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A B S T R A C T

Electrolyzer durability remains undefined by international standards, despite its importance in the techno- 
economic viability of hydrogen production. Existing benchmarks define end-of-life (EoL) through a perfor
mance threshold (PT), typically based on voltage degradation. These thresholds often trigger stack replacement, 
although stacks may continue operating beyond such limits at a reduced efficiency. This work estimates the 
economic lifetime of an electrolyzer, defined as the operational period that minimizes the levelized cost of 
hydrogen (LCOH), comparing it with conventional PT-based lifetimes. Two stack management strategies are 
evaluated using an LCOH model that incorporates degradation rates, electricity costs, and capacity factors (CF): 
replacing the entire stack, or extending its operation while supplementing production losses with smaller stacks 
to maintain hydrogen production. Results show that the economically optimal lifetime often diverges from PT 
lifetimes, particularly in low CF and low-cost energy contexts, where lifetime extension proves advantageous. 
The economically optimal strategy is highly context dependent.

1. Introduction

While no universally adopted standard currently exists, international 
standardization bodies have yet to converge on a harmonized definition 
of “durability” or “lifetime” for water electrolysis systems used in 
hydrogen production [1]. As a result, comparing technologies remains 
challenging: in the absence of a standardized procedure to define and 
assess this metric, durability values reported by manufacturers often rely 
on differing assumptions and cannot be directly compared [2].

A fundamental prerequisite for defining durability is the identifica
tion of an End-of-Life (EoL) criterion [3]. EoL criteria can take different 
forms: for instance, it is not the same to assume that after the set hours of 
lifetime given by the manufacturers the electrolysis voltage has 
increased by a relative amount at a given current density, than to assume 
that the equipment just stops functioning at the designated lifetime, as it 
happens for instance with lightbulbs. While the first EoL type would 
enable extending the operational lifetime of the electrolysis stack at a 
reduced efficiency, and supplement the missing hydrogen production 

rate with a new smaller electrolysis stack, the second EoL type would 
only allow for the substitution of the full stack, which could lead to 
higher costs of hydrogen production.

Once an EoL criterion is selected, defining durability also requires 
harmonized testing procedures [4]. Even if the EoL criteria match be
tween manufacturers, failing to harmonize testing conditions could lead 
to practical differences between different electrolyzers that estimate 
similar durability on paper. Important parameters like current density, 
on/off cycling, operating temperatures, quality of input water, etc. 
Could have an effect in the degradation rate of the electrolyzer [5]. 
Considering the long operational lifetimes of these systems, standard
ized accelerated testing protocols and extrapolation models are also 
essential to ensure meaningful durability metrics [6].

A unified definition of electrolyzer durability would also facilitate a 
more accurate understanding of how degradation affects key perfor
mance indicators, such as specific energy consumption per unit mass of 
hydrogen, and would strengthen the reliability of techno-economic as
sessments [1]. The current lack of such a standard definition of 
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durability burdens all techno-economic analyses by increasing uncer
tainty and risk, or by forcing to make more pessimistic and safer as
sumptions, hindering the deployment of hydrogen production projects 
using water electrolysis [7]. At present, it is not possible to set a trust
worthy framework of assumptions and degradation models to predict 
accurately the economic performance of electrolyzers, without very 
likely overestimating the levelized cost of hydrogen (LCOH) production 
to remain on the safe side [8].

Although no standard definition of durability exists, the most com
mon interpretation in the electrolysis field refers to the time required for 
a performance metric, typically the cell voltage, to deteriorate to a 
predefined threshold at constant current density [9]. This sets a per
formance threshold (PT) type EoL criterion. For instance, the US 
Department of Energy (DOE) defines the PT EoL requirement as a 
voltage increase of 10% with respect to the initial one at the same cur
rent density [10–12], but the Joint Research Centre (JRC) of the Euro
pean Comission (EC) fixes this requirement to a 20% of degradation with 
respect to the initial state [13]. Although the PT EoL criterion does not 
imply a complete failure of the electrolyzer, it is common practice in 
scientific literature to assume full replacement of the system or stack at 
that point. However, there is no explicit indication that the system be
comes non-functional at that point.

This opens the door to a broader interpretation of EoL, including: 

- Functional EoL, when the system becomes physically inoperable;
- Safety EoL, such as when membrane degradation causes hydrogen 

crossover to exceed flammability limits;
- Economic EoL, defined as the point where the LCOH reaches its 

minimum before rising again [14].

Regarding the safety EoL criterion, there is scientific evidence that at 
least PEM water electrolysis increases hydrogen crossover over lifetime 
due to the degradation of the membrane [15,16]. Crossover entails the 
diffusion of hydrogen to the anode channels where the oxygen evolution 
reaction (OER) takes place. Crossover, apart from leading to a perfor
mance loss, can cause safety issues. This occurs when the molar con
centration of H2 in H2–O2 mixtures reaches the lower flammability limit 
(LFL) concentration in the anode side of the electrolyzer, or when the 
molar concentration of O2 in the cathode side reduces the H2 concen
tration to the higher flammability limit (HFL) [17]. At either threshold, 
the resulting H2–O2 mixture becomes flammable, compromising the safe 
operation of the electrolyzer and necessitating a shutdown. While the 
progressive increase of H2 or O2 crossover over time could also affect 
other electrolysis technologies, this phenomenon has been compara
tively less studied [18].

The economic EoL is conceptually aligned with varying the 
replacement time to optimize LCOH, as explored in prior studies [19]. As 
long as functional and safety thresholds are not reached, extending 
operation beyond the PT-based EoL becomes a feasible and potentially 
profitable strategy.

From an industrial standpoint, adopting an economically driven EoL 
provides a compelling alternative [20]. If the system remains functional, 
safe, and compliant with regulations, continuing operation up to the 
LCOH minimum, rather than replacing equipment at a fixed perfor
mance loss, can enhance project economics. By synchronizing replace
ment or supplementation decisions with the economic EoL instead of 
fixed degradation markers, operators may achieve higher financial 
returns and longer asset lifetimes.

Nevertheless, it is important to acknowledge that such economically 
justified lifetime extensions may not always be viable in the future. 
Regulatory bodies may impose stricter efficiency-based operational 
limits, turning today's voluntary guidelines into mandatory constraints – 
analogous to how aging but functional vehicles are phased out due to 
emissions regulations [21]. Future energy policies could prioritize effi
ciency enforcement over asset preservation, driven by sustainability 
targets or market dynamics. For now, however, these restrictions do not 

exist, and lifetime extension beyond PT EoL remains an open and critical 
topic for the hydrogen industry, bounded only by safety and 
functionality.

1.1. Aim of the study

The goal of this study is to critically examine how the concept of 
electrolyzer lifetime should be defined and managed from an economic 
perspective. In particular, it investigates how degradation over time – 
modeled through a simple yet consistent framework – impacts hydrogen 
production cost, and how different stack management strategies may 
extend lifetime and improve techno-economic performance.

To date, the literature lacks a comprehensive and critical analysis of 
the lifetime concept as applied to electrolyzers. There is limited under
standing of how systems evolve over time under realistic operating 
conditions, and how replacement or supplementation policies influence 
long-term costs. While advanced degradation models exist, they are 
often too specific or complex to inform generalized economic reasoning. 
In contrast, this work adopts a streamlined but robust modeling 
approach, isolating key variables – degradation, capacity factor, and 
electricity cost – to assess their effect on the economically optimal life
time and on the viability of alternative stack strategies. Specifically, it 
aims to answer the following questions: 

- What is the “economic durability” of an electrolyzer, under simpli
fied assumptions of linear degradation? How does this optimal life
time compare to the standard PT-based EoL criteria (DOE and JRC), 
across different operational contexts – namely, low-capacity factor 
(CF) renewable-based systems with cheap electricity and high-CF 
grid-connected systems with higher energy prices?

- Can alternative stack management strategies, which avoid prema
ture replacement and instead preserve the initial stack through the 
addition of spare capacity during the system's life, deliver lower 
LCOH or extended lifetime benefits? Under which scenarios (in terms 
of CF and electricity cost) do such strategies become preferable to 
conventional replacements?

By systematically addressing these questions, the study seeks to 
provide a reasoned basis for evolving the definition of electrolyzer 
durability beyond fixed technical limits, toward context-dependent and 
cost-optimized criteria.

The remainder of this article is structured as follows: Section 2 pre
sents the methodology adopted to estimate the economic lifetime of an 
electrolyzer and describes the alternative stack management strategies, 
while Section 3 discusses the results. Finally, Section 4 draws the main 
conclusions and outlines implications for future definitions of durability.

2. Methods

The methodological framework adopted in this study is structured as 
follows. First, the degradation model and performance thresholds used 
to characterize electrolyzer aging are defined (Section 2.1). Then, the 
procedure for estimating the economically optimal operational lifetime 
is described, based on the evolution of hydrogen production and cost 
over time (Section 2.2). Lastly, four alternative stack management 
strategies are presented (Section 2.3), two involving full stack replace
ment and two based on partial supplementation, along with the corre
sponding cost formulations and operating scenarios used for the 
comparative analysis.

2.1. Degradation framework and end-of-life (EoL) criteria

This study adopts a degradation framework based on performance 
thresholds established by recognized institutions. Specifically, two 
performance thresholds are considered: 
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- U.S. Department of Energy (DOE) criterion, which defines the EoL of 
an electrolyzer as the point at which the cell voltage increases by 
10% compared to its initial value under constant current density 
[10–12].

- The European Commission's Joint Research Centre (JRC) criterion, 
which extends this threshold to 20% [13].

These voltage-based metrics are widely used as proxies for system 
degradation and are supported by multiple modeling efforts in the 
literature which typically assume a linear increase in cell voltage Ucell 
over time [22–24]. While actual degradation mechanisms may follow 
nonlinear trajectories [1], this study assumes a first-order linear 
approximation to simplify the analysis and to be in line with the pre
vious references.

It should be noted, however, that the evolution of operating voltage 
during degradation may differ between alkaline and PEM electrolyzers 
[25]. In alkaline systems, degradation is generally associated with a 
gradual increase in operating voltage over time due to catalyst deacti
vation, electrode aging, and increases in internal resistance [26]. In PEM 
electrolyzers, the behavior can be more complex. Certain degradation 
mechanisms affecting the membrane electrode assembly (MEA), such as 
membrane thinning or microstructural changes within the catalyst 
layers, may reduce the measured ohmic resistance in early phases of 
MEA activation or under specific operating conditions [27–29]. As a 
result, a thinner membrane may exhibit a lower apparent ohmic resis
tance even if the intrinsic proton conductivity of the material remains 
unchanged, but this may increase gas crossover which may exacerbate 
thermal degradation. Nevertheless, most durability studies report that 
the cumulative impact of degradation mechanisms in PEM electrolyzers 
ultimately results in a progressive increase in operating voltage due to 
catalyst degradation, interfacial resistances, and transport limitations 
[18,30]. Consequently, the increase in operating voltage remains a 
practical and widely adopted indicator of electrolyzer degradation and 
end-of-life conditions for both alkaline and PEM technologies.

As said in the previous paragraph, for the purposes of techno- 
economic analysis and to remain consistent with commonly adopted 
modeling approaches in the literature, this work employs a first-order 
linear approximation of voltage increase over time. While this simpli
fication is suitable for the scope of the present analysis, more detailed 
models accounting for non-linear degradation phenomena may further 
improve the accuracy of long-term performance and cost predictions.

From a practical perspective, given that electrolyzer manufacturers 
typically report specific energy consumption w0

H2 
(kWh/kg H2) rather 

than cell or stack voltage, and considering that w0
H2 

is proportional to the 
voltage under constant current operation, any relative increase in 
voltage over time translates proportionally into an increase in specific 
energy consumption. Therefore, because voltage and specific energy 
consumption are directly proportional under constant current, the 
degradation rate defined as a relative voltage increase (%/kh) can be 
effectively reinterpreted as a degradation of w0

H2
. This enables its direct 

integration into long-term techno-economic models, aligning 
performance-based EoL criteria with economic analysis.

To evaluate electrolyzer durability from an economic perspective, 
the model combines both technical and economic parameters, summa
rized in Tables 1 and 2, respectively. Among these, the electricity cost cE 
and the degradation rate rdgr represent the most uncertain variables. A 

sensitivity analysis is therefore performed by discretely varying both 
parameters within plausible ranges.

To reflect real-world use cases, two operating scenarios are consid
ered based on the capacity factor (CF), defined as the ratio of actual 
annual operation to full-load hours: 

- CF = 0.25, representing systems powered by intermittent renew
ables (e.g., solar PV)

- CF = 0.95, corresponding to grid-connected systems with contin
uous operation.

Degradation is referenced to calendar time rather than cumulative 
hours of operation. While this assumption may penalize low-CF systems, 
it aligns with literature suggesting that frequent start/stop cycling – 
typical of renewable-powered systems – may exacerbate degradation 
[32]. A calendar-based approach thus provides a neutral and conser
vative basis for comparing durability across configurations.

All input values in Tables 1 and 2 are selected to reflect a 1 MW of 
alkaline water electrolysis (AWE). Regarding the electricity cost, cE, this 
study assumes a fixed-price Power Purchase Agreement (PPA) 
throughout the system's lifetime. While other contractual models exist 
(e.g., indexed or variable-rate PPAs), the fixed-price approach offers key 
advantages: budget stability, modeling simplicity, and transparency for 
long-term financial planning. Although it may lead to higher costs in 
cases of declining market prices, it avoids the uncertainty associated 
with price volatility and hedging complexity. Since the primary aim is to 
isolate the impact of technical parameters such as rdrg and CF on the 
LCOH, the fixed-price scheme serves as a robust and widely adopted 
baseline assumption [33].

2.2. Optimal economic lifetime estimation

To assess the optimal economic lifetime of the electrolyzer, the LCOH 
is computed assuming continuous operation beyond the conventional 
performance thresholds defined by DOE (10%) and JRC (20%). This 
allows the evaluation of whether extended operation – despite perfor
mance degradation – can still yield competitive hydrogen production 
costs.

The instantaneous hydrogen production rate is modeled as: 

ṁH2 (t)=
Ẇnom⋅CF
wH2 (t)

(1) 

where Ẇnom is the nominal power of the system, CF is the capacity factor 
and wH2 (t) is the instantaneous specific consumption of the electrolysis 
system. This last term is defined as follows: 

wH2 (t)=w0
H2

⋅(1+ rdgr ⋅ t) (2) 

In Eq. (2), w0
H2 

is the initial specific consumption (kWh/kg), rdgr is the 
degradation rate (%/kh) and t is the time (h).

The mass of hydrogen produced in the i-th year, denoted as mi, is 
obtained by integrating Eq. (1) over the corresponding yearly time 

Table 1 
Economic parameters for the estimation of the economic durability of a 1-MW 
AWE.

Parameter Description Value Units Ref.

inv Specific investment cost 1000 €/kW [31]
OPEXfix Fix annual OPEX 3 % INV [31]
r Discount rate 0.04 ​ ​
cE Electricity cost 0.01-0.19 €/kWh ​

Table 2 
Technical parameters for the estimation of the economic durability of a 1-MW 
AWE.

Parameter Description Value Units Ref.

Ẇnom Nominal power of the electrolysis 
system

1000 kW ​

w0
H2

Specific electricity consumption 
at time 0

55 kWh/ 
kg

[31]

rdgr Relative degradation rate of w0 0.13-0.25 %/kh [10,

11]
CF Capacity factor 0.25 or 

0.95
​ ​
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interval: 

mi =
Ẇnom⋅CF
w0

H2
⋅rdgr

⋅ln
[

1 + rdgr⋅8760⋅i
1 + rdgr⋅8760⋅(i − 1)

]

(3) 

The levelized cost of hydrogen, LCOHk, is calculated as a function of 
the time horizon, considering all discounted costs and hydrogen pro
duction from the start of operation up to year k: 

LCOHk =

INV +
∑k

i=1

OPEXi
(1+r)i

∑k

i=1

mi
(1+r)i

(4) 

where: 

INV = inv⋅Ẇnom (5) 

OPEXi =OPEXfixi + OPEXvari (6) 

OPEXvari = cE⋅Ẇnom⋅CF⋅8760 (7) 

The optimal economic lifetime is evaluated as the the year k for 
which LCOHk reaches its minimum value before increasing thereafter.

To better understand the impact of degradation on system eco
nomics, LCOHk is decomposed into two components: 

- LCOHstack,k representing the contribution of the electrolysis stack
- LCOHBoP,k, associated with the Balance of Plant (BoP).

These contributions are calculated as: 

LCOHstack,k =

sc⋅inv⋅Ẇnom +
∑k

i=1

OPEXvari +sc⋅OPEXfixi
(1+r)i

∑k

i=1

mi
(1+r)i

(8) 

LCOHBoP,k =

(1 − sc)⋅inv⋅Ẇnom +
∑k

i=1

(1− sc)⋅OPEXfixi
(1+r)i

∑k

i=1

mi
(1+r)i

(9) 

where sc represents the stack contribution fraction in the total invest
ment cost inv of the electrolysis system. In this work sc = 0.3, consistent 
with reported values for 1 MW-scale alkaline systems [34]. It can be 
noted that through this approximation, the electricity cost is attributed 
to the stack alone, since it is the main consumer and the component 
affected by degradation.

Importantly, this analysis assumes that performance degradation 
does not increase energy input but instead reduces hydrogen output per 
unit of input power over time. Hence, the impact of degradation is 
captured as a loss in annual hydrogen production, not as an increase in 
electricity consumption.

2.3. Stack management strategies

To evaluate the impact of stack management on the levelized cost of 
hydrogen, four alternative operational strategies are defined (see 
Table 3). These are grouped into two primary categories: 

- Type A: full stack replacement upon reaching a predefined degra
dation threshold;

- Type B: no replacement, but supplementation with additional stack 
capacity at specific points in time.

In type A alternatives, the electrolyzer stack is fully replaced when it 
reaches a predefined degradation threshold. Two sub-cases are modeled: 
A1, with replacement at a 10% degradation level, consistent with the 
DOE's EoL definition [10]; and A2, with replacement at a 20% degra
dation level, aligned with the JRC criterion [13].

In type B alternatives, the initial electrolyzer is not replaced at any 
point. Instead, the BoP is slightly oversized at installation to allow for 
future integration of supplementary stack capacity. This added capacity 
is intended to compensate for performance degradation over time and to 
restore hydrogen production to its original level in the defined supple
mentation years. The supplementation years coincide with the 
replacement years defined in alternatives A1 (for B1) and A2 (for B2).

All B strategies assume that the BoP infrastructure is appropriately 
sized to host the supplementary stack capacity without major retrofit
ting. Although permanently operating the original stack beyond typical 
EoL could be unrealistic – due to functional, safety, or auxiliary system 
limitations – it is adopted here as a limiting academic case. This ideal
ized assumption serves as a benchmark to assess the potential economic 
value of partial supplementation over traditional replacement policies.

For both replacement (type A) and supplementation (type B) stra
tegies, the specific cost of the stack is assumed to represent 30% (sc =

0.3) of the total system investment cost [34]: 

invstack = sc⋅inv (10) 

Only for type B alternatives, the initial capital investment of the 
electrolyzer system is updated to reflect both the cost of the stack and 
the oversized BoP. To compute the oversized BoP investment, the six- 
tenths rule is applied [35]: 

invBoP,B =(inv − invstack)⋅
(Ẇnom + ΣẆsuppj

Ẇnom

)0.6

(11) 

The total initial investment for type B configurations is then the sum 
of the oversized BoP and the original stack: 

invB = invBoP,B + invstack (12) 

At each supplementation year j, the additional stack power Ẇsuppj is 
calculated to compensate the hydrogen production deficit ṁdeficitj , so as 
to match the initial production level m1: 

Ẇsuppj =
ṁdeficitj ⋅w0

H2
⋅rdgr

ln(1 + rdgr⋅8760)⋅CF
(13) 

From an economic perspective, both stack replacements (type A) and 
supplementations (type B) are assumed to occur at the beginning of the 
year closest to the respective degradation threshold, 10% for A1/B1 and 
20% for A2/B2.

In all cases, the degradation rate is fixed at rdrg = 0.17 %/kh [10]. 
To account for varying energy supply profiles, two operational regimes 
are evaluated [36,37]: 

- CF = 0.25 and cE = 0.05 €/kWh, representing renewable-powered 
systems (e.g., PV or wind)

- CF = 0.95 and cE = 0.11 €/kWh, indicative of grid-connected 
operation.

For each scenario, the LCOH is evaluated over a fixed time horizon of 
30 years for all four strategies (A1–B2). This common time horizon al
lows a consistent comparison between replacement and supplementa
tion strategies. A sensitivity analysis across a broad range of CF and 
electricity costs cE is then performed to determine which strategy min
imizes LCOH under different boundary conditions over a fixed 30-year 

Table 3 
Overview of operational strategies considered in the study.

Alternative Description

A1 Replacement at 10% degradation (DOE)
A2 Replacement at 20% degradation (JRC)
B1 Additional stack capacity added instead of replacement at A1's time
B2 Additional stack capacity added instead of replacement at A2's time
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time horizon.

3. Results and discussion

This section presents and discusses the results of the study. First, the 
economically optimal operational lifetime of the electrolyzer is identi
fied and compared with conventional EoL criteria under different 
operating conditions (Section 3.1). Then, the impact of alternative stack 
management strategies is evaluated with respect to their influence on 
LCOH (Section 3.2). Finally, the broader implications of these results on 
the definition of electrolyzer durability are discussed (Section 3.3).

3.1. Economically optimal lifetime beyond fixed EoL criteria

Fig. 1 presents the evolution of the LCOHk as a function of the 
electrolyzer's retirement year (k) ) for a fixed degradation rate. rdrg =

0.17 %/kh. This implies that the PT EoL is achieved for the DOE (10%) 
at 58.8 kh or 6.71 years of operation, while for the JRC (20%) at 115.6 
kh or 13.43 years of operation.

The left graph of Fig. 1 represents a low-utilization scenario (CF =

0.25 andcE = 0.05 €/kWh), typical of systems coupled to intermittent 
renewables, while the right graph refers to a high-utilization scenario 
(CF = 0.95 and cE = 0, 11 €/kWh) representative of grid-connected 
operation.

In both scenarios, the LCOHk curves exhibit distinct minimums for 
the overall system as well as for the stack component alone. These points 
define the economically optimal lifetime, i.e. the value of k that mini
mizes LCOHk, enabling a direct comparison with the DOE and JRC EoL 
thresholds. A notable feature is the relative flatness of the LCOHk curves 
beyond the minimums, implying that continuing operation beyond the 
optimal lifetime would have a smaller impact than decommissioning 
earlier. This flat region suggests some flexibility in lifetime extension 
decisions, particularly relevant in the context of high capital expendi
ture assets such as electrolyzers.

In the grid-connected case (right panel), the economically optimal 
lifetime of the stack (7 years) and of system (13 years) align closely with 
the DOE and JRC EoL criteria, reinforcing their adequacy for typical 
grid-connected settings.

In contrast, in the low-CF scenario (left panel), the stack reaches its 
minimum at 21 years while the system reaches its minimum LCOH at 38 
years, well beyond both institutional EoL thresholds, even when 
degradation is considered cumulatively over calendar time as done in 
this study, which may penalize degradation in low CF settings. This 
divergence highlights how traditional PT EoL limits may lead to pre
mature decommissioning in low-utilization contexts, where stack 
degradation accumulates more slowly in absolute terms. These findings 
motivate the exploration of alternative strategies that allow continued 

operation of the original stack beyond conventional EoL boundaries 
without compromising economic performance.

Fig. 2 further expands the analysis by showing bidimensional maps 
of LCOH and optimal economic lifetime across wide ranges of rdgr and 
cE, for the two capacity factor settings. The LCOH shown in panels A and 
C corresponds to the minimum value of LCOHk, while panels B and D 
report the corresponding economic lifetime. Panels A and B correspond 
to a low-utilization case (CF = 0.25), representative of electrolyzers 
coupled to variable renewable sources, while panels C and D represent 
high-utilization systems (CF = 0.95), typically connected to the elec
trical grid.

It can be noted that for degradation rates aligned with DOE bench
marks and reported values in the literature (e.g., 0.17 %/kh), the 
optimal economic lifetime of the 1-MW system extends over 21 years for 
CF = 0.25 and 10 years in the case of CF = 0.95. This suggests that 
rigidly enforcing a fixed EoL criterion, such as the 10% voltage increase 
adopted by the DOE, may result in premature decommissioning from a 
cost-efficiency perspective.

Interestingly, while increasing the CF leads to a lower LCOH due to 
better asset utilization (as seen in Panels C vs A), it concurrently reduces 
the optimal economic lifetime (Panel D vs B). The observed increase in 
economic lifetime at lower CF values may appear counter-intuitive, 
given that Eq. (2) does not inherently favor reduced degradation 
under low CF conditions. Additionally, the maps reveal that lifetime 
sensitivity is strongly dependent on cE and rdrg in both low and high CF 
scenarios. This underlines the importance of co-optimizing operational 
strategy and component replacement scheduling to minimize hydrogen 
production costs under varying energy supply conditions.

3.2. Evaluation of stack replacement strategies

Building upon the insights from the previous section, this part ex
plores alternative stack management strategies that intentionally extend 
system operation beyond the conventional EoL timeframes. Rather than 
replacing the stack at fixed degradation thresholds, two categories of 
approaches are investigated: full replacement (type A) and partial sup
plementation strategies (type B). The latter are specifically designed to 
preserve the original stack while compensating for its degradation 
through the incremental addition of new stack capacity. This enables a 
near-constant hydrogen production rate over time, while testing 
whether such flexible configurations can offer further cost advantages 
under varying operational conditions. Four stack strategies were 
compared: 

- A1 – replacement at 10% degradation (DOE)
- A2 – replacement at 20% degradation (JRC)
- B1 – no replacement, stack supplementation at A1's time

Fig. 1. Levelized cost of hydrogen (LCOHk) as a function of the electrolyzer's retirement time (k) under a fixed degradation rate of 0.17 %/kh. Left figure corresponds 
to CF = 0.25 and cE = 0.05 €/kWh (Renewable-coupled scenario), while right figure shows results for CF = 0.95 and cE = 0.11 €/kWh (grid-connected scenario). In 
both cases, a distinct minimum is observed for both the stack-only and the system LCOH. The definition of the LCOH contributions is shown in Eqs. (8) and (9).
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- B2 – no replacement, stack supplementation at A2's time

Table 4 summarizes the LCOH obtained under the four stack man
agement strategies for two contrasting operating scenarios. The reported 
LCOH values are calculated over a fixed 30-year time horizon. In the low 
utilization case (CF = 0.25, cE = 0.05 €/kWh), strategy B1 yields the 
lowest LCOH, closely followed by A2 and A1, indicating that avoiding 
replacement and opting for limited supplementation can be economi
cally advantageous when energy is inexpensive and the system operates 
intermittently. Potentially, B1 management strategy will achieve a 
LCOH reduction of 6% taking A1 alternative as a basis, considering that 
degradation has been modeled through calendar time rather than 
through operational time, meaning that with refined degradation 
models this reduction in LCOH could be even higher. In contrast, under 

high-utilization case (CF = 0.95, cE = 0.11 €/kWh), the replacement 
strategies, particularly A1, outperform B-type alternatives, emphasizing 
the increasing economic relevance of maintaining efficiency when 
operational intensity is high. These findings further reinforce the context 
dependence of the economically optimal lifetime and challenge the 
validity of fixed performance thresholds as universally applicable EoL 
criteria.

Fig. 3 presents a decision map showing the optimal replacement 
strategy, among A1, A2, B1 and B2, alongside the corresponding LCOH, 
as a function of cE and CF. Each cell indicates the most economically 
favorable strategy and the resulting LCOH value in €/kg.

The analysis confirms a strong dependence of the optimal approach 
on the operating regime. At low CF and low cE, the B1 alternative, based 
on lifetime extension without replacement and partial supplementation 
using as reference the DOE time, emerges as the most cost-effective 
among the four assessed alternatives. As CF increases, the LCOH- 
minimizing strategy transitions toward A2, suggesting that under high 
utilization, the economics favor stack replacement under a more lenient 
performance threshold (20% degradation). Interestingly, A1 becomes 
preferable only within a band of high cE at relatively high CF, where 
early replacement (at 10% degradation) allows improved cost- 
effectiveness. Across the entire parameter space, the B2 strategy, 
which represents delayed supplementation without replacement, is 
never optimal in the cE and CF intervals considered.

These findings highlight the sensitivity of long-term electrolyzer 
economics to both electricity procurement and asset management stra
tegies, reinforcing the value of flexible system design that 

Fig. 2. Bidimensional maps showing the variation of levelized cost of hydrogen (LCOH, panels A and C) and the optimal economic lifetime (panels B and D) as a 
function of the degradation rate (rdgr, horizontal axis) and electricity cost (cE, vertical axis). Panels A and B correspond to CF = 0.25, representative of a PV-coupled 
electrolyzer system. Panels C and D correspond to CF = 0.95, representative of a grid-connected electrolyzer with high annual utilization. All other technical and 
economic parameters are specified in Tables 1 and 2

Table 4 
Levelized Cost of Hydrogen (LCOH) [€/kg] for each replacement strategy under 
two contrasting scenarios over a time horizon of 30 years. The first row corre
sponds to a low-utilization case (CF = 0.25,cE = 0.05 €/kWh), representative of 
renewable-powered systems (e.g., wind or solar). The second row corresponds to 
a high-utilization case (CF = 0.95,cE = 0.11 €/kWh), typical of grid-connected 
operation.

A1 A2 B1 B2

CF = 0.25 and cE = 0.05 €/
kWh

6.15 5.81 5.78 5.83

CF = 0.95 and cE = 0.11 €/
kWh

7.20 7.29 7.71 7.72
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accommodates context-specific optimization.

3.3. Discussion on electrolyzer durability metrics

One of the central motivations of this study lies in the absence of a 
standardized definition of electrolyzer durability. As discussed in the 
Introduction Section, current institutional benchmarks – such as the 
DOE's 10% voltage increase threshold or the JRC's 20% analogue – are 
primarily technical in nature. While useful for performance classifica
tion, these thresholds do not necessarily capture the economic rationale 
behind long-term electrolyzer operation.

The framework developed in this work addresses this disconnect by 
introducing a techno-economic approach to define electrolyzer lifetime. 
The economically optimal point for retirement or supplementation is 
determined based on LCOH minimization, as a function of electricity 
cost, degradation rate, and system utilization. This approach allows for a 
more integrated and economically grounded interpretation of dura
bility.

Results from the bidimensional maps and scenario comparisons 
demonstrate that the optimal operational strategy and lifetime are 
highly context-dependent. For instance, the DOE's 10% threshold may 
lead to premature replacement in low-CF, low-cost scenarios, where the 
B1 alternative outperforms both A1 and A2 in terms of LCOH. 
Conversely, under high utilization and elevated electricity costs, even 
the JRC's more relaxed criterion may fall short of capturing the optimal 
replacement horizon, which in some cases aligns with lifetimes shorter 
than 20 years.

These results reinforce the idea that “durability” should not be 
treated as a fixed or intrinsic parameter, but rather as a function of 
system economics, particularly energy cost, degradation rates, and 
operational patterns. In doing so, this work advocates for a shift in 
durability metrics: from rigid technical thresholds toward performance- 
aware, cost-optimized criteria that can better guide system design and 
policy frameworks.

In any case, these results should be interpreted with caution, as the 
methods used may have limitations. This study presumes a constant 
degradation rate throughout the electrolyzer's operational lifetime, in
dependent of capacity factor or dynamic operating conditions. However, 

available literature suggests that degradation mechanisms may be 
affected by load cycling, idle times, and start-stop sequences, which 
increase at low CF, but on the other hand, degradation over accumulated 
effective time of use is reduced at low CF. This knowledge gap, that we 
attribute to the lack of durability and degradation testing protocols 
standards, made us model rdrg to be neutral, which could penalize low- 
CF scenarios. Another possible limitation in this study is that, while the 
economic lifetime is derived based on cost optimization criteria, it does 
not explicitly account for other potential EoL triggers such as safety 
limits (e.g., increased hydrogen crossover) or functional failures (e.g., 
stack inoperability).

To improve future durability modeling and economic projections, 
standardized testing procedures, particularly in the form of accelerated 
degradation protocols, are essential. These would enable a better un
derstanding of stack aging under real-world conditions and support the 
development of more accurate, condition-dependent degradation 
models.

4. Conclusions

This study examined the concept of electrolyzer durability from a 
techno-economic perspective, focusing on how different EoL criteria 
affect hydrogen production costs. While electrolyzer lifetime is 
commonly interpreted through performance-threshold (PT) definitions 
based on voltage increase, these criteria do not necessarily reflect the 
economically optimal point at which a stack should be replaced, sup
plemented, or retired. In addition to PT-based definitions, broader in
terpretations of EoL can be considered, including functional EoL (when 
the system becomes physically inoperable), safety EoL (when degrada
tion causes conditions such as hydrogen crossover beyond flammability 
limits), and economic EoL, defined as the point where LCOH reaches its 
minimum before increasing again.

A key motivation for this work lies in the absence of a harmonized 
definition of electrolyzer durability in international standards. This lack 
of standardization introduces uncertainty in techno-economic analyses 
and may lead to conservative assumptions regarding stack lifetime and 
replacement strategies, potentially increasing the estimated cost of 
hydrogen production.

Fig. 3. Bidimensional decision map of the economically optimal stack management strategy (A1, A2, B1, B2) and its associated LCOH (in €/kg) as a function of 
electricity cost cE [€/kWh] (vertical) and capacity factor CF (horizontal). Each cell contains a number that corresponds to the LCOH (€/kg).
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To investigate these aspects, a techno-economic framework was 
developed to evaluate four stack lifetime management strategies: two 
based on full stack replacement at predefined degradation thresholds 
(A1 at 10% degradation and A2 at 20%), and two based on lifetime 
extension through stack supplementation without replacement (B1 and 
B2). The levelized cost of hydrogen was used as the central metric, and 
sensitivity analyses were performed across a wide range of degradation 
rates, electricity costs, and capacity factors.

The results show that the PT EoL criteria currently used as practical 
benchmarks for stack replacement are not economically optimal in all 
contexts. Replacement at a 10% degradation threshold, consistent with 
the DOE criterion, may lead to premature decommissioning when 
electricity costs are low or capacity factors are modest. Under these 
conditions, lifetime extension strategies based on partial stack supple
mentation, particularly B1, can result in lower LCOH values than con
ventional replacement approaches. Conversely, in operating regimes 
characterized by high capacity factor and higher electricity cost, 
replacement strategies become economically preferable, with A2 and in 
some cases A1 emerging as the most cost-effective options. These find
ings highlight that no single stack management strategy or EoL threshold 
is universally optimal. Instead, the economically optimal lifetime of an 
electrolyzer depends strongly on the operational context, particularly 
electricity price and system utilization.

While the proposed framework provides useful insights into the 
economic implications of different stack management strategies, some 
simplifying assumptions should be noted. The degradation model as
sumes a linear increase in voltage over time, which may not fully capture 
the complex degradation behavior observed in real systems, particularly 
over long term operation. In addition, degradation is assumed to be 
independent of capacity factor, which may penalize low-CF scenarios. 
Moreover, specific assumptions regarding cost structure and plant 
configuration may affect the general applicability of the results.

Future work should focus on experimental validation of long-term 
degradation under variable operating profiles, including the effects of 
load cycling, start–stop operation, and partial-load conditions. Such 
studies would help clarify the relationship between safety EoL, func
tional EoL, and economic EoL, and would allow a more realistic evalu
ation of extended stack lifetime strategies such as the B-type 
management alternatives explored in this work. Finally, given the cen
tral role of durability in determining the levelized cost of hydrogen, 
further efforts toward the standardization of durability metrics and 
testing protocols are essential. Harmonized testing procedures and 
accelerated degradation protocols would improve the comparability of 
durability results and support the development of more reliable techno- 
economic assessments for electrolysis systems. In this context, the 
development of consistent durability definitions and testing standards 
by international organizations such as IEC, ISO, and CENELEC could 
play a key role in improving the reliability of lifetime predictions and 
facilitating the large-scale deployment of hydrogen electrolysis 
technologies.
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