where PV output of 289.5 W led to —139.5 W being curtailed.
This curtailment highlights the limitation of the system in handling surplus energy once storage reaches capacity.

5.3 Impact of Degradation on AWE Performance and Throughput

The core of this investigation is to quantify the performance decay of the AWE stack resulting from long-term material
degradation. By directly comparing the operational data from the Beginning of Life (BOL) and End of Life (EOL)
scenarios under identical power inputs, the specific impacts on voltage, current, internal dynamics, and hydrogen
production are isolated. Figure 4 presents this comparative analysis.
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Figure 4. Comparative AWE Performance at BOL vs. EOL. (a) Operating current, (b) Cell voltage, (c) Stack
temperature, (d) Bubble void fraction, (e) Instantaneous H2 production rate, and (f) Cumulative H, production.

The simulation results reveal a significant cascade of performance degradation. As shown in Figure 4(b), the aged
electrolyzer (EOL) exhibits a substantial voltage penalty, consistently operating at a cell voltage of approximately 3.3
V, compared to the 2.0 V of the new electrolyzer (BOL) for the same 150 W power input. This increased internal
resistance is the primary manifestation of the accumulated material degradation.

This voltage penalty directly impacts the operational current, as the system is power-controlled. Figure 4(a)
demonstrates that the EOL stack draws a significantly lower current (peak 15.1 A) compared to the BOL stack
(peak 25.5 A), representing a current drop of approximately 41%. This reduction in current has a direct and detrimental
effect on the electrolyzer's primary function. According to Faraday's Law, the hydrogen production rate is proportional
to current, and this is clearly observed in Figure 4(e). The EOL system's H. production rate is reduced to
approximately 0.4 g/hr, a stark decrease from the 0.7 g/hr achieved by the BOL system.

The degradation also has thermal consequences. The higher voltage at EOL leads to greater resistive heating, causing
the stack to operate at a significantly higher temperature (peak ~76 °C) compared to the BOL stack (peak ~53 °C), as
seen in Figure 4(c). This higher temperature, in turn, affects the two-phase flow dynamics, resulting in a lower bubble
void fraction at EOL (~47%) versus BOL (~60%), as shown in Figure 4(d).

Ultimately, the most critical impact is on the total system output. Figure 4(f) illustrates the cumulative hydrogen
production over the 48-hour period. The BOL system produced approximately 125.6 g of hydrogen, whereas the
degraded EOL system produced only 73.5 g under identical solar and power input conditions. This represents a total
production loss of 41.5%, starkly quantifying the profound system-level impact of long-term material degradation.

5.4 Thermal Implications of Long-Term Degradation

The increase in internal ohmic resistance due to material degradation directly impacts the thermal behavior of the
AWE stack. As electrical efficiency decreases, a larger fraction of the input energy is converted into waste heat. Figure
5 illustrates the comparative heat generation and heat loss rates for the BOL and EOL scenarios, highlighting the

significant thermal stress placed on the aged system.

© IEOM Society International



Proceedings of the 3 GCC International Conference on Industrial Engineering and Operations Management
Tabuk, Saudi Arabia, February 2-4, 2026

=]

3
=)
S}

=
~ —

S N

£ o0 = a0

= )

. 3

= 60 | S 60 |-

2 =

=

3 @«

S aw L | % 40 |

S S

y 2

S -

G20 | BoL | S 20 L soL |
s EOL jas] EOL
L0 . . . . L 0 . . . . I

T 0000 0600 1200 1800 2400 3000 3600 4200 4800 00:00 0600 1200 1800 2400  30:00  36:00 4200  48:00

Time (hours) Time (hours)

(a) (b)

Figure 5. Comparative Thermal Dynamics at Beginning of Life (BOL) vs. End of Life (EOL). (a) Instantaneous heat
generation rate within the AWE stack, and (b) Heat loss rate from the stack to the ambient environment.

The results reveal that the degraded EOL electrolyzer operates under a significantly higher thermal load compared to
the BOL stack. At the same 150 W input, the EOL stack produces 83.1 W of waste heat, more than double the 36.7
W generated by the BOL stack, reflecting reduced electrical efficiency due to higher overpotentials. Consequently,
the EOL stack equilibrates at a higher operating temperature, with heat losses (~84 W) closely matching its increased
heat generation, compared to ~37 W in the BOL case. This establishes a feedback mechanism where degradation
amplifies heat generation, elevates temperature, and further accelerates material deterioration, highlighting the critical
role of thermal management in prolonging electrolyzer durability.

5.5 Long-Term Impact on System and Component Efficiency

The cumulative effect of material degradation is most critically observed in the long-term decay of the system's overall
efficiency. By tracking both the AWE electrical efficiency and the end-to-end solar-to-hydrogen (STH) efficiency
over the simulated 5-year operational period, the full scope of the performance decline can be quantified. Figure 6
presents the evolution of these two key efficiency metrics.
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Figure 6. Long-Term Efficiency Degradation over a 5-Year Period.

The simulation results indicate a pronounced and continuous degradation in system performance over a five-year
period. At the component level, the AWE stack’s electrical efficiency declines from an initial 75.5% at BOL to only
44.6% after five years, corresponding to an absolute loss of about 31 percentage points. This reflects the increasing
internal resistance, where a progressively larger fraction of the input power is dissipated as waste heat rather than
being converted to hydrogen. At the system scale, the solar-to-hydrogen (STH) efficiency mirrors this decay,
decreasing from 7.9% at BOL to 4.6% at EOL, an absolute drop of 3.3 percentage points. This means the system
retains only 58% of its original effectiveness in converting solar energy to hydrogen after five years. These findings
highlight the critical influence of material degradation on long-term performance and emphasize that failing to account
for degradation leads to significant overestimation of hydrogen yield and overall viability of PV-powered electrolysis
systems.

5.6 Discussion

The simulation results provide a clear, quantitative narrative of how component-level material degradation cascades
into significant system-level performance losses over a 5-year operational period. The initial manifestation of aging
is an increase in the AWE's internal ohmic resistance, which forces a substantial voltage penalty to maintain the
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nominal 150 W power input. As demonstrated, this higher operating voltage (3.3 V at EOL vs. 2.0 V at BOL) directly
reduces the electrolyzer's current draw by approximately 41% in the power-controlled system.

This current reduction has immediate and critical consequences, as predicted by Faraday's Law. The daily hydrogen
throughput of the aged system was found to be 41.5% lower than that of the new system under identical environmental
and power input conditions. This loss of production is the most direct measure of the degradation's impact on the
system's primary function.

Furthermore, the increased voltage penalty directly translates to lower electrical efficiency and greater thermal stress.
The AWE's electrical efficiency plummeted from 75.5% to 44.6%, with the excess energy manifesting as a more than
twofold increase in waste heat generation. This elevated thermal load not only represents a loss of useful energy but
also creates a potential feedback loop, as higher operating temperatures can accelerate the very degradation
mechanisms causing the inefficiency.

Ultimately, these compounding losses culminate in a severe decline in the overall system's effectiveness. The end-to-
end solar-to-hydrogen efficiency—the definitive metric for a green hydrogen system—was reduced from 7.9% to
4.6%. This finding underscores the central conclusion of this study: neglecting the progressive and cumulative effects
of material degradation can lead to a significant overestimation of the long-term viability and hydrogen output of such
systems. The results strongly advocate for the inclusion of dynamic degradation models in the techno-economic
assessment and design optimization of future green hydrogen infrastructure.

6. Conclusion

This study successfully quantified the system-level impact of progressive material degradation on the long-term
performance of a standalone, solar-powered green hydrogen system. By integrating a novel, physics-informed
degradation model into a comprehensive dynamic simulation, a comparative analysis between BO) and 5-year EOL
performance was conducted. The results unequivocally demonstrate that component aging is a critical factor that
significantly curtails the lifetime productivity and efficiency of such systems.

The key findings of this research are summarized as follows:

e Significant Voltage Penalty: Material degradation, modeled as an increase in ohmic resistance, resulted in a
substantial voltage penalty, with the AWE cell voltage increasing from 2.0 V to 3.3 V under a nominal 150
W power input over a 5-year period.

e Reduced Hydrogen Throughput: In the power-controlled system, the higher voltage directly led to a 41%
reduction in operating current, which consequently caused the daily hydrogen production to decrease
by 41.5% from BOL to EOL.

e Increased Thermal Load: The loss in electrical efficiency manifested as a significant increase in thermal
stress, with the degraded AWE generating more than twice the amount of waste heat (83.1 W at EOL vs.
36.7 W at BOL) for the same electrical input.

e System-Level Efficiency Collapse: The compounding component-level losses culminated in a severe decline
in the overall system's end-to-end effectiveness. The solar-to-hydrogen (STH) efficiency fell from 7.9% at
BOL to 4.6% at EOL, representing an absolute loss of 3.3 percentage points and a relative performance drop
of over 40%.

This work highlights the critical necessity of incorporating dynamic degradation effects into the predictive models
used for designing and evaluating green hydrogen projects. Neglecting the realities of component aging leads to a
significant overestimation of lifetime hydrogen output and economic viability. The modeling framework presented
herein provides a robust tool for more realistic techno-economic analysis, for the development of degradation-aware
control strategies, and for the optimization of system designs that balance initial performance with long-term
operational longevity.
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