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ABSTRACT: Distributed hydrogen production has garnered significant attention due to its potential to reduce
transportation costs and utilize local renewable energy sources. This study develops a comprehensive life cycle
assessment (LCA) and techno-economic analysis framework for distributed hydrogen production based on a 100 MW
alkaline water electrolysis system modeled in Aspen Plus. The process simulation provides detailed mass and energy
balances to quantify the system’s performance across three key dimensions: environmental, economic, and energy.
Environmentally, when powered by photovoltaic electricity, the system achieves a total life cycle carbon footprint of
1.94 kg CO2eq/kg H2, with approximately 91% of emissions originating from the electrolyzer’s power consumption.
Economically, the levelized cost of hydrogen (LCOH) is calculated at 25.403 CNY/kg, placing the system competitively
within current green hydrogen estimates, though it remains above traditional fossil-based routes. Energetically, the
system exhibits an overall energy efficiency of 56.57% and an exergy efficiency of 55.61%, revealing that system
irreversibility (exergy destruction) is predominantly concentrated within the electrolyzer unit. Sensitivity analysis
indicates that annual operating hours (capacity factor) and renewable power carbon intensity (electricity prices) are
the most critical drivers for economic viability. Therefore, securing low-carbon, low-price renewable electricity and
extending operational hours are essential to enhancing the competitiveness of distributed hydrogen production.
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1 Introduction

Amid global efforts to address climate change and advance the energy transition, hydrogen energy has
emerged as a strategically significant clean secondary energy carrier. Driven by national carbon neutrality
targets, supportive policies are actively fostering hydrogen-related R&D, hydrogen production capacity, and
the development of refueling infrastructure, thereby accelerating the shift from demonstration projects to
large-scale adoption. In recent years, renewable energy-powered water electrolysis has developed rapidly,
with many countries setting hydrogen deployment targets beyond the transportation sector-including
industry, buildings, and power generation-and demonstrating active planning and pilot initiatives [1].
Distributed hydrogen production has gained increasing attention as an innovative approach to hydrogen
generation. By leveraging the geographical advantages of renewable energy sources such as wind and
solar, distributed systems can facilitate the local utilization of renewable electricity and reduce the need for
long-distance energy transmission. These systems can also improve the flexibility of hydrogen production
in response to regional renewable resource availability, thereby further advancing regional low-carbon
economic development [2].
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Currently, the main distributed hydrogen production technologies include alkaline water electrolysis
(AWE), proton exchange membrane electrolysis (PEM), and solid oxide electrolysis (SOEC) [3]. In recent
years, AWE and PEM have become the two dominant technologies in green hydrogen production. AWE, as
the primary technology in terms of installed capacity, accounts for approximately 60% of global electrolyzer
capacity and is widely used in industrial decarbonization sectors such as steel and chemicals-exemplified
by projects like Sweden’s HYBRIT green hydrogen-based steelmaking initiative [4] and Saudi Arabia’s
large-scale green ammonia plants. In transportation and energy systems, hydrogen produced via AWE is
already being used in fuel cell trains [5] and integrated into “power-to-gas” projects for wind energy storage
and grid balancing [6]. PEM technology is undergoing rapid commercialization, led by companies such
as Norway’s Nel and Canada’s Cummins, which have introduced megawatt-scale systems with hydrogen
production capacities of 4000–5000 Nm3/h and operating pressures of up to 30 bar. These systems exhibit
energy consumptions around 4.3–4.5 kWh/Nm3 H2, with advantages including fast response and high-purity
output, making them suitable for integration with intermittent renewable energy sources. PEM’s market
share continues to expand globally [7]. In contrast, SOEC technology remains less mature, largely confined
to laboratory and demonstration stages, with a technology readiness level (TRL) of around 5 and typical
single-stack capacities at the kW scale. Although SOEC offers significantly higher efficiency compared
to AWE and PEM, it faces challenges such as long start-up and shutdown times, material corrosion at
high temperatures, and rapid performance degradation (e.g., several percentage points over 1000 h of
operation) [8,9]. Internationally, the Idaho National Laboratory in the United States and Germany’s Sunfire
have developed 15 kW and 720 kW stacks, respectively, with the latter aiming for hundred-ton-scale green
hydrogen production by the end of 2022. In China, institutions such as the Dalian Institute of Chemical
Physics (Chinese Academy of Sciences) and Tsinghua University have conducted preliminary research
on kW-scale reversible solid oxide cells, though overall progress still lags behind international advanced
levels [8].

Regarding centralized, ultra-large-scale renewable hydrogen production pathways, existing studies
have conducted in-depth explorations of their technical-economic feasibility and future cost trends through
integrated system modeling. These studies typically use the levelized cost of hydrogen (LCOH) as a
core evaluation metric, with calculation methods encompassing capital investment, operational costs,
and discounted cash flows. Results indicate that in such projects, electricity consumption, electricity
price, and investment in system components are among the most critical factors influencing hydrogen
production costs [10]. In terms of carbon footprint assessment for water electrolysis hydrogen production
systems, existing research widely employs process-based life cycle assessment (LCA) methodology. This
approach enables the environmental impacts of hydrogen production to be systematically quantified by
considering the life-cycle inventory, energy consumption, material inputs, and electricity sources associated
with electrolysis systems [11]. For the economic analysis of water electrolysis hydrogen production,
existing studies have identified that costs are primarily driven by electrolyzer investment and electricity
consumption, with alkaline electrolyzers benefiting from relatively low investment requirements. Techno-
economic assessments further indicate that reducing electrolyzer costs and electricity prices is essential for
improving the competitiveness of alkaline water electrolysis, while the electricity source and price also
have significant effects on the overall economic performance [12].

Life Cycle Assessment (LCA) provides a comprehensive methodological framework for quantitatively
characterizing the environmental burdens of energy systems from “cradle to grave,” covering stages such
as raw material extraction, plant construction, operation, decommissioning, and related upstream and
downstream processes. When coupled with rigorous process simulation, LCA can accurately depict material
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and energy flows, yield more reliable environmental inventories and enable robust sensitivity analyses.
Aspen Plus is one of the most widely used process simulation platforms in chemical and energy systems,
offering comprehensive thermodynamic models, flexible process modeling capabilities, and well-developed
mass and energy balance tools. Integrating Aspen Plus with LCA provides a powerful approach for
evaluating distributed hydrogen production technologies under various scenarios and boundary conditions.

Despite rapid advancements in hydrogen-related research in recent years, existing LCA studies have
predominantly focused on centralized, large-scale hydrogen production facilities or single pathways (e.g.,
steam methane reforming or grid-powered water electrolysis), with relatively limited attention given
to distributed hydrogen production systems. Alkaline water electrolysis, one of the most mature and
widely adopted green hydrogen production methods, represents a key direction for future distributed
hydrogen development. Therefore, this study employs an Aspen Plus-based process model as the core
tool for inventory generation to conduct a comprehensive life cycle assessment of renewable-powered
alkaline water electrolysis hydrogen production, evaluating its performance across three dimensions: carbon
footprint, economic viability, and energy efficiency.

Despite the established body of literature on hydrogen energy systems, existing LCA and TEA evalu-
ations have predominantly focused on centralized, large-scale hydrogen production facilities or generic,
single-pathway supply chains. The distinct novelty and contribution of this study lie in establishing a
comprehensive, high-resolution evaluation framework tailored specifically for distributed alkaline water
electrolysis (AWE) systems dynamically integrated with diverse localized renewable energy configurations.
Going beyond standard high-level economic inventories or decoupled empirical assumptions, this research
leverages steady-state Aspen Plus process simulations to rigorously map internal thermodynamic behaviors,
explicitly quantifying the exergy destruction distributions across specific operational sub-units (including
cooling, compression, and purification stages). This integrated approach successfully bridges the analytical
gap between micro-level process thermodynamics and macro-level environmental and levelized cost profiles,
offering granular engineering insights for the strategic deployment and market integration of distributed
green hydrogen infrastructure.

2 Distributed Hydrogen Production

The typical technical route of a distributed hydrogen production system is shown in Fig. 1. Its core
process covers three main links: power supply from renewable energy, hydrogen production through water
electrolysis, and hydrogen storage and diversified utilization. The system’s electricity can be sourced from
clean energy such as solar and wind power or the power grid; the electricity drives the water electrolysis
system to produce hydrogen; the produced hydrogen, after storage, can be directly used for power generation
through fuel cells or as raw material for the synthesis of ammonia, methanol and other chemicals. The
research object of this paper is the key production unit in this technical route—the alkaline water electrolysis
hydrogen production system.

Modeling and process simulation were conducted for a 100 MW electrolyzer, with an integrated energy
production system established. The alkaline water electrolysis (AWE) system consists of an anode, a cathode,
a power supply, and an electrolyte. A direct current (DC) is applied to maintain electrical balance. Electrons
flow from the negative terminal of the DC power source to the cathode of the electrolyzer, where they
combine with hydrogen ions (protons) to form hydrogen gas. To maintain charge balance, hydroxide ions
(anions) migrate through the electrolyte to the anode. At the anode, hydroxide ions release electrons,
which return to the positive terminal of the DC power supply. To enhance the conductivity of the solution,
an electrolyte composed of highly mobile ions is typically used. Potassium hydroxide (KOH) is the most
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common electrolyte in water electrolysis because it avoids the corrosion issues associated with acidic
electrolytes. Nickel is a widely adopted electrode material due to its high activity, availability, and low
cost. A diaphragm is employed to separate the gases, allowing gas collectors to capture the hydrogen and
oxygen generated at the cathode and anode, respectively.

 

Figure 1: Schematic diagram of a distributed hydrogen production system.

The reactions in an alkaline electrolyzer are expressed by Eqs. (1)–(3):
Anode:

2OH−
→ 0.5O2 + H2O + 2𝑒

− (1)

Cathode:

2H2O + 2𝑒
−
→ H2 + 2OH− (2)

Overall Reaction:

H2O → H2 + 0.5O2 (3)

The standard molar enthalpy change, standard molar entropy change, and standard molar Gibbs free
energy change of this reaction are as follows:

Δ𝑟𝐻
𝜃

𝑚
= 285.83 kJ ⋅mol−1 (4)

Δ𝑟𝑆
𝜃

𝑚
= 163.343 J ⋅mol−1 ⋅ K−1 (5)

Δ𝑟𝐺
𝜃

𝑚
= Δ𝑟𝐻

𝜃

𝑚
− 𝑇 ⋅ Δ𝑟𝑆

𝜃

𝑚
= 237.13 kJ ⋅mol−1 (6)
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The actual single-cell voltage can be expressed as the sum of the reversible voltage, activation overpotential,
ohmic overpotential, and concentration overpotential. The electrochemical model is as follows:

𝑉𝑐𝑒𝑙𝑙 = 𝑉𝑟𝑒𝑣 + (𝜂𝑐𝑎𝑡 + 𝜂𝑎𝑛 + 𝜂𝑜ℎ𝑚 + 𝜂𝑐𝑜𝑛𝑐) (7)

where Vcell denotes the actual operating voltage of a single cell (V); Vrev is the reversible thermodynamic
decomposition voltage (V); 𝜂cat represents the activation overpotential of the cathodic hydrogen evolution
reaction (V); 𝜂an represents the activation overpotential of the anodic oxygen evolution reaction (V); 𝜂ohm
denotes the total ohmic overpotential of the system (V); and 𝜂conc denotes the concentration overpotential (V).

The polarization curve can be determined using a semi-empirical model, which includes additional
parameters and empirical correlations with temperature, pressure, and current density:

𝑉cell = 𝑉rev + [(𝑟1 + 𝑑1) + 𝑟2 ⋅ 𝑇 + 𝑑2 ⋅ 𝑝]𝑖 + 𝑠 ⋅ log
[(

𝑡1 +

𝑡2

𝑇

+

𝑡3

𝑇
2)

𝑖 + 1
]

(8)

where i represents the operating current density of the electrolyzer (A⋅cm−2); T is the thermodynamic
operating temperature of the electrolyzer (K); p is the operating pressure of the electrolyzer (bar); r1 is the
baseline empirical coefficient for ohmic losses from electrodes and electrolyte (Ω⋅cm2); d1 is the baseline
empirical coefficient for diaphragm resistance (Ω⋅cm2); r2 is the temperature correction coefficient for
ohmic losses (Ω⋅cm2

⋅K−1); d2 is the pressure correction coefficient for ohmic losses (Ω⋅cm2
⋅bar−1); s is the

Tafel empirical coefficient for activation overpotential (V); and t1, t2 and t3 are temperature correction
coefficients for activation losses, with t1 as the baseline term, t2 as the first-order temperature correction
term, and t3 as the second-order temperature correction term.

The hydrogen and oxygen production rates depend on the electrochemical behavior of the cell and
can be calculated using Faraday’s efficiency:

𝑛H2,prod = 𝑛𝐹 ⋅

𝐼

𝑧 ⋅ 𝐹

⋅ 𝑁 (9)

𝑛O2,an = 𝑛O2,prod =
1

2

𝑛H2,prod (10)

where 𝑛H2,prod denotes the total hydrogen production rate of the stack (mol⋅s−1); 𝜂F is the Faraday efficiency
(dimensionless); I represents the current of a single cell (A); z is the number of electrons transferred per
reaction; F is the Faraday constant, equal to 96,485 (C⋅mol−1); N is the number of single cells in the stack
(dimensionless). and 𝑛O2,prod denotes the total oxygen production rate of the stack (mol⋅s−1).

Faraday’s efficiency can also be expressed as an empirical correlation with four parameters at a given
temperature:

𝜂𝐹 =
(

𝑖
2

𝑓11 + 𝑓12 ⋅ 𝑇 + 𝑖
2)

⋅ (𝑓21 + 𝑓22 ⋅ 𝑇 ) (11)

where f 11 and f 12 are the baseline and temperature correction empirical coefficients for the denominator
term of Faraday efficiency (dimensionless); and f 21 and f 22 are the baseline and temperature correction
empirical coefficients for the correction term of Faraday efficiency (dimensionless).

The coefficients for the empirical correlation can be found in the literature. The power consumption
of the AWE stack is:
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𝑊stack = 𝑉stack𝐼 = 𝑉cell𝑁𝑡𝐴cell (12)

whereW stack denotes the total input power of the electrolyzer stack (W); V stack is the total operating voltage
of the stack (V); and Acell represents the effective reaction area of a single cell (cm2). Each electrolyzer stack
consists of 380 cells electrically connected in series. Therefore, the stack voltage is the sum of the individual
cell voltages, whereas the same current passes through all cells within a stack. At the system level, the 20
identical stacks are connected in parallel. Consequently, all stacks operate at the same voltage, while the
total system current is the sum of the currents passing through the individual stacks.

The energy balance equation for the AWE stack is as follows:

𝑄gen = 𝑖𝐴cell(𝑉cell − 𝑉th)𝑁 (13)

where Vth is the thermoneutral voltage, taken as 1.48 V.
The mathematical model of the alkaline electrolyzer presented in this paper describes the polarization

curve characteristics of the electrolyzer. The model is based on the following assumptions:

(1) The current efficiency is 100%, neglecting leakage currents and side reactions during the electrolysis
process.

(2) Each electrolysis cell in the alkaline electrolyzer has identical electrochemical characteristics, meaning
that the current and voltage values for each cell remain consistent.

(3) The temperature and pressure within the electrolyzer are uniformly distributed, i.e., the steady-state
average temperature and pressure across all cells are considered constant.

(4) Since hydrogen and oxygen are not easily liquefied under operating conditions, they are treated as
ideal gases throughout the electrolysis process.

(5) In addition, since the present study is based on steady-state process simulation using Aspen Plus, the
system was assumed to operate under stable operating conditions, and thus dynamic load behavior,
partial-load operation, and the influence of fluctuating renewable electricity input on system operation
were not further considered. In practical industrial applications, renewable electricity sources such
as wind and photovoltaic power exhibit significant intermittency, which may lead to non-full-load
operation of electrolyzers and further affect system efficiency and economic performance. To address
this limitation, capacity factor was introduced in the techno-economic assessment and sensitivity
analysis as a macroscopic proxy variable to characterize the impact of system utilization variations
caused by intermittent renewable electricity on the overall economic performance.

The modeling of the renewable energy-based hydrogen production system is illustrated in Fig. 2:
Alkaline Water Electrolysis Hydrogen Production System. The system utilizes wind and photovoltaic
power as electrical inputs and primarily consists of pumps, alkaline electrolyzers, gas-liquid separators,
heat exchangers, dryers, and other components. The supplementary alkali solution is mixed with the
recirculated alkali solution, then pressurized and cooled before undergoing electrochemical reactions in the
alkaline electrolyzer. The anode and cathode products undergo gas-liquid separation and cooling, followed
by drying in dryers. The dried hydrogen and oxygen can be directly sold as products. Key parameters of
the electrolyzer are summarized in Table 1.

While these steady-state conditions establish a robust baseline for core mass and energy balances, they
inherently introduce potential uncertainties regarding real-world industrial deployment. For instance, the
system model simplistically sets the nominal current efficiency at 100%. In practical industrial applications,
however, the Faraday efficiency typically fluctuates between 96% and 99% due to localized leakage currents,
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gas permeation, and secondary chemical side-reactions [13]. These operational deviations can cause slight
variances in absolute quantitative outcomes under transient inputs.
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Figure 2: Model of alkaline water electrolysis (AWE) hydrogen production system.

Table 1: Key parameters of alkaline electrolyzer.

Parameter Value Unit

Number of Electrolyzer Stacks 20
Number of Cells per Stack 380

Operating Pressure 15.8 Bar
Operating Temperature 348 K
Faradaic Efficiency 1
Cell Efficiency 0.67

Total DC Input Power of Electrolyzer System 100 MW
Total Operating Current of 20 Parallel Stacks 119,054 A

Operating Current per Stack 5952.7 A
Operating Voltage per Stack 839.953 V

3 Methods

This study provides a comprehensive assessment of the entire renewable energy-powered water
electrolysis-to-hydrogen process. The aim is to analyze the environmental impact, economic feasibility,
and energy efficiency of the alkaline water electrolysis hydrogen production system, offering a scientific
basis for future technological optimization and policy development.

3.1 Life Cycle Assessment

Life Cycle Assessment (LCA) is a systematic methodology used to evaluate the environmental impacts,
resource consumption, and potential economic benefits of a product or system across its entire life cycle,
from raw material extraction, production, and use to end-of-life treatment. LCA typically comprises four
main stages: goal and scope definition, life cycle inventory analysis, life cycle impact assessment, and
interpretation of results.

Within the context of the “dual carbon” goals, the significant environmental impact of the greenhouse
effect has garnered widespread attention. Life Cycle Assessment (LCA) has become a widely adopted tool
for quantifying greenhouse gas (GHG) emissions. In 2007, the Carbon Trust, based on LCA theory, defined
carbon footprint as a methodology for estimating the total GHG emissions expressed in carbon dioxide



8 Energy Eng. 2027;124(1):30

equivalents (CO2e) throughout a product’s life cycle. This definition expanded the scope of carbon footprint
from calculating only CO2 emissions to encompassing all GHG emissions [14].

In 2013, the International Organization for Standardization (ISO) defined carbon footprint as the
total amount of greenhouse gases emitted directly and indirectly across all stages of a product’s life cycle,
including raw material acquisition, manufacturing, transportation, sale, use, and end-of-life treatment. This
definition further refined and improved upon the Carbon Trust’s version. The spatiotemporal scope of
carbon footprint encompasses the entire product life cycle and includes the calculation of indirect GHG
emissions. The definition of carbon footprint has since matured and become more standardized, with the
life cycle perspective now established as a key characteristic of its assessment. As a result, the concept
of carbon footprint based on LCA has gained increasing acceptance among scholars and has been widely
applied to quantify the carbon reduction benefits of large-scale energy production units [15].

This paper uses carbon footprint to assess the global warming potential (GWP) of various greenhouse
gases, serving as an index that represents the contribution of a substance to the greenhouse effect. The
carbon footprint uses CO2 as the reference gas. Based on the global warming potential of CO2 emissions
over a 100-year timeframe, other greenhouse gases are converted into an equivalent mass of CO2 that
would produce the same greenhouse effect. These relative values are referred to as CO2 equivalent factors
for greenhouse gases. This study employs the CO2 emission factor database from US-Title40-Part98 to
calculate carbon emissions and CO2 equivalents for process energy consumption. The calculation formula
for the carbon footprint is given by Eq. (14):

𝐶GWP = ∑

𝑖

𝛽𝑖 × 𝑀GHG,𝑖 (14)

where 𝛽i represents the CO2 equivalent factor of greenhouse gas i in kg CO2eq/kg, and MGHG,i denotes the
emission amount of greenhouse gas i in kg. Taking green hydrogen production as an example, its carbon
emission equivalent during the production process mainly consists of direct carbon emissions (Cdir) and
indirect carbon emissions (Cindir). Direct carbon emissions primarily refer to greenhouse gas emissions
resulting from chemical reactions and similar processes during production. Indirect carbon emissions
include emissions caused by energy production, material consumption, waste treatment, and other related
activities. The calculation formula is given by Eq. (15):

𝐶 = 𝐶dir + 𝐶indir = 𝐶dir + 𝐶𝑒 + 𝐶𝑚 + 𝐶𝑤 (15)

where Ce represents the carbon footprint generated by electricity consumption during the production
process; Cm denotes the carbon footprint resulting from the consumption of raw materials, auxiliary
materials, primary and secondary energy sources during production; and Cw indicates the carbon footprint
arising from the treatment of waste gases, solid waste, wastewater, waste sand, and other waste materials
generated during production. This study assumes that the electricity consumed in the green hydrogen
production process is derived from renewable energy sources, while utility electricity is sourced from
natural gas.

The calculation of the carbon footprint for secondary energy in Cm is expressed by Eq. (16):

𝐶𝑚,2 = 𝑚gas × HHV × 𝛽gas ×
𝑓𝑎

𝑓𝑒

(16)
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where mgas represents the converted consumption of secondary energy, HHV denotes the higher heating
value of the converted energy, 𝛽gas is the carbon emission equivalent factor per unit heating value of the
converted energy in kg CO2eq/kJ, fa is the CO2 emission adjustment factor, and fe represents the CO2
energy efficiency factor. The values of fa and fe are based on the default settings in Aspen software. The
CO2 emission adjustment factor is set to 1, and the CO2 energy efficiency factor for electricity is 0.58.

3.2 Techno-Economic Assessment

Techno-economic evaluation is a critical step in the decision-making process for water electrolysis
hydrogen production projects. The economic analysis of the electrolysis hydrogen production system allows
for a quantitative assessment of its economic feasibility and cost competitiveness. In the following sections,
computational models will be developed separately for the system’s capital costs and operating costs.

To ensure that the techno-economic conclusions are robust and applicable to practical deployment
scenarios, the economic evaluation framework in this study is strictly and systematically integrated with
the engineering design parameters derived from the process simulation. Instead of relying on static or
decoupled empirical inventory values, high-resolution engineering outputs generated from the steady-state
Aspen Plus simulation-specifically including the precise mass and energy balances, hourly cooling water
consumption, and cumulative auxiliary power requirements of delivery pumps and compressors-are directly
routed as dynamic feedforward inputs into the economic model. This rigorous parameter coupling ensures
that the operational cost (OPEX) calculations, utility expenses, and sizing scaled factors for equipment
procurement are fundamentally rooted in thermodynamic rigor, thereby eliminating unlinked assumptions
and reflecting realistic engineering-economic operational boundaries.

3.2.1 Capital Cost

This study evaluates the overall economic performance of the system by calculating the levelized cost
of the target product (LCOP) and the net present value (NPV). The levelized cost of hydrogen (LCOH) is
calculated as follows:

LCOP =

𝑇𝐶𝐼 −
𝑅𝑠

(1+𝑟)
𝑁
+

20

∑

𝑛=1

𝑂𝑃𝐸𝑋

(1+𝑟)
𝑛

20

∑

𝑛=1

𝑃

(1+𝑟)
𝑛

(17)

where TCI represents the Total Capital Investment, OPEX denotes the annual Operating Expenses of the
project, and Rs stands for the salvage value, which in this study is assumed to be 10% of TCI. The discount
rate r, reflecting the time value of money, is set at 8%. P indicates the annual production of the target
product, N is the project lifespan, set at 20 years, and n represents the specific year within the calculation
period. The Net Present Value (NPV) is calculated using the following equation:

NPV =

𝐺
th year

∑

𝑔=0

𝐶𝐹𝑔

(1 + ROR)𝑔 (18)

where NPV is the net present value in year G; g is the year index; CFg is the cash flow in year g; and ROR is
the internal rate of return.

In practical industrial operation, the core components of alkaline electrolyzers, including electrodes,
diaphragms, and sealing structures, gradually experience performance degradation during long-term
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operation, which may result in increased electrolyzer voltage, higher electricity consumption, and reduced
system efficiency. Previous studies have reported that the lifetime of industrial alkaline electrolyzer stacks
can typically reach 8000–10,000 operating hours [16]; however, periodic maintenance and mid-life stack
replacement are still required during the project lifecycle.

Therefore, to improve the engineering realism of the techno-economic assessment, the present study
incorporates electrolyzer lifetime considerations and mid-termmaintenance requirements into the economic
model, assuming that stack replacement and maintenance expenditures occur during the project operation
period. Since this work is primarily based on steady-state process simulation, a detailed dynamic degradation
model was not further established. Instead, an equivalent life cycle discounting approach was adopted to
account for maintenance and replacement costs in an aggregated manner. This treatment enables a more
realistic representation of long-term operational economics while maintaining model simplicity.

The Total Capital Investment (TCI) comprises Fixed Capital Investment (FCI), Startup Costs (SC), and
Working Capital (WC). FCI primarily includes Total Direct Costs (TDC) and Total Indirect Costs (TIC), both
of which are calculated based on the Purchased Equipment Cost (PEC). TDC is further divided into Installed
Direct Costs (IDC) and Non-Installed Direct Costs (NIDC).

In this study, Aspen Process Economic Analyzer (APEA) software is used to calculate the equipment
costs for the green methanol synthesis system. Based on these costs, expenses related to installation, piping,
electrical systems, civil engineering, engineering design, and other associated items are estimated with
reference to literature data. Table 2 provides the definitions and calculation proportions for each component
of TCI. Based on the actual Purchased Equipment Cost (PEC) of the project, Table 3 presents the detailed
investment calculation results for the alkaline water electrolysis hydrogen production system. Together,
these two tables form the complete basis for estimating the total project investment.

Table 2: Calculation of total project investment [17].

Item Cost Calculation

Purchased Equipment Cost (PEC)
Installed Direct Costs (IDC) A + B + C + D + E
(A) Equipment Installation 39% PEC

(B) Instrumentation & Controls 26% PEC
(C) Piping 31% PEC

(D) Electrical Systems 10% PEC
(E) Service Facilities 55% PEC

Non-Installed Direct Costs (NIDC) F + G + H
(F) Building & Construction 29% PEC

(G) Site Development 12% PEC
(H) Land 6% PEC

Total Direct Costs (TDC) IDC + NIDC
Total Indirect Costs (TIC)

(I) Engineering & Supervision 32% PEC
(J) Construction Overhead 34% PEC

(K) Contractors’ Fees & Legal Expenses 23% PEC
(L) Contingency 37% PEC

Fixed Capital Investment (FCI) TDC + TIC
Startup Costs (SC) 5% FCI

Working Capital (WC) 15% FCI
Total Capital Investment (TCI) FCI + SC + WC
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3.2.2 Operating Cost

Operating costs primarily consist of two components: Fixed Operation and Maintenance Costs (FOMC)
and Variable Costs (VC). The fixed operation and maintenance costs are detailed in Table 3 below.

Table 3: Fixed operation and maintenance costs (FOMC) [18].

Item Cost Calculation

Maintenance Labor 1.5% FCI
Maintenance Materials 1.5% FCI
Insurance & Taxes 1% FCI

Financing 10% WC
Labor (L) 9.4× hlabor

Supervision (S) 25% L
Direct Overhead (D) 50% (L + S)

General & Administrative 50% (L + S + D)
Total Fixed O&M Cost FOMC

The Maintenance Materials cost is set at 1.5% of the Fixed Capital Investment (FCI) per year to cover
scheduled component replacements over the 20-year project lifecycle. For the core alkaline electrolyzer,
the electrode and diaphragm assemblies need replacement approximately every 10 years, which aligns
with the 80,000-h stack durability benchmark under baseload conditions [16]. Additionally, since the
proposed distributed hydrogen system integrates downstream fuel cells and buffer storage (as shown in
Fig. 1), this 1.5% annualized factor also accounts for the long-term degradation of these auxiliary modules.
Specifically, this 1.5% rate serves as a simplified annual average to cover both the main stack overhaul
and the gradual performance decline of the auxiliary components, including the 0.5%/1000 h degradation
rate for solid oxide fuel cell (SOFC) modules [19] and the 1.5–2% annual capacity fade for lithium-ion
storage systems [20]. Using a flat annual percentage avoids complex yearly cost spikes while ensuring that
the long-term replacement costs of these auxiliary modules are fully funded over the 20-year period. By
correlating these literature-based degradation rates with the 1.5% FCI maintenance factor, the O&M cost
estimation provides a realistic reflection of the lifecycle expenditures for the integrated distributed system.

Where hlabor represents the total labor hours, which can be derived from the empirical Eq. (19) [18]:

ℎlabour = 2.13 × 𝑚
0.242

MeOH × 𝑛pro ×
ℎop
24

(19)

In the Equation,mMeOH denotes the production capacity of the target product, npro denotes the number
of process units, and hop is the annual operating hours of the project, which is set as 8000 h in this study.

Variable costs (VC) primarily consist of the expenses incurred during the annual operation of the plant,
including raw materials, electricity, water, utilities, catalysts, and other consumables. The variable costs for
the green hydrogen production process are shown in the Table 4 below.

Table 4: Variable costs for green hydrogen production.

Variable Cost Item Annual Consumption Unit Unit Cost (CNY)

KOH Replenishment 41.98 ton 9880.4/ton
Make-up Water 12.59 104 ton 20.4/ton

Electricity 800.68 GWh 0.32/kWh
Cooling Water 219.56 104 ton 0.0884/ton
Desiccant 12.59 ton 598.4/ton
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The stochastic and intermittent nature of renewable energy sources (such as solar and wind) inherently
leads to fluctuating and under-load operations of the distributed hydrogen production system. To account
for this, the capacity factor is introduced as a macro variable in the techno-economic analysis. As noted by
Glenk et al. [21] in their study on renewable power-to-gas economics, the instability of renewable power
directly reduces equipment utilization, making the capacity factor a critical parameter for connecting these
operational dynamics to the financial evaluation.

3.3 Energy and Exergy Analysis

The system’s energy balance forms the foundation for evaluating the energy performance of the water
electrolysis hydrogen production process. At its core is the adherence to the First Law of Thermodynamics,
ensuring the conservation of energy entering and leaving the system. The general expression is:

∑

in
𝑚inℎin −∑

out
𝑚outℎout −𝑊 + 𝑄 = 0 (20)

In the Equation, the four terms on the left side represent: the enthalpy of incoming streams, the
enthalpy of outgoing streams, work done by the system (e.g., pump power consumption, typically negative),
and heat exchange between the system and its surroundings.

To quantify the energy conversion efficiency of the electrolysis process, the energy efficiency of
hydrogen production via water electrolysis, denoted as 𝜂en,H2

, is defined. This efficiency reflects the ability
to effectively convert input electrical energy (alongwithminormechanical energy from auxiliary equipment)
into the chemical energy of hydrogen fuel. Its calculation Equation is:

𝜂en,H2
=

𝑛H2
⋅ LHVH2

𝑊pump +𝑊elec
(21)

In the Equation, the numerator nH2⋅LHVH2 represents the thermal energy released by the complete
combustion of the produced hydrogen (based on its lower heating value LHV), i.e., the effective chemical
energy output of the hydrogen. The denominatorW elec +W pump denotes the total energy input driving the
electrolysis process, including the electrical energyW elec consumed by the electrolyzer and the mechanical
energy W pump consumed by auxiliary equipment such as circulation pumps within the system. This
efficiency serves as a critical indicator for evaluating the technical and economic performance of the water
electrolysis system, as its value directly influences the energy consumption level and operating costs of the
hydrogen production process.

Exergy refers to the theoretical maximum amount of energy that can be converted into other forms
when a system transitions from a specific state to equilibrium with environmental conditions. The environ-
mental state is typically defined as a temperature of 25◦C and a pressure of 1 atm. In steady-state industrial
processes, the kinetic and potential energy terms are usually neglected. Exergy consists of physical exergy
Exph and chemical exergy Exch, as expressed in Eq. (22):

𝐸𝑥 = 𝐸𝑥𝑝ℎ + 𝐸𝑥𝑐ℎ (22)

Physical exergy can be calculated from the process state parameters of the system, as shown in Eq. (23):

𝐸𝑥𝑐ℎ = 𝑇0(𝑆0 − 𝑆) − (𝐻0 − 𝐻) (23)
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where T 0, S0 and H 0 represent the temperature, entropy, and enthalpy of the fluid under environmental
conditions, respectively. S and H denote the entropy and enthalpy under working conditions. In this study,
the physical exergy of each process system is calculated using Aspen Plus software. Chemical exergy can
be determined based on the standard chemical exergy and the mole fractions of the fluid components.
Specifically, the chemical exergy of a gas mixture can be calculated using Eq. (24):

𝐸𝑥ch, gas = 𝑅𝑇0∑𝑥𝑖 ln 𝑥𝑖 +∑𝑥𝑖𝐸𝑥ch0,𝑖 (24)

where xi represents the mole fraction of each component, and Exch0,i denotes the standard chemical exergy
of each component at 25◦C and 1 atm. The chemical exergy of non-gas mixtures can be expressed by
Eq. (25) [22]:

𝐸𝑥𝑐ℎ,non-gas = ∑𝑥𝑖𝐸𝑥𝑐ℎ0,𝑖 (25)

The standard chemical exergies of each component are presented in Table 5.

Table 5: Standard chemical exergies of each component.

Component Phase Standard Chemical Exergy (kJ/mol)

Hydrogen (H2) Gas 236.09
Water (H2O) Gas 9.5
Water (H2O) Liquid 0.9
Oxygen (O2) Gas 3.97

The exergy balance calculation of the entire system can be expressed as Eq. (26):

𝐸𝑥𝑖𝑛,𝑄 + 𝐸𝑥in,𝑊 + 𝑚in∑𝐸𝑥in = 𝐸𝑥out,𝑄 + 𝐸𝑥out,𝑊 + 𝑚out∑𝐸𝑥out + 𝐸𝑥𝑑 (26)

where Ex in and Exout denote the exergies of the inlet and outlet fluids, respectively; ExQ and ExW represent
the exergies associated with heat exchange, electricity, and work output of the system; and Exd is the exergy
destruction. ExQ can be calculated by Eq. (27):

𝐸𝑥𝑄 = 𝑄
(
1 −

𝑇0

𝑇 )
(27)

The exergy efficiency of the system can be obtained by Eq. (28):

𝜂ex,𝑖 =
𝐸𝑥𝑝,𝑖

𝐸𝑥𝑚,𝑄 + 𝐸𝑥𝑚,𝑊 + 𝑚𝑚∑𝐸𝑥𝑚

(28)

where hex,i refers to the exergy efficiency of each subsystem and the overall system, and Exp,i represent the
exergy value of the system products.

4 Results and Discussion

4.1 Life Cycle Assessment Results

The carbon emissions of hydrogen production via alkaline water electrolysis using renewable energy
were analyzed through the life cycle carbon footprint analysis method. When photovoltaic energy was
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adopted as the renewable energy, the life cycle carbon footprint of the hydrogen production process is
presented in Fig. 3. The total carbon footprint of this production unit reached 1.94 kg CO2eq/kg H2.

Figure 3: Life cycle carbon footprint analysis of hydrogen production via alkaline water electrolysis.

Specifically, the power consumption of the electrolyzer contributed approximately 1.76 kg CO2eq/kg H2
to the carbon footprint, accounting for 91% of the total, which highlights the critical role of energy utilization
in this process. In contrast, the carbon emissions from the Balance of Plant (BOP) power consumption and
raw materials exerted a relatively minor impact on the overall carbon footprint. The impacts of BOP power
consumption and raw materials were both relatively small. These findings demonstrate that the power
consumption of the electrolyzer constitutes the primary source of carbon emissions in this system. The
results highlight the importance of improving energy efficiency and utilizing low-carbon electricity in the
hydrogen production via water electrolysis.

When the carbon footprint of renewable energy fluctuates within the range of 0–100 kg CO2eq/MWh,
the variation in the total carbon footprint of hydrogen production via alkaline water electrolysis is pre-
sented in Fig. 4. The carbon footprints of renewable energy reported in different literatures and research
institutions exhibit certain discrepancies. The abscissa corresponding to the color blocks in Fig. 4 represents
the fluctuation range of carbon footprints for various renewable energy power generation technologies:
hydropower is approximately 0–30 kg CO2/MWh, wind power and nuclear power are roughly in the interval
of 5–25 kg CO2/MWh, while photovoltaic power generation is concentrated in a relatively high range of
about 20–80 kg CO2/MWh.

The height of the vertical color blocks indicates the possible variation range of the life cycle carbon
emissions per unit of hydrogen, given a specific power carbon footprint interval and fixed electricity
consumption for water electrolysis hydrogen production. In other words, it represents the envelope of
the minimum and maximum values resulting from the combined effects of different system efficiencies,
boundary conditions, and operating conditions.
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Figure 4: Comparative analysis of carbon footprints of water electrolysis hydrogen production driven by different
renewable energy sources.

Additionally, to quantify the dynamic uncertainties embedded in the environmental metrics, the
variance of the renewable power carbon intensity across different regions and source technologies (ranging
from 0 to 100 kg CO2eq/MWh) was systematically mapped out. This envelope analysis explicitly illustrates
how upstream electricity emission factors propagate onto the total life cycle carbon footprint of green
hydrogen, establishing the upper and lower feasibility boundaries under diverse regional power grids.

The results show that when hydropower is used as the renewable energy source, the carbon footprint
of green hydrogen is the lowest, with a fluctuation range of 0.18–1.88 kg CO2eq/kg H2; when wind power is
adopted, the fluctuation range of the green hydrogen carbon footprint is 0.41–1.59 kg CO2eq/kg H2. When
nuclear power is utilized, the fluctuation range is 0.41–1.29 kg CO2eq/kg H2; and for photovoltaic power-
driven hydrogen production, the fluctuation range is 1.29–4.82 kg CO2eq/kg H2. These results demonstrate
that when renewable electricity is used-especially hydropower, wind power, and nuclear power-the life
cycle carbon footprint per unit of hydrogen can be significantly lower than that of the traditional fossil
fuel-based hydrogen production pathway. Although photovoltaic-driven hydrogen production has relatively
higher carbon emissions, it can still achieve substantial emission reductions under reasonable equipment
efficiency and power structure configurations.

4.2 Techno-Economic Assessment Results

In the total investment of a 100 MW-scale alkaline water electrolysis hydrogen production project,
the equipment procurement cost amounts to 159.2 million CNY, which constitutes the core of the direct
installation cost. With the specific breakdown presented in Table 6.
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Table 6: Equipment procurement costs of alkaline water electrolysis hydrogen production project.

Process Cost (10,000 CNY)

Electrolyzer Stacks 7164
Electrical System 4378

Deionized Water System 1926
Hydrogen Purification 1751

Gas Cooling 701
Total 15,920

For water electrolysis systems, the electrolyzer stack and auxiliary equipment may differ in terms of
cost structure and installation characteristics. Therefore, the capital costs of the electrolyzer stack and
other system components should be appropriately distinguished in techno-economic analysis. Reksten et al.
developed a CAPEX model for PEM and alkaline water electrolysers, considering the effects of electrolyzer
scale and technological development on capital costs [23]. Morgan et al. investigated the economies of
scale of large-scale alkaline electrolyzers and evaluated the capital costs of major system components [24].

For the 100 MW alkaline water electrolysis system investigated in this study, the total purchased
equipment cost is 159.20 million CNY, including 71.64 million CNY for the electrolyzer stacks and 87.56 mil-
lion CNY for the remaining process equipment. Since the electrolyzer stack differs from conventional
process equipment in terms of cost and installation characteristics, only 87.56 million CNY is used as the
basis for calculating the conventional installation, non-installed direct, and indirect cost factors. In the
subsequent preparation of the figure, the Purchased Equipment category retains the full equipment cost of
159.20 million CNY, including the electrolyzer stacks. Thus, the electrolyzer stack cost remains included in
the project capital investment without being counted again through the conventional cost factors.

Based on the equipment procurement cost and incorporating the costs related to project construction,
the total investment in the alkaline water electrolysis (AWE) system of this project reached 527.65 million
CNY. The hierarchical breakdown of its capital cost is presented in Fig. 5. Of the total investment, the direct
installation cost was 300.17 million CNY, with the equipment procurement cost accounting for 53.04%. The
non-installation direct cost was 41.15 million CNY; the total indirect cost was 110.33 million CNY; and the
other costs were 76.00 million CNY.

The annual operating cost of the project is 293.51 million CNY, with the breakdown shown in Fig. 6.
The variable operating cost is the main component, accounting for 90.74% of the annual operating cost,
within which the electricity cost for water electrolysis alone accounts for 96.20% of the variable cost. The
fixed operation and maintenance (O&M) cost accounts for the remaining 9.26% of the total operating cost.
This baseline cost structure establishes the deterministic economic foundation for the distributed alkaline
water electrolysis (AWE) system prior to sensitivity analysis.

The variable cost calculation is based on the total capital investment and annual operating cost, with
the capital recovery factor (CRF = 0.101852209) used for conversion. The levelized cost of hydrogen (LCOH)
of the AWE system is calculated to be 25.40 CNY/kg, with its cost composition presented in Fig. 7. The
annual operating cost accounts for 49.4% of the LCOH: among this, variable O&M cost accounts for 44.6%
(of which electricity consumption constitutes the majority), and fixed O&M cost accounts for 4.9%. Capital
expenditure accounts for 50.6%: with direct installation costs representing 25.3%, and the electrolyzer
equipment procurement cost accounts for 57.5% of the direct installation cost, making it a key factor
affecting the investment cost.
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Figure 5: Investment cost of alkaline water electrolysis.

Figure 6: Operating cost breakdown of alkaline water electrolysis.

This cost structure clearly demonstrates that electricity costs are the primary driver of LCOH, while
capital investment dominated by equipment procurement, also has a significant impact. These two factors
jointly determine the economic boundary of the project. Compared to other mainstream hydrogen produc-
tion technologies, the current cost of coal-to-hydrogen and natural gas steam methane reforming (SMR)
hydrogen production in China is roughly in the range of 10–15 CNY/kg, and industrial by-product hydrogen
is approximately 9–22 CNY/kg. Therefore, the cost in this study is still higher than that of traditional fossil
energy-based hydrogen production and some by-product hydrogen pathways, and does not yet have a
comprehensive advantage in terms of pure economics.
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Figure 7: Levelized cost of hydrogen for alkaline water electrolysis hydrogen production projects.

However, when compared with other scenarios under the same water electrolysis technology route,
the cost of alkaline water electrolysis hydrogen production is usually estimated to be around 30 CNY/kg
when renewable electricity prices and equipment costs do not decrease significantly. The result of this
study falls at the lower end of this range, indicating that, under reasonable renewable electricity prices and
system parameters, distributed alkaline water electrolysis hydrogen production is expected to gradually
narrow the cost gap with fossil-based hydrogen production, and lay a foundation for demonstrating its
environmental advantages under future carbon constraints and carbon pricing scenarios.

As summarized in Table 7, the distributed alkaline water electrolysis hydrogen production system
developed in this study exhibits competitive environmental performance compared with conventional fossil-
fuel-based hydrogen production pathways. Coal-based hydrogen production and industrial by-product
hydrogen generally maintain lower hydrogen production costs under current industrial conditions; however,
these pathways are commonly associated with higher carbon emissions or limited resource availability. In
contrast, the distributed AWE system investigated in this work achieves a life cycle carbon footprint of
only 1.94 kg CO2eq/kg H2 under photovoltaic-powered conditions.

Furthermore, recent studies published between 2022 and 2024 indicate that the hydrogen production
cost of centralized green hydrogen systems remains strongly dependent on renewable electricity prices,
electrolyzer capital cost, and system utilization levels. PEM electrolysis systems generally exhibit superior
dynamic response capability but are often associated with higher capital investment and system cost. Com-
pared with these pathways, the distributed AWE system developed in this study demonstrates advantages
in technological maturity, engineering applicability, and integrated environmental-economic performance
under current industrial deployment conditions.

Based on these findings, the integration of dynamic time-of-use (TOU) electricity pricing and strategic
off-peak power utilization (valley periods) emerges as a critical operational pathway to buffer the volatility
of the LCOH. By shifting heavier water electrolysis loads to periods with surplus renewable generation or
lower grid tariffs, the average electricity procurement cost can be effectively suppressed. This optimization
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demonstrates that utilizing localized dynamic pricing mechanisms can drastically mitigate the negative
economic impacts of renewable intermittency, thereby significantly enhancing the market competitiveness
and financial robustness of distributed green hydrogen production units.

Table 7: Benchmark comparison of hydrogen production pathways reported in recent studies.

Roduction Pathway Hydrogen Production
Cost (CNY/kg)

Carbon Emission
Characteristics Technical Characteristics

Coal-based hydrogen
production 7.24–10.13 CNY/kg [25] High carbon emissions Mature industrial technology

Industrial by-product
hydrogen 9.12–11.65 CNY/kg [26] Relatively high carbon

emissions Limited regional availability

Centralized green hydrogen
systems 14–45 CNY/kg [27] Low carbon emissions

Strong dependence on
renewable electricity price

and utilization level

PEM electrolysis systems Generally higher than AWE
systems [28] Low carbon emissions

Fast dynamic response
capability but relatively high

capital cost

Distributed AWE system in
this study 25.403 CNY/kg 1.94 kg CO2eq/kg H2

High technological maturity
and suitable for distributed

deployment

4.3 Energy and Exergy Analysis Results

The energy consumption of key components in the renewable energy hydrogen production system
is presented in Fig. 8. In this system, the primary components of energy consumption are electricity and
cooling energy. The total energy consumption is dominated by electricity, accounting for 97.5%. As the
core component of the system, the electrolyzer (A101) is the major electricity-consuming unit.

Figure 8: Energy consumption distribution of hydrogen production via water electrolysis.

In contrast, the energy consumption for cooling demand is relatively low, accounting for only 2.5% of
the total energy consumption, and its distribution is relatively uniform. Specifically, the cooling demand of
the cooler C101 is relatively high, reaching 1867.5 kW, followed by C102 and C103.
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Overall, the electricity consumption is far higher than the cooling demand, which indicates that the
main energy consumption of the system is concentrated in electricity usage. Accordingly, measures to
reduce the electricity demand of A101 should be prioritized to improve energy utilization efficiency.

The exergy flow of the hydrogen production process via alkaline water electrolysis is presented in
Fig. 9, which describes the exergy flow variation during the process in the form of a Sankey diagram. In the
hydrogen production process via alkaline water electrolysis, the electrolyzer converts electrical energy into
hydrogen energy, and exergy destruction within the electrolyzer accounts for the largest share.

Figure 9: Exergy flow diagram of hydrogen production via alkaline water electrolysis.

With electrical energy input into the electrolyzer at a reference value of 100 MW, hydrogen and oxygen
are output at different exergy flow rates after passing through various heat exchangers, separators and
dryers. Among these streams, the exergy of the hydrogen stream decreases slightly when passing through
equipment such as C102 and V101, while the water and recycle product streams circulate inside the system
with minimal changes in stream values.

This indicates that the current process layout is relatively compact in terms of energy recovery and
heat integration, with limited additional irreversible losses in auxiliary units. The key to further improving
the second-law efficiency of the system lies in optimizing the electrolyzer design and operating conditions.

This Fig. 10 illustrates the process exergy destruction of each piece of equipment in the system. As can
be seen from the exergy destruction diagram, the exergy destruction of the entire water electrolysis hydrogen
production system is almost entirely concentrated in the electrolyzer itself. The exergy destruction of the
electrolyzer (A101) is approximately 4.38 × 104 kW, accounting for 99.44% of the total exergy destruction,
while the sum of exergy destruction of the cooling system, separators and pumps is less than 1%. Among
this auxiliary equipment, the exergy destruction of the cooler C101 is about 220 kW, which is the highest
proportion among auxiliary equipment but still negligible compared with that of the electrolyzer.

This indicates that the main source of system irreversibility lies in the electrode reactions and the
heat and mass transfer processes inside the electrolyzer, whereas the processes such as heat exchange,
separation and pumping have a weak impact on the overall efficiency. Therefore, to significantly reduce
the total exergy destruction and improve the exergy efficiency of the system, the focus should be placed on
optimizing the electrochemical reactions and heat and mass transfer processes inside the electrolyzer-such
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as reducing overpotential, improving electrode and membrane materials, and enhancing the flow and heat
transfer inside the electrolyzer.

Figure 10: Distribution of exergy loss in water electrolyzer.

As can be seen from Table 8, the energy efficiency of hydrogen production via alkaline water electrolysis
in this project is 56.57%, which is lower than the level of approximately 64.1% reported in the literature.
This indicates that there is still room for optimization in terms of system integration, current density, or
thermal management.

Table 8: Energy efficiency and exergy efficiency of hydrogen production via alkaline water electrolysis.

Index This Project Literature

Energy Efficiency 56.57% 64.1% [29]
Exergy Efficiency 55.61% 40.8%–59.4% [30]

The exergy efficiency of this project is 55.61%, which is slightly higher than the median value of the
range of 40.8%–59.4% reported in the literature. This shows that after considering the energy grade, the
effective utilization of input energy of this system is at the upper-middle level among existing studies.

Overall, the energy efficiency is slightly low while the exergy efficiency is relatively high. This
suggests that subsequent efforts can focus on improving the energy efficiency by reducing the electrolyzer
overpotential and the energy consumption of auxiliary equipment, while maintaining or further enhancing
the exergy efficiency.

Sensitivity Analysis

To further investigate the variations in system economics driven by different technological advancement
levels, and to systematically analyze the technical conditions and economic backgrounds required for
the profitability of the distributed hydrogen production unit, a scenario-based financial evaluation was
conducted based on three distinct techno-economic settings. The configurations for the three scenarios
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are summarized in Table 9. Specifically, the system price of the water electrolysis unit fluctuates by ±50%
around the baseline value of 1592 CNY/kW, defining the parameters for the “Bad” and “Good” scenarios,
respectively. Based on the literature, the annual operating hours of the electrolyzer are set at 8000 h, 6000 h,
and 4000 h for the Good, Basic, and Bad scenarios, respectively. The electrolyzer energy efficiency varies by
±10% from the baseline value of 56.6% to establish the boundaries for the Good and Bad scenarios. The
selling prices of oxygen byproduct, renewable electricity, and ammonia across the three scenarios are
determined according to current market conditions.

Table 9: Scenario parameters for the green electricity-powered hydrogen production unit.

Parameter Good Scenario Basic Scenario Bad Scenario

Water electrolysis system price (CNY/kW) 796 1592 2388
Annual operating hours (h) 8000 6000 4000

Electrolyzer energy efficiency (%) 62.26 56.60 50.94
Oxygen price (CNY/t) 680 544 408

Renewable electricity price (CNY/kWh) 0.136 0.204 0.272

Under the three techno-economic backgrounds, the expected internal rate of return (ROR) is set at 4%,
and the correspond ing Net Present Value (NPV) trajectories are illustrated in Fig. 11. Under the “Good”
techno-economic scenario, the NPV crosses the zero-threshold in the third year, indicating that the project
reaches the predefined return threshold within the third year and enters the profitable stage. Under the
“Basic” scenario, the expected 4% ROR is approximately achieved at the end of the 20-year project lifespan.
Conversely, under the “Bad” scenario, the NPV continuously declines, rendering the distributed hydrogen
production unit economically unviable.

Utilizing the LCOH from the “Good” scenario as the baseline, the specific impacts on LCOH when each
parameter varies between the Bad and Good boundaries are illustrated in Fig. 12. Among these variables,
the electrolyzer energy efficiency and annual operating hours serve as the primary technical performance
indicators, while the renewable electricity price, oxygen price, and water electrolysis system price constitute
the key economic parameters. As indicated by the Tornado chart, the annual operating hours and renewable
electricity price exhibit the most prominent impacts on the LCOH, serving as the dominant variables that
govern the production cost of green hydrogen.

Transitioning from the worst-case condition (4000 h) to the best-case condition (8000 h) for the annual
operating hours yields the largest variation band for the LCOH, spanning from approximately 32.00 CNY/kg
down to 19.50 CNY/kg. This underscores that mitigating the negative economic impacts of renewable
intermittency by maximizing the renewable utilization hours-and consequently extending the system’s
annual operating hours (serving as a macro proxy for the capacity factor)-represents a highly feasible and
effective pathway to suppress the LCOH. Existing studies indicate that the annual utilization hours for
onshore wind power typically range from 2800 h to 5100 h; solar photovoltaic generation ranges from
1000 h to 2200 h; while biomass power generation spans between 6000 h and 8300 h. Notably, integrating
biomass power can reliably guarantee that the distributed green hydrogen production unit operates at a
high-capacity factor and stable efficiency.

The renewable electricity price is similarly identified as a critical driver for the LCOH. When the
electricity tariff drops from the worst-case (0.272 CNY/kWh) to the best-case (0.136 CNY/kWh) condition,
the LCOH shifts from approximately 29.50 CNY/kg to 22.00 CNY/kg; on average, every 0.068 CNY/kWh
reduction in the electricity price translates into a 3.75 CNY/kg decline in the LCOH.
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Figure 11: NPV variations of green hydrogen production under different scenarios.

Figure 12: Scenario sensitivity analysis of levelized cost of green hydrogen production.

In contrast, the water electrolysis system price (ranging from 786.67 to 2360.28 CNY/kW), the oxygen
byproduct price (ranging from 0.408 to 0.680 CNY/kg), and the electrolyzer energy efficiency (ranging from
50.94% to 62.26%) exert relatively limited impacts on the LCOH, displaying significantly narrower sensitivity
bands. This indicates that, within the current techno-economic framework, prioritizing the reduction of
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renewable power tariffs and maximizing the annual operating hours represent the most effective strategies
to cutting down the LCOH of distributed green hydrogen.

The sensitivity analysis confirms that maximizing annual operating hours—serving as a macroscopic
proxy for the capacity factor—is the most effective pathway to suppress the LCOH. However, relying on
a flat capacity factor masks the physical friction of integrating intermittent renewables. A steady-state
framework pro-vides a clean economic baseline, but a comprehensive evaluation must account for the
dynamic operational realities of alkaline water electrolysis (AWE). Wind and solar power do not drop
smoothly; they fluctuate wildly. This intermittency translates directly into two major operational challenges:
partial-load efficiency drops and start-stop penalties.

This intermittency hits partial-load efficiency hard. As Buttler and Spliethoff [31] demonstrated,
running an electrolyzer at low partial loads pushes the system into highly non-linear efficiency zones. The
stack itself might see a slight thermodynamic efficiency bump at low currents because ohmic losses drop. But
this small gain is quickly wiped out by the Balance of Plant (BoP). Heavy auxiliary systems—like electrolyte
circulation pumps and thermal management units—have fixed base-load electricity demands. They cannot
simply ramp down their draw to match the stack. Running at partial loads creates a massive parasitic
energy drain, dragging down the system’s actual energy efficiency far below steady-state assumptions.

Beyond efficiency losses, fluctuating power triggers severe start-stop penalties due to hard safety limits.
When the renewable input drops the system below roughly 15–20% of its nominal load, the production
volume of hydrogen and oxygen falls. The problem is that gas crossover through the diaphragm—which is
driven by concentration gradients rather than the electrical current—stays roughly the same, as validated
by Haug et al. [32]. This mismatch causes hydrogen to rapidly build up in the oxygen stream. Once that
H2-in-O2 impurity approaches the critical 2 vol% safety limit, plant protocols force an immediate emergency
shutdown to avoid explosion risks. In reality, intermittent renewable power doesn’t just mean a lower
capacity factor. It forces the electrolyzer into erratic, unscheduled start-stop cycles.

These repeated start-stop cycles take a severe physical toll over the project’s lifetime. Sudden voltage
shifts and thermal cycling cause the electrocatalysts to peel off and lose active surface area far faster than
under stable conditions (Ursua et al. [13]). Steady-state frameworks assume a predictable, fixed stack
lifespan. Dynamic operation shatters that assumption. From a life cycle assessment (LCA) perspective,
faster degradation means replacing stacks more frequently, driving up the environmental footprint because
manufacturing these components is highly energy-intensive. On the economic side (TEA), replacing
stacks early inflates the reinvestment CAPEX. This pushes the true LCOH noticeably higher than what
static models project. While the capacity factor remains a practical proxy for baseline economics, future
system designs must integrate battery storage or advanced power electronics to buffer these real-world
intermittency effects.

5 Conclusions

This study adopted a combined methodology of process simulation and life cycle assessment (LCA) to
conduct a systematic analysis of the distributed alkaline water electrolysis (AWE) hydrogen production
system driven by renewable energy, covering three dimensions: carbon footprint, economics, and energy
utilization. A relatively comprehensive evaluation framework was thereby established. The key results are
as follows:

(1) When renewable electricity is employed-particularly hydropower, wind power, and nuclear power-the
life cycle carbon footprint per unit of hydrogen is significantly lower than that of traditional fossil
fuel-based hydrogen production routes. Although photovoltaic (PV)-driven hydrogen production
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exhibits slightly higher carbon emissions, it can still achieve substantial emission reductions under
reasonable equipment efficiency and power structure configurations. Taking a typical PV scenario as
an example, the total carbon footprint of the hydrogen production process is approximately 1.94 kg
CO2eq/kgH2. Among this, electricity consumption by the electrolyzer contributes around 91%, while
the contributions from balance of plant (BOP) power consumption and raw material emissions are
minimal. This highlights the decisive role of electrolyzer energy efficiency and upstream electricity
carbon intensity in determining the system’s environmental performance.

(2) Economic analysis indicates that under the current technical level and cost assumptions, the levelized
cost of hydrogen (LCOH) for distributed water electrolysis hydrogen production is 25.403 CNY/kg.
Compared with other mainstream hydrogen production technologies, the cost in this study remains
higher than that of traditional fossil energy-based hydrogen production and some by-product hydrogen
routes, and thus does not yet possess a comprehensive advantage in terms of pure economics. However,
with reasonable renewable electricity pricing and optimized system parameter settings in the future,
distributed alkaline water electrolysis hydrogen production is expected to gradually narrow the cost
gap with fossil-based hydrogen production, laying a foundation for demonstrating its environmental
advantages under future carbon constraint and carbon pricing scenarios.

(3) Further energy and exergy analysis reveals that system irreversibility is highly concentrated in the
electrolyzer itself, followed by a small number of heat exchange and cooling units, while exergy
destruction in separation and pumping units is relatively limited. The overall energy efficiency and
exergy efficiency are either comparable to or at the upper-middle level of values reported in the
literature. Nevertheless, there remains room for improvement through measures such as reducing
overpotential, optimizing internal flow fields, and enhancing heat integration.

Synthesizing the results from the environmental, economic, and energy perspectives, it can be con-
cluded that distributed alkaline water electrolysis hydrogen production, when closely integrated with
low-carbon electricity, holds significant emission reduction potential, making it a crucial technical pathway
for decarbonizing end-use hydrogen consumption. Key factors influencing both the life cycle carbon foot-
print and hydrogen production cost include electrolyzer energy efficiency and renewable electricity carbon
intensity. Furthermore, conducting exergy analysis at the system level is essential for accurately identifying
where irreversible losses are concentrated, thus guiding equipment design and process optimization to
improve overall system performance.

While the Aspen Plus framework provides a solid baseline for our exergy, economic, and environmental
metrics, it remains a steady-state model. Relying on a flat capacity factor inevitably obscures the physical
realities of renewable intermittency. For instance, this approach cannot capture the partial-load efficiency
drops caused by BoP parasitic loads, nor does it reflect the accelerated stack degradation from frequent
start-stop cycles. Moving forward, our next step is to address these modeling gaps. Future work will
shift from deterministic scenarios to quantitative uncertainty analysis. By applying probabilistic tools like
Monte Carlo simulations, we aim to define strict statistical confidence intervals for both the LCOH and the
carbon footprint. Alongside this, we plan to expand the system boundaries to evaluate hybrid renewable
configurations. Simulating solar-wind-storage architectures based on actual regional meteorological data
will allow us to investigate how short-term energy storage can buffer transient fluctuations. This coordinated
modeling approach is essential to mitigate the dynamic penalties identified in the current study and fully
optimize distributed green hydrogen systems.
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