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Abstract

In pursuit of energy decarbonization and supply security, the integrated energy production
unit (IEPU) is regarded as a notable multi-technology energy production model integrat-
ing coal-fired power, carbon capture, and renewable energy. As a core component of the
IEPU, Power-to-X (P2X) technology encompasses various technical routes with distinct
economic performance and technological maturity at different development stages. Thus,
selecting the most techno-economically optimal route is critical. In view of this, this paper
proposes an integrated decision-making framework for the selection of P2X technology
routes in IEPU, which combines “technology selection—economic analysis—risk assess-
ment”. Firstly, a decision model for key P2X processes is established, with the levelized
cost of hydrogen and unit hydrogen conversion revenue as core performance metrics to
identify the optimal technology combination for hydrogen production and utilization.
Secondly, integrating the aforementioned optimized technical route, a life-cycle economic
benefit evaluation model is constructed for IEPU retrofit projects to systematically assess
the overall economic feasibility of the IEPU project. Thirdly, an investment risk assess-
ment model for P2X-integrated IEPU retrofits is established based on interval number
theory, which can quantify project risks under fluctuations of critical parameters such as
electricity and carbon prices. Finally, a case study of a 600 MW coal-fired unit retrofit
demonstrates that “alkaline electrolysis + methane synthesis” constitutes the optimal P2X
technology combination. However, its profitability is relatively sensitive to fluctuations
in external market parameters, necessitating the implementation of corresponding risk
management strategies.

Keywords: integrated energy production unit; Power-to-X; techno-economic analysis;
selection of technology route

1. Introduction

Under the goals of carbon peak and neutrality, the priority for the power generation
sectors is to advance the low-carbon transition of conventional coal-fired power generation
and to enhance the efficient utilization of renewable energy [1,2]. In this context, the
integrated energy production unit (IEPU) is a multi-energy production unit that is based
upon carbon capture retrofit for thermal power units. It integrates technologies such as
renewable-based water electrolysis and green fuels synthesis. And IEPU presents a viable
solution for achieving high-efficiency energy utilization, facilitating low-carbon transition,

Processes 2026, 14, 995

https://doi.org/10.3390/pr14060995


https://crossmark.crossref.org/dialog?doi=10.3390/pr14060995&domain=pdf&date_stamp=2026-03-23
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://doi.org/10.3390/pr14060995

Processes 2026, 14, 995

2 of 28

and ensuring energy security and stable supply [3-5]. As a crucial component of IEPU,
Power-to-X (P2X) technologies significantly influence the overall operational efficiency
and revenue model of IEPU systems due to their varying levels of technological maturity,
economic viability, and operational flexibility [6]. Therefore, the systematic evaluation
and selection of the optimal P2X technical combination have become urgent issues in the
decision-making of the IEPU retrofit project.

At present, scholars have conducted a series of studies on the structural design and
economic assessment of IEPU systems. The reference [7] proposed the basic structure of
IEPU, integrating carbon capture systems in thermal power units, renewable energy-based
water electrolysis for hydrogen production, and methanol synthesis equipment into a uni-
fied system. Through coordinated operation of internal subsystems and flexible interaction
with external power grids, the system can produce and store multiple types of energy
and further synthesize green fuels. References [8,9] pointed out that the IEPU with green
methanol as the product has significant carbon emission reduction potential, and the carbon
trading market can provide economic impetus for IEPU development. References [10-12]
identified carbon capture and utilization (CCU), electrolytic hydrogen production, and
hydrogen utilization as the core production processes of IEPU. In the section of CCU,
reference [13] indicates that post-combustion capture is the most mature and widely
adopted, particularly applicable to the retrofit of existing power plants. Reference [14] ana-
lyzed the investment threshold and transformation route for coal-fired unit CCU under the
carbon trading mechanism. For electrolytic hydrogen production, the three most prevalent
methods include alkaline water electrolysis (AWE), proton exchange membrane (PEM),
and solid oxide electrolyzer cell (SOEC). Among these, the AWE technique was formulated
for analysis in reference [15] and compared with the PEM technique in references [16-18].
References [19-21] compared these technologies from the perspectives of energy efficiency
and energy consumption. Reference [22] focused on the economic differences among AWE,
PEM, and SOEC technologies, analyzing the combined impact of electricity prices and key
equipment investment on hydrogen production costs. Reference [23] further systematically
compared the application of AWE, SOEC, and AEM technologies in power-to-gas from the
perspective of thermal economy. Reference [24] evaluated the environmental impact of four
mainstream electrolyzer technologies from a life-cycle perspective, providing a systematic
basis for the sustainability assessment of electrolytic hydrogen production technologies.
However, few studies have systematically compared the applicability boundaries and
economic differences among the three mainstream technological pathways: AWE, PEM,
and SOEC. In the hydrogen utilization stage, reference [25] conducted an energy analysis
of different methanol synthesis methods and compared the economic feasibility of different
synthesis devices. Reference [26] constructed an IEPU system including both power-to-
methane and power-to-methanol, analyzing the impact of electrolyzer investment costs
and product market prices on system economics. Reference [27] examined the comprehen-
sive performance of hydrogen-to-methane conversion and liquid fuels such as methanol
across multiple dimensions, including technical, economic, environmental, and political
aspects. Reference [28] optimized hydrogen production and consumption, with particular
focus on the utilization pathways of hydrogen conversion into methanol and ammonia.
References [15,28] achieved the on-site conversion of hydrogen into ammonia and methanol
within the same system. These studies lay the foundation for understanding the economics
of specific technologies but suffer from two common limitations. (1) Most are limited to
comparing the technologies in a single step of P2X, lacking a comprehensive economic
evaluation of the entire technical route coupling hydrogen production and utilization at
the system level; (2) Existing economic analyses are mostly based on certain parameter
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assumptions and fail to fully consider the inherent uncertainty of key economic parameters

within the entire life-cycle of the project.

In view of this, this paper proposes a structured approach for optimal P2X technology

route selection in IEPU projects. Firstly, an economic decision-making model for the

“electrolysis-utilization” dual-stage of P2X technology is constructed to enable horizontal

comparability among different technology combinations. Secondly, a life-cycle economic

benefit evaluation model is established to verify the overall economic viability of the

project. Thirdly, an investment risk assessment model is based on interval number theory

to quantify investment risks induced by uncertain factors. Finally, a 600 MW coal-fired

unit retrofit into an IEPU is used as an empirical case to validate the effectiveness of the

proposed research framework and models and to identify the optimal technology route. A

detailed summary highlighting the main features of the studied literature and the novelty

of the present work is shown in Table 1.

Table 1. Summary of the related literature.

Electrolytic Hydrogen Production Hydrogen Utilization . ke
Reference AWE PEM SOEC Methane Methanol Green Ammonia A]Escszls‘:nn:elflt Assgslssment
Synthesis Synthesis Production
[7] X X X 4 X X V4 X
[8] X Vv X X Vv X Vv X
[15] Vv X X X Vv Vv 4 X
[16] v v v v v v v x
[17] v v v v v v x x
[18] v X X X v v Vv X
[19] v v x Vv v x v x
[20] v vV X X X X X X
[21] Vv V4 X X X X X X
[22] Vi Vv Vv X X X 4 X
[24] v v v Y N v x x
23] v v v x v x v v
[26] VA X X vV Vv X vV X
[27] Vv X X V4 v X 4 X
[28] X X X vV X X Vv X
Proposed model v V4 4 v v V4 V4 Vv

Compared with previous studies, the main novelties of this paper are highlighted

as follows.

1)

)

An investment decision-making analysis framework for the P2X technology route of
the IEPU project is proposed, covering “technology selection—economic
analysis—risk assessment”. The technology selection, full life-cycle economic assess-
ment, and uncertainty risk management are integrated into a unified analysis system,
providing a complete decision support path from technical feasibility to investment
stability for the IEPU retrofit project.

An economic evaluation method suitable for the “electrolysis—utilization” dual links
of P2X technology is proposed. By establishing two core indicators, namely the
levelized cost of hydrogen and the unit hydrogen conversion revenue, a systematic
economic comparison of the P2X technology route is achieved.

The interval number theory is introduced to establish an investment risk assessment
model for IEPU retrofit projects. This model expanded the key parameters, such as
electricity price and product price, from single definite values to internal represen-
tations. Through indicators such as interval net present value (I-NPV) and interval
internal rate of return (I-IRR), the potential fluctuation range of project economic
benefits is quantified.

The subsequent structure of this paper is organized as follows: Section 2 elaborates on

the system structure and technical route decision-making framework of IEPU; Section 3

constructs the decision-making model of the key processes of P2X technology; Section 4
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establishes the full life-cycle economic effect assessment model for IEPU retrofit projects;
Section 5 proposes an investment risk assessment model based on interval numbers;
Section 6 describes the case study and comparative analysis of results; Section 7 concludes
the study.

2. System Structure and Technical Route Decision-Making Framework
of IEPU

2.1. System Structure of IEPU

The IEPU integrates coal-fired plants, renewable energy systems, electrolytic hydrogen
production systems, carbon capture, utilization, and storage (CCUS) units, hydrogen stor-
age tanks, and hydrogen utilization units. Surplus renewable energy powers electrolyzers
and hydrogen utilization units. The hydrogen produced by electrolysis units reacts with
CO; obtained from the carbon capture to produce green fuels like methane, methanol, and
green ammonia [29,30]. The system structure is shown in Figure 1.
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Figure 1. System structure of integrated energy production unit.

To optimize and upgrade existing energy production units, the retrofitted IEPU project
leverages carbon capture techniques at conventional coal-fired plants to separate and
purify CO, emissions. Simultaneously, by integrating photovoltaic power generation
into the retrofitting, water electrolysis can harness renewable energy to produce clean
hydrogen. Through CO, hydrogenation, the system generates carbon-neutral synthetic
fuels, like methane, methanol, and ammonia, reducing the carbon footprint and closing the
carbon cycle.

2.2. Key Technical Route for IEPU

As shown in Figure 2, P2X technology, comprising electrolytic hydrogen production
and hydrogen utilization, plays a critical role in IEPU technical routes.
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Figure 2. Key technology roadmap for integrated energy production units.

2.2.1. Technology Routes for Electrolytic Hydrogen Production

The primary technologies are AWE, PEM, and SOEC. A comparative analysis of their
parameters and features is presented in Table 2.

Table 2. Comparison of electrolysis techniques.

Electrolysis Technology

Type AWE PEM SOEC
Electrolyte KOH PEM YSZ
Temperature range (°C) 70-90 50-80 500-1000
Operating pressure (MPa) <3 <7 0.1
Electrolysis efficiency (%) 60-75 70-90 85-100
Startup time (min) >20 <10 <60

Commercial characteristics

In the laboratory research and
development stage, not yet
industrialized

Mature, high commercialization, ~ Small-scale domestic application,
low investment high investment

(1) Alkaline Water Electrolysis Technique

AWE typically employs KOH or NaOH as the electrolyte. Water dissociates at the
cathode into H" and OH™. H* get electrons at the cathode to form Hj, while OH™ migrates
across the diaphragm, loses electrons, and recombines to form water and oxygen at the
anode. Reactions occurring on the electrodes of AWE can be summarized as follows:

Cathode: 2H,0 +2e~ — Hp + 20H™

Anode: 4OH™ — O, + 2H,0 + 4e™

(2) Proton Exchange Membrane Electrolysis Technique

A PEM electrolyzer comprises electrodes and a proton exchange membrane, using
pure water as the electrolyte. At the anode, H,O is oxidized to generate H* and O,. During
this phase, the H* migrates across the membrane to the cathode, combining to form Hj.
Reactions of the whole procedure in PEM can be written as:

Cathode: 2H* + 2e~ — Hj

Anode: 2H,O — 4H" + O, + 4e™

(3) Solid Oxide Electrolysis Technology

The SOEC electrolyzer utilizes a ceramic material as the electrolyte, offering a highly
efficient process for low-cost hydrogen production. At the cathode, H,O is reduced to

https:/ /doi.org/10.3390/pr14060995


https://doi.org/10.3390/pr14060995

Processes 2026, 14, 995

6 of 28

generate Hy. The O?~ formed at the cathode migrates through the solid electrolyte toward
the anode, where it recombines to form O, thereby completing the electrical circuit with
the release of electrons. The partial reactions involved in this process are as follows:

Cathode: 2H,0 + 4e~ — H, + 20%~

Anode: 20>~ — O, +4e™

2.2.2. Technology Routes for Hydrogen Utilization

The hydrogen utilization technologies involve coupling hydrogen generated via water
electrolysis with downstream chemical processes to yield target green fuels or chemical
products. Hydrogen conversion is achieved primarily through three routes: methane
synthesis, methanol synthesis, and green ammonia synthesis. An energy efficiency analysis
is presented in Table 3.

Table 3. Energy efficiency comparison of hydrogen utilization technologies.

Indicator Methane Synthesis Methanol Synthesis Green Ammonia Production
Raw materials CO,, Hy CO,, Hy N,, H,
Conversion efficiency (%) 81.9 85.1 67
Unit energy consumption
(kWh/kg) 28.1 14 12
Comprehensive energy 495 518 43
efficiency (%) ’ '

(1) Methane Synthesis

This process involves reacting the produced hydrogen with carbon dioxide captured
from fossil-fuel power plants to produce methane (synthetic natural gas). The reaction
equation is as follows:

CO; +4H, — CH4 + 2H,O

(2) Methanol Synthesis
This route produces green methanol by reacting electrolytic hydrogen with captured
carbon dioxide. The reaction equation is as follows:

CO; +3Hy — CH3OH + H,0O

(3) Green Ammonia Production

The green ammonia production primarily occurs through the Haber-Bosch (HB) am-
monia synthesis reactors, where the mixture of nitrogen and hydrogen is synthesized into
ammonia with an iron-based catalyst. The reaction equation is as follows:

N, + 3H, — 2NHj;

2.3. Technical Route Decision-Making Framework for IEPU Based on Techno-Economic Analysis

To enable the systematic and rational selection of key P2X technology routes for
the IEPU, this paper develops a comprehensive evaluation framework—"technology
selection—economic analysis—risk assessment”. Technology selection provides the tech-
nical foundation, economic analysis validates financial feasibility, and risk assessment
ensures robustness under uncertainty, as illustrated in Figure 3.
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Figure 3. Selection Roadmap of the key technical routes for IEPU.

Firstly, for electrolytic hydrogen production, a comparative analysis of the levelized
cost of hydrogen (LCOH) for AWE and PEM is conducted. The analysis integrates key
cost factors, including initial investment, operational energy consumption, and material
usage, to determine the optimal route from an economic perspective. Secondly, regarding
hydrogen utilization, a model calculates the unit hydrogen conversion revenue for methane
synthesis, methanol synthesis, and green ammonia production, integrating product price,
potential carbon credit revenue, and operational energy costs. Subsequently, the optimal
“electrolysis—utilization” combination route is embedded in a typical IEPU retrofit scenario.
By conducting a life-cycle cost-benefit analysis and integrating core financial indicators such
as net present value (NPV), internal rate of return (IRR), and discounted payback period
(PP), the economic feasibility of this route is systematically verified. Finally, investment
risks are quantified by applying interval number theory. This involves constructing an
interval-based risk assessment model to calculate key interval metrics (e.g., NPV and IRR)
for the project. Thereby, the risk resilience of the optimal route can be assessed amidst
fluctuating market and policy environments.

https:/ /doi.org/10.3390/pr14060995


https://doi.org/10.3390/pr14060995

Processes 2026, 14, 995

8 of 28

3. Decision-Making Model for Key Processes of P2X Technology
3.1. Decision-Making Model for Hydrogen Production by Electrolysis Based on Unit Cost

The LCOH is used to compare AWE and PEM technologies. For an electrolysis unit of
a given capacity, the LCOH is calculated considering annualized cost and annual output,
as shown in Equation (1):

= o

C

1)
2

where C is the levelized cost of hydrogen; my, is the hydrogen production volume; Cp
is the depreciation of fixed assets; Cyy is the water consumption cost; C, is the electricity
consumption cost; C, are the other costs; Cy is the operation and maintenance cost. The
other costs consumed by alkaline electrolysis mainly consider KOH.

C(1-V,
cp= SV @
Cw = mwPy 3)
Ce = meP, 4)
Cg = moPo (5)
Ct = 3.5%C; ©6)

where C; is the initial investment cost of the electrolyzer; V; is the expected residual
value rate; Y is the depreciation period; T is the annual operating hours; myy is the water
consumption of the electrolyzer; Py is the industrial water price; m, is the electrical energy
consumption of the electrolyzer; m, is the consumption of other materials; P, is the price of
other materials.

3.2. Decision-Making Model for Hydrogen Utilization Processes Based on Unit Revenue

The unit hydrogen conversion revenue refers to the net revenue from converting a unit
of hydrogen into methane, methanol, or green ammonia during the fuel conversion process,
after deducting various costs and expenses. Calculating the unit hydrogen conversion
revenue, the economic viability and profitability of the hydrogen utilization project can
be evaluated.

This study analyzes and compares three routes—methane synthesis, methanol synthe-
sis, and green ammonia production—based on their respective unit hydrogen conversion
revenue. The production costs of each chemical product consist of two parts: fixed and
variable costs. Fixed costs include the capital investment and annual operation and main-
tenance costs. Variable costs include raw material costs and energy consumption costs.
Among these, the CO; feedstock cost is from CCUS systems for thermal power generation,
the N, feedstock cost is obtained by air separation processes, and the hydrogen feedstock
cost is the levelized hydrogen cost derived from the aforementioned alkaline electrolysis
process. Furthermore, as the production of methane and methanol synthesis processes
utilizes captured CO; as the raw material, the overall production process can reduce CO,
emissions, offering carbon reduction benefits. Therefore, considering the corresponding
carbon revenue, the calculation formulas for the unit hydrogen conversion revenue under
the three routes are shown in Equations (7)—(10):

Ci CO
i _ CH41’I’! CH4m
CE:IH4 — PCH4 - <Pe + GEH4 + GCH4 + CCOZ + CH2> + RCH4 (7)
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i CZCH OH CgH OH
Ceryon = PeHs0H — (Pe + "4 o = +Cco, +Ch, | + Rerzon (8)
GCH3OH CH3;0H
. Cl CQ
Cl NH3 NH3
=Py — | Pet + +Cn, + Ch 9)
NH;3 3 ( e GI’I\}HS GNH3 ) >
Ren, (Remson) = Pe - Eco, (10)

where C8H4, gHgoH, and Cf\}H3 respectively represent the unit hydrogen conversion rev-
enue for synthesizing methane, methanol, and green ammonia; Pcy,, PcH,0H, and Pcy,
respectively represent the unit selling price of methane, methanol, and ammonia. P is
the unit electriciﬁy consumption cost of the corresponding synthesis equipment. CEH4m,
Cenyonm, and Cyyy,, are the investment costs for the methanation equipment, methano-
lization equipment, and synthetic ammonia equipment, respectively. Ce.y, 1, Cpy,0pm. and

NH,m are the operation and maintenance costs for the methanation equipment, methano-
lization equipment, and synthetic ammonia equipment, respectively. GEH4, G(T:HSOH, and
GIEH3 are the total methane production, methanol production, and ammonia production
over the entire life-cycle of the methanation equipment, methanolization equipment, and
synthetic ammonia equipment, respectively. Gcy,, Gen,oH, and Gng, are the annual pro-
duction volumes of methane, methanol, and ammonia, respectively. Cco,, Ch,, and Cy;, are
the CO; capture cost per unit, hydrogen levelized cost, and nitrogen per unit, respectively.
Rch, and Rcp,on are the carbon emission reduction revenues from synthesizing methane
and methanol, respectively; Pc is the carbon trading price; Eco, is the amount of carbon
dioxide emission reduction.

4. Life-Cycle Economic Evaluation Model for IEPU Retrofit Project
4.1. Life-Cycle Cost Model for IEPU Retrofit Project

The total life-cycle cost of an IEPU retrofit project is categorized into initial investment
and operational costs. The initial investment accounts for the upfront investment in
equipment and future electrolyzer replacements. The operational costs, on the other hand,
include ongoing expenses for maintenance and production.

(1) Initial investment of IEPU Retrofit Project

The initial investment C; for IEPU retrofit projects primarily consists of seven compo-
nents: the procurement and installation expenses for carbon capture units, electrolyzers,
photovoltaic systems, methanation reactors, hydrogen storage and carbon storage facilities,
as well as the costs of electrolyzer replacement. The cost is shown in Equation (11):

Ci=C+C+Cp+Cn+C+C+C (11)

where C, is the initial investment of the carbon capture unit, C, is the electrolyzer initial
investment, Cy, is the initial investment of the PV system, C;, is the initial investment of
the methanation reactor, Cj, and C; are the initial investments of the hydrogen and carbon
storage facilities, and C; is the replacement cost of electrolyzers.

These initial investments for each major unit are scale-dependent, calculated as the
product of its unit cost and installed capacity, as shown in Equation (12):

C; = Uj; (12)

where Uj is the unit cost of the i-th device, | is the installed capacity of the i-th device, and
G is the i-th device’s initial investment.
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Given that the service life of an electrolyzer (typically 5-10 years) is shorter than
the overall lifespan of the IEPU system, a replacement is required during operation. The
replacement cost C; is calculated as follows:

Co, = UyI, (13)

where U, is the electrolyzer replacement unit cost, and I. is the installed electrolyzer
capacity.

(2) Operational Expenditures of the IEPU Retrofit Project

The total operating cost C,, consists of two components: the operation and mainte-
nance (O&M) cost Cogm of the various equipment and the production costs Cy4. These
are calculated as follows:

Cop = Co&Mm + Cprod (14)

Coem = Y_ACia; (15)

where A is the capital formation ratio, and Cj and ai represent the initial investment and
the annual O&M cost factor, respectively, for the i-th type of equipment.

Cq = QuPu + QuPu (16)

where Q, and Qyy represent the annual coal consumption and annual water consumption
of the IEPU retrofit project, respectively; P, and P, represent the unit price of coal and
water, respectively. The detailed calculation of Q, is given by Equation (17):

Eg + Ee

Qu=H{Nev-1000

(17)

where Eg represents the annual grid feed-in electricity from the IEPU retrofit project; E,
denotes the annual on-site electricity consumption (e.g., for electrolysis); 77 indicates the net
plant efficiency; and NCV is the coal net calorific value.

The total annual water consumption, comprising electrolytic and cooling demands, is
determined by Equations (18)—(20):

Qu=0Qi+Q (18)
_ my, 1000
Qi =gt = 1l (19)
_ Fg-1000
Q=" ar 20)

where Qg and Q) are the annual water consumption for electrolysis and cooling; 74 is the
electrolysis efficiency; F; is the cooling heat load; C;, is the specific heat capacity of water;
AT is the cooling water temperature rise; ¢ is the water circulation system loss rate.

4.2. Life-Cycle Revenue Model for IEPU Retrofit Project

The revenue of IEPU retrofit projects primarily comprises revenue from electricity
sales, methane sales, carbon capture tax credits, and residual value recovery, as calculated
in Equation (21):

R:ere+Qmpm+QcPc+Clﬁ (21)

where Qe is the electricity sales volume; Pe is the electricity sales price; Qn, is the methane
sales volume; Pp, is the methane sales price; Q. is the mass of CO; captured; P is the unit
value of carbon captured (e.g., tax credit price); § is the residual value recovery factor.

https://doi.org/10.3390/pr14060995
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The electricity sales volume Q. is calculated specifically by Equation (22):
Qe = 2,400,000,000 x (1 — 1) — Eg (22)
where 71¢c is the electricity utilization rate.
The chemical product sales volume is calculated using Equation (23):
Om=mp, ¢P-Y (23)

where for each product i (CHy, CH30H, NH3): 1 is the stoichiometric coefficient (moles of
CO; consumed per mole of product); Y is the synthesis efficiency.
The corresponding CO, capture volume M, ; is determined from Equations (24) and (25):

Qc= Mco, * Mcoy (24)

44
mco, = Qu-Cch - o (25)

where mco, is the annual CO, emissions; 710, is the CO; capture rate; Ccy, is the carbon
(mass) fraction of coal.

4.3. Life-Cycle Economic Benefit Assessment Model for IEPU Retrofit Project

Considering the time value of money, the life-cycle economic benefits of an IEPU
retrofit project are evaluated using key financial metrics: NPV, IRR, and PP. The correspond-
ing calculation models are given by Equations (26)—(28):

" [R(t) — (Cy(t) + Co(1))]

NPV = t;;) (T+r) -G (26)
RO (G C0)]

0= t—;) (1+ IRR)' - ”

oo B RO-(GO+CO)] (28)

& (+IRR)

where R(t), Cy(t), and C,(t) are revenue, operational cost, and financing cost in year t;
n is project lifetime; r is discount rate; IRR is internal rate of return; P is discounted
payback period.

The financing costs Cy;, ; for the IEPU retrofit project comprises the costs of working
capital and long-term debt, as given by Equation (29):

Cfint = C5+ Co (29)

where Cs and Cg denote the annual financing costs for working capital and long-term
debt, respectively. These costs scale directly with the amount of capital raised. The scaling
equations are given by Equations (30)—(32):

Cs=1Ls5-1Is (30)
Ls = F5- D5 (31)
F5 = As - Ds (32)
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where for annual financial metrics: Ls is working capital loan amount; I5 is working capital
loan interest rate; F5 is working capital; P5 is working capital loan ratio (proportion of
working capital financed by debt); As is current assets; Ds is current liabilities.

The annual taxes payable consists of three components: value-added tax (VAT), VAT
surcharges, and revenue tax. It is calculated using Equation (33).

T:Tv+Tg+Tt (33)

where T, T, and T; are the payable amounts for VAT, VAT surcharges, and revenue
tax, respectively. Their calculations, based on deductible items and taxable revenue, are
provided by Equations (34) and (35):

T,=(R-Cy) Ly (34)

T,=Ty 14 (35)

where I, and I, are the VAT rate and the VAT surcharge rate, respectively.

A project is considered economically viable if its NPV is greater than or equal to
zero, indicating that it can cover all investments after considering the time value of money.
A higher NPV represents greater value creation and investment efficiency. An IRR that
exceeds the hurdle rate (or required rate of return) signifies that the project’s profitability
satisfies the cost of capital, making it an attractive investment. A shorter PP indicates faster
capital recovery, thereby implying lower project liquidity risk.

5. Investment Risk Assessment Model for IEPU Retrofit Project Based on
Interval Numbers

5.1. Investment Risk Identification

IEPU retrofit projects are characterized by a substantial investment scale, high tech-
nological integration, an extended life-cycle, and strong policy dependence. The inherent
investment risk stems from uncertainties in key economic parameters, which propagate
through cash flow mechanisms, potentially causing project returns to deviate from projec-
tions. Building on the operational and life-cycle economic assessment models developed
for the selected technical route, this study systematically identifies investment risks across
three core dimensions: market, policy, and finance.

(1) Market Risk

Market risk arises primarily from the volatility of key commodities and energy prices
in a market-driven environment. Project revenue depends mainly on electricity and green
fuel sales. Among these, the feed-in tariff, subject to regional electricity supply-demand
balance, renewable integration policies, and market rules, directly determines electricity
sales revenue. Meanwhile, the market price of green fuels (e.g., methane, methanol) is
driven by fossil fuel prices, green premiums, and feedstock competition. Uncertainty in
these prices directly affects the project’s core business revenue. Collectively, these price
volatilities define the core market risk.

(2) Policy Risk

Policy risk is predominantly associated with uncertainty in carbon-related regulations.
The carbon price is a central policy lever linking environmental performance to revenue.
Changes in China’s emissions allowance, the eligibility and offset rules for Chinese certified
emissions reductions, market liquidity, or price stability mechanisms would directly affect
the project’s CCUS credit revenue.
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(3) Financial Risk

Financial risk focuses on uncertainties in initial investment during project execution
and early operation. Fluctuations in the total capital investment are the primary manifes-
tation. Key equipment, including electrolyzers, high-pressure carbon capture units, and
catalytic synthesis reactors, undergoes rapid technological iteration. Their costs are sensi-
tive to raw material markets and global supply chains. Furthermore, the complex system
integration entails inherent risks of cost overruns in design and construction. Higher initial
investment increases annual depreciation, alters the capital structure and thus the weighted
average cost of capital, ultimately exerting an amplified adverse effect on key financial
indicators such as NPV and PP.

5.2. Investment Risk Assessment Model Based on Interval Numbers

To quantify the investment risk induced by the volatility of key parameters and to
delineate the impact boundaries of uncertainty on economic viability, this study employs
interval theory. This approach substitutes deterministic parameters in conventional eco-
nomic assessment models with interval numbers. This substitution effectively captures the
plausible fluctuation ranges of these parameters over the project’s life-cycle.

Building upon a comprehensive set of indicators—including value, ratio, and time-
based metrics—the model evaluates investment risk for retrofit projects using three interval
metrics: I-NPV, I-IRR, and interval discounted payback period (I-PP).

The core of the modeling approach is to replace crisp parameters with interval numbers.
Formally, let the true value of an uncertain parameter be x and define its possible range as
an interval number:

X =[x, x"]
where x and x™ are the lower bound and upper bound of the interval, respectively.
The calculations for I-NPV, I-IRR, and I-PP follow from Equations (36)—(38):

_ W [R(H-C()

[NPV] _t;) L (36)
_ W R -C(t)

o0 Ll ey 7
_ PR -C)

[0,0]1; 4+ IRR) (38)

where: [NPV] is the interval net present value; R(t) is the interval revenue in year t; C(t) is
the interval cost in year t; [IRR] is the interval internal rate of return; [Pt] is the interval
discounted payback period.

Interpretation:

I-NPV: The lower and upper bounds establish the risk threshold for the project. The po-
sition of this interval relative to zero indicates the range of possible outcomes for investment
recovery and risk resilience.

I-IRR: This internal represents the possible profitability range of the project profitability
under uncertainty. Comparing the entire interval, and especially its lower bound, to the
hurdle rate helps assess whether the required return is achievable across the spectrum of
possible scenarios, providing a direct measure of downside risk.

I-PP: The width of this interval directly quantifies the sensitivity of the capital recovery
period to input fluctuations. A wider interval implies greater uncertainty in payback time
and, consequently, higher liquidity risk.
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Collectively, these interval metrics provide a robust quantitative foundation for a
comprehensive risk assessment, enabling more informed and resilient investment decisions
under uncertainty.

6. Cause Study

6.1. Comparative Selection of Key Processes in P2X Technology Route
6.1.1. Basic Data

For the electrolytic hydrogen production, this study employs an LCOH model to
systematically compare AWE and PEM electrolysis technologies. The operating costs
include water electrolysis encompass electricity, water, other material consumption (e.g.,
KOH for AE), and maintenance. The annual maintenance cost is estimated at 3.5% of the
initial investment. Fixed assets are depreciated over a 5-year period with a 5% residual
value, assuming an annual operating duration of 7000 h. Based on current market research
data, the cost parameters for electrolytic hydrogen production are summarized in Table 4,
while those for hydrogen utilization technologies are presented in Table 5. Detailed data
sources and corresponding years for the cost parameters are provided in Appendix A.

Table 4. Cost parameters for electrolytic hydrogen production [2,31-40].

Name Value Unit
AWE equipment 2000 CNY/kW
PEM equipment 7196 CNY/kW
SOEC equipment 19,600 CNY/kW
Electricity consumption for alkaline electrolysis 4 kWh/Nm3-H,
Electricity consumption for PEM electrolysis 3.54 kWh/Nm?3-H,
Electricity consumption for SOEC electrolysis 3.1 kWh/Nm3-H,
Electricity price 0.2 CNY/kWh
Water consumption 0.36 t/h
Industrial water price 4.5 CNY/t
KOH loss 1.9 g/kg Hy
KOH price 5.7 CNY/kg

Table 5. Cost Parameters for Hydrogen Utilization Technologies [8,41-45].

Cost and Expense Item Value Unit
Methane price 4 CNY/Nm3
Methanol price 2.2 CNY/kg
Ammonia price 24 CNY/kg
Methane synthesis equipment investment cost 4800 CNY/kW
Methane synthesis equipment maintenance cost 144 CNY/kW/year
Methane synthesis equipment life-cycle 20 Years
Methanol synthesis equipment investment cost 4000 CNY/kW
Methanol synthesis equipment maintenance cost 120 CNY/kW/year
Methanol synthesis equipment life-cycle 20 Years
Ammonia synthesis plant investment cost 4111 CNY/ton
Ammonia synthesis plant maintenance cost 123 CNY/ton/year
Ammonia synthesis plant life-cycle 15 Years
Carbon trading price 210 CNY/ton
Annual production capacity of methane per nit capacity 70,000 tons/year
Annual production capacity of methanol per nit capacity =~ 840,000 tons/year
Annual production capacity of ammonia per unit capacity =~ 84,000 tons/year

6.1.2. Selection of Electrolytic Hydrogen Production Processes

The levelized cost of hydrogen for the three mainstream water electrolysis technologies
is compared in Figure 4. The calculation results show that AWE exhibits the lowest LCOH
at 0.95 CNY/Nm?-H,, which is approximately 22.8% lower than PEM (1.23 CNY/Nm?-H,)
and 45.7% lower than SOEC (1.75 CNY/Nm?3-H,). This cost hierarchy is consistent with
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recent multi-technology comparative studies [22-24], all of which identify AWE as the most

economically viable option under current techno-economic conditions.
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Figure 4. Cost comparison of different electrolytic hydrogen production technologies.
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To assess the robustness of this conclusion under varying renewable penetration

levels, a sensitivity analysis of the electricity price on LCOH is conducted. In IEPU/P2X

systems, hydrogen production preferentially utilizes surplus renewable electricity that

would otherwise be curtailed. As this surplus power has near-zero marginal cost, higher

renewable penetration increases its availability and lowers the average electricity cost for

hydrogen production. Thus, the electricity price serves as an effective proxy for renewable

energy penetration, with lower prices reflecting greater utilization of surplus renewables.

Figure 5 illustrates the sensitivity of the three electrolytic hydrogen production technologies

to the electricity price. The results indicate that AWE maintains its cost advantage across

all levels of renewable penetration, as reflected by electricity price variations of £20% from

the baseline.
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Figure 5. The electricity price impact on levelized cost of hydrogen.
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The underlying reasons for this consistent cost advantage can be traced to two fun-
damental factors. From a cost perspective, PEM technology relies on expensive proton
exchange membranes and platinum-based catalysts, and SOECs also have high expenses
attributed to bespoke materials and insulation. Both of which lead to a significantly higher
initial equipment investment compared to AWE, which utilizes nickel-based electrodes
and alkaline electrolyte. From an operational and commercial perspective, the AWE bene-
fits from greater commercial maturity, a well-established supply chain, and pronounced
economies of scale. SOEC systems are still in the early stages of commercialization, with
their scale constrained. These factors collectively contribute to lower operation and mainte-
nance costs, resulting in superior lifecycle economics.

6.1.3. Selection of Hydrogen Utilization Process

The unit hydrogen conversion revenue of the hydrogen utilization technologies, in-
cluding methane synthesis, methanol synthesis, and green ammonia production, is shown
in Table 6. The calculation results show that methane synthesis achieves the highest eco-
nomic return at 0.22 CNY/kg Hy, outperforming green ammonia production (0.17 CNY /kg
Hj) and methanol synthesis (0.12 CNY/kg Hy). This finding aligns with and extends the
recent literature [41], which examined these three routes from the perspectives of tech-
nological maturity and market flexibility. The study notes that methane and ammonia
exhibit higher technological maturity, while methanol offers greater market adaptability.
Compared with the qualitative research conducted in a recent paper, the present study
contributes quantitative economic evidence to this qualitative framework. The main reason
is that the selling price of methane is higher than that of the other two products, while
there is no significant difference in the unit investment cost, operation, and maintenance
cost among the three schemes. Although the electricity cost under the methane synthe-
sis route is higher than the other two routes, the selling price of methane can cover the
higher electricity cost, and the carbon revenue price of methane synthesis is higher than
that of the methanol synthesis. Even if the green ammonia production does not involve
carbon revenue, its lower electricity cost still renders it more economically viable than the
methanol route.

Table 6. The unit hydrogen conversion revenue of hydrogen utilization techniques.

Technique Unit Hydrogen Conversion Revenue Unit
Methane synthesis 0.22 CNY/kg
Methanol synthesis 0.12 CNY/kg
Green ammonia
production 0.17 CNY/kg

Taking all the above circumstances into consideration, methane synthesis is selected
as the optimal hydrogen utilization route and is integrated into the subsequent IEPU
retrofit analysis.

This study conducts a sensitivity analysis to explore the economic performance dif-
ferences among the three technical routes under various renewable penetration scenarios.
Electricity price is used as a proxy for renewable energy penetration, with unit hydrogen
conversion revenue as the evaluation indicator.

To further investigate the economic performance differences among the three technical
routes under varying renewable penetration scenarios, a sensitivity analysis is conducted
using electricity price as a proxy for renewable energy penetration, with unit hydrogen
conversion revenue as the evaluation indicator. The results are illustrated in Figure 6.
Methane synthesis is the most sensitive to renewable penetration, due to its higher electricity
consumption. In the context of reduced electricity costs due to the increased penetration of
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renewable energy, the unit revenue advantage of methane synthesis is substantially higher
than that of methanol synthesis and green ammonia production. On the contrary, in the
context of continuously rising electricity prices, since the electricity consumption required
for methanol synthesis and green ammonia production is lower, these two methods have
gradually become more economically viable compared to methane synthesis.

1.4
12 == Methane synthesis

10 | Methanol synthesis

0.8
0.6
04
02
0.0
-0.2
-0.4
-0.6
-0.8

Green ammonia production

Unit Hydrogen Conversion Benefit
(CNY/kg)

Rate of Change in Electricity Price

Figure 6. The electricity price impact on unit hydrogen conversion revenue.

Considering the potential market uncertainties associated with fuels, fluctuations in
final product prices impose constraints on the maximum acceptable cost of renewable
electricity generation. To address this problem, a sensitivity analysis is conducted on the
relationship between the acceptable cost of renewable energy generation (LCOE) and the
product selling price for the three hydrogen utilization routes.

As illustrated in Figure 7, the acceptable renewable energy LCOE demonstrates a
positive correlation with fuel selling prices across all three routes. Notably, the methane
synthesis route consistently tolerates the highest renewable energy costs at every fuel
price level, indicating that this pathway offers a crucial buffer against electricity market
uncertainty. Furthermore, all three routes exhibit high sensitivity to product price declines:
a 20% reduction in fuel prices lowers the acceptable LCOE by 22-25% across all pathways.
This uniform sensitivity underscores that downside risk in fuel markets directly translates
into tighter cost constraints on renewable energy infrastructure, thereby affecting the overall
economic feasibility of IEPU.

6.1.4. Comprehensive Evaluation of P2X Technology Selection

The preceding analyses identified “AWE + methane synthesis” as the optimal tech-
nology combination under baseline economic assumptions. However, robust technology
selection for IEPU retrofit projects requires a deeper examination of how technological
maturity, investment cost sensitivity, and infrastructure synergies collectively influence
long-term feasibility. This section integrates these dimensions to provide a comprehensive
evaluation of the competing P2X pathways.

To evaluate the economic impact of technological maturity, a sensitivity analysis of the
LCOH to variations in electrolyzer investment cost was conducted, as shown in Figure 8.
The results reveal starkly different economic sensitivities. AWE shows the strongest cost
rigidity due to its mature technology and well-established supply chain. Its LCOH is mainly
determined by operational costs, making it less susceptible to variations in investment
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costs. Although SOEC has high efficiency, due to its excessively high initial investment
cost, it is difficult to be economically competitive within any sensitivity range.
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Figure 7. The product selling price impact on acceptable renewable energy LCOE.
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Figure 8. Sensitivity of Levelized Cost of Hydrogen to Variations in Water Electrolyzer Investment Cost.

The selection of AWE as the optimal route is further supported by its technologi-
cal maturity and proven scalability, reflected in its widespread commercial deployment
and established supply chain. While PEM offers superior dynamic response suitable for
highly intermittent renewable integration, its current higher investment cost constrains
its near-term applicability. The unresolved durability issues of SOEC under variable oper-
ation further limit its readiness for integration with fluctuating renewable power. These
considerations of maturity and flexibility further validate the suitability of AWE for the
baseline IEPU configuration. Nevertheless, future technology advancements are expected
to alter the competitive landscape over the long term. These include reduced precious metal
loadings in PEM and enhanced thermal cycling resistance in SOEC, which may improve
their competitiveness in specific niche applications.
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Similarly, the economic sensitivity of the three hydrogen utilization routes to varia-
tions in their respective synthesis equipment investment costs was analyzed, with results
presented in Figure 9. Within the +20% investment cost fluctuation range, methane synthe-
sis exhibits not only the highest baseline unit hydrogen conversion revenue but also the
greatest sensitivity to investment cost variations. This dual characteristic implies significant
profit upside potential from future equipment cost reductions, while simultaneously indi-
cating stronger economic constraints from upfront fixed investment during the project’s
initial phase. In contrast, both green ammonia production and methanol synthesis demon-
strate relatively lower sensitivity, with their revenue curves exhibiting greater stability and
superior resistance to capital cost fluctuations.

—Methane synthesis
0.40 Methanol synthesis
Green ammonia production

Unit Hydrogen Conversion Benefit
NY
(=]
[3e]
o
T

0.10 | \

-20% -10% 0% 10% 20%
Rate of change in equipment investment cost

Figure 9. Sensitivity of unit hydrogen conversion benefit to variations in equipment investment cost.

Beyond investment cost sensitivity, the future competitiveness of these pathways is
shaped by upstream and downstream uncertainties. Electrolytic hydrogen costs, contingent
upon the maturity of electrolysis technologies, will fundamentally influence the economics
of all downstream routes. On the demand side, methane benefits from its current price
advantage and established carbon credit mechanisms, while methanol offers greater market
flexibility as a versatile chemical feedstock. Green ammonia holds great potential for long-
term development opportunities. Its application prospects in offshore decarbonization and
direct blending in coal-fired power plants can bring about a large number of new demands.
As the carbon market expands, this may make its economic appeal surpass that of methane.

Based on its superior current economic performance and significant infrastructure
synergies, the “AWE + methane synthesis” route is selected as the optimal configuration.
This pathway integrates directly with existing natural gas networks for methane delivery
and utilizes on-site CO, capture from the coal-fired unit. This design eliminates dependen-
cies on external feedstocks, reduces vulnerability to supply chain disruptions, and avoids
additional capital expenditures for dedicated transport and storage infrastructure.

6.2. Economic Evaluation Results and Analysis of the IEPU Retrofit Project
6.2.1. Retrofit Plan and Basic Data

This study selects alkaline electrolyzed water and methane synthesis as the optimal
technological routes for the IEPU system, applying them to the retrofit project of 600 MW
existing thermal power plants to evaluate the system-level life-cycle economic feasibility.
The capacity of each key piece of equipment is determined based on systematic balancing
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principles to ensure continuous and stable production: the annual average operating
hours of the main equipment are determined with reference to industry benchmarks; the
total annual hydrogen demand is derived from the fixed-rate CO, output of the power
plant and the stoichiometry of the methanation reaction. The electrolyzer capacity is
determined based on the hydrogen demand and its designated operating hours, with the
photovoltaic power supply is configured at a certain ratio; the methane synthesis reactor
capacity is determined according to the hydrogen processing rate and reaction kinetics;
the intermediate storage tanks for hydrogen and carbon dioxide are designed to hold a
specified duration of output from their respective upstream production equipment under
rated load, thereby enhancing operational flexibility and system stability. The key technical
parameters of each piece of equipment within the system were determined based on the
above principles, as shown in Table 7. The life-cycle of the project is set at 21 years. The
economic assessment covered the initial investment, operation, and maintenance costs,
energy consumption, and raw material costs in the production process, as well as multiple
revenue streams, including electricity sales, methane sales, and carbon capture tax rebates.
The main economic parameters and related tax rate involved in the system operation are
shown in Tables 8 and 9, respectively. Detailed data sources and corresponding years for
the cost parameters are provided in Appendix A.

Table 7. Key technical equipment parameters within IEPU [42-44,46,47].

Equipment Type Project Name Value Unit
Capacity 600 MW
Power generation coal consumption 305.5 gce/kWh
Thermal power unit Carbon capture power consumption 310.3 kWh/tCO,
Annual running hours 4000 h
Annual carbon capture 398,000 tons
. Carbon capture power consumption 310.3 kWh/tCO,
Carbon capture device Annual carbon capture 398,000 tons
Unit energy consumption 4.2 kWh/Nm?-H,
Electrolyzer Annual running hours 7000 h
Photovoltaic Annual running hours 1300 h
Methane synthesis Equipment Unit energy consumption 0.3 kWh/Nm?-H,
Table 8. Key economic parameters within IEPU [8,36,38,39,45,48-50].
Equipment Type Project Name Value Unit
Carbon capture device Investment cost 68,767 x10* CNY
Investment cost 2000 CNY/kW
Electrolyzer Replace years 5 Year
Replace unit cost 1000 CNY/KkW
Photovoltaic Investment cost 3000 CNY/kW
Methane synthesis equipment Investment cost 4800 CNY/kW
Hydrogen storage equipment Investment cost 2880 CNY/kgH,
Carbon storage equipment Investment cost 234 CNY/kgCO,
Fuel cost 400 CNY/tce
Water price 4.5 CNY/t
Cost/Sale price Electricity price 0.35 CNY/kWh
Carbon capture tax credit revenue 210 CNY/tCO,
Methane sales price 4 CNY/m3
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Table 9. Relevant tax rate parameters within IEPU [51-54].

Name of Tax Rate Value
VAT rate for electricity and fuel 13%
VAT rate for methane 9%
VAT rate for water fee 13%
VAT rate for sale of carbon assets 6%
VAT surcharge 10%
Revenue tax rate 25%

6.2.2. Economic Assessment Results

The financial indicators of the IEPU retrofit project under the synthetic methane
technology route are shown in Table 10. According to the standards for economic evaluation
of construction projects in China [55], the benchmark rate of return on basic investment in
the energy industry is 8%.

Table 10. Financial indicators of IEPU retrofit project.

Financial Indicators Value (x10* CNY)
Initial investment cost 256,840.2
Annual O&M cost 14,471.85
Annual fuel cost 29,328
Annual water fee cost 2075.46
Annual average total cost 66,444.93
Annual power supply revenue 45,745
Annual methane sale revenue 34,300
Annual carbon capture tax credit revenue 8358
Annual average revenue 88,403
NPV (i = 8%) [55] 57,807.61
IRR(%) 11.21
Static investment pay-back period (Year) 8.38
Discounted investment pay-back period (Year) 13.64

Based on the relevant financial indicators obtained through calculation, under the
electricity-to-methane technology route, the internal rate of return of the project is 11.21%,
which is higher than the benchmark discount rate, and the NPV is 578.08 million CNY.
The investment can be recovered within the life-cycle of the project. The results indicate
that the project is economically feasible. The composition of the investment and annu-
alized cost indicators for the IEPU retrofit project under this technology route is shown
in Figures 10 and 11. From the perspective of investment composition, the initial invest-
ment mainly focuses on distributed photovoltaic, carbon capture, and electrolysis hydrogen
production equipment, which together account for over 90% of the total. In contrast, the
methane synthesis, hydrogen storage, and carbon storage devices have relatively low
investment due to their mature technology and scale effect. In terms of various annual-
ized economic indicators, the annualized fixed costs mainly include equipment operation
and maintenance costs and depreciation costs, accounting for approximately 51.1%; the
annualized variable costs mainly include coal-fired costs and water fees, accounting for
48.9%. The revenue end presents a diversified structure, with the electricity sales revenue
accounting for the highest proportion, followed by the methane sales revenue, and the
carbon capture rebate revenue, as a policy incentive, also contributes a certain proportion.
This revenue composition reflects the dual value of the project in the power market and
the green fuel market. Its economic performance is expected to further improve with the
improvement of the carbon market mechanism.
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Figure 10. The initial investment composition of IEPU system.
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Figure 11. Composition of annualized economic indicators in IEPU.

6.2.3. Sensitivity Analysis

In the economic assessment of the integrated energy production unit retrofit project,
conducting a sensitivity analysis on key parameters such as the feed-in tariff, methane
sales price, carbon capture tax credit revenue, and coal price holds significant decision-
making value. These factors essentially constitute the core economic drivers of the project:
fluctuations in the feed-in tariff significantly affect the project’s cash flow; methane price,
as the main product, determines the revenue base; the carbon capture tax credit revenue
reflects the level of policy support and represents a key green premium; coal price, as an
important cost factor, directly relates to the fuel cost in the production process. Therefore,
it is necessary to conduct sensitivity analysis on these factors and calculate the impact of
every single factor’s fluctuation within the range of —10% to 10% on the project NPV. The
analysis results are shown in Figure 12.
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Figure 12. NPV sensitivity for the IEPU project.

The calculation results show that the NPV of the IEPU retrofit project under the power-
to-methane technology route is highly sensitive to the grid electricity price, followed by
the methane price and the coal price. The impact of the carbon capture rebate price on
the project NPV is relatively small. With the continuous technology advancements, the
investment costs of core equipment such as electric hydrogen production, hydrogen storage,
and carbon storage in the IEPU system will decrease. Therefore, the economic benefits of
the IEPU system will further improve.

6.3. Investment Risk Analysis Based on Interval Numbers

Based on the interval number theory, this section quantifies the investment risks of
the IEPU retrofit project under the fluctuations of key economic parameters. By combining
the aforementioned risk identification and sensitivity analysis, four parameters with high
uncertainties and significant impacts on the project economics are determined as the core
risk variables: the feed-in tariff, methane price, carbon price, and initial investment. The
electricity price is a comprehensive reference to the electricity prices of most regions across
China, and is set as [0.3, 0.4] CNY/kWh. The methane price is based on the benchmark
methane price of most regions of China [56], considering the effect of raw material procure-
ment scale and regional price differences, and is set as [3.8, 4.2] CNY/ m3. The carbon price
is set according to a volatility rate of 14% [37]. The initial investment is set based on a 4.79%
fluctuation [49]. The investment risk evaluation results are shown in Table 11.

Table 11. Investment risk assessment results.

Indicator Range Value Unit
Electricity price [0.3,0.4] CNY/kWh
Methane price [3.8,4.2] CNY/m3
Carbon price [180, 239] CNY /ton CO,
Initial investment [244,537.6,269,142.8] 10 CNY
NPV (i = 8%) [—12,083.03, 125,096.44] 10* CNY
. ~IRR [7.31,15.01] %
Discounted investment payback [9.23, 21.63] years
period
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The interval number risk assessment results reveal that the economic feasibility of
the preferred technical route has significant conditional sensitivity on external market
parameters. The project’s profitability exhibits a wide possible range, with the I-NPV
ranging from —120.83 to 1250.96 million CNY, the I-IRR ranging from 7.31% to 15.01%, and
the I-PP from 9.23 to 21.63 years. The analysis shows that the feed-in tariff and methane
price are the predominant risk drivers, exerting the strongest influence on project returns.

From an investment attractiveness perspective under uncertainty, the project demon-
strates robust potential. The upper-bound values of I-IRR (15.01%) and I-NPV
(1250.96 million CNY) indicate substantial upside potential under favorable market con-
ditions. More importantly, the downside risks reflected in the lower-bound values are
relatively limited: even under reasonably adverse scenarios, the I-IRR lower bound of
7.31% is only slightly below the commonly accepted benchmark and can be effectively
mitigated through proactive risk management. By establishing long-term power purchase
agreements and utilizing market hedging instruments to stabilize electricity, product, and
carbon prices, the volatility of returns can be significantly reduced. These measures narrow
the risk range, ensuring that the project remains resilient even under adverse scenarios.

Consequently, while the project’s returns are subject to external uncertainties, its
risk-adjusted investment attractiveness remains strong. The combination of favorable
baseline economics and manageable downside exposure positions the project as a viable
and appealing investment opportunity in the evolving low-carbon energy landscape.

7. Conclusions

This study constructs a comprehensive decision-making framework integrating “tech-
nology selection—economic analysis—risk assessment” to support the selection of P2X
routes for IEPU retrofits. A systematic analysis is conducted on the electrolytic hydro-
gen production and hydrogen utilization stages, along with the application of life-cycle
economic analysis coupled with interval number-based risk assessment. Through the
evaluation and analysis of a 600 MW retrofit case, the following conclusions can be drawn:

(1) For electrolytic hydrogen production, AWE technology exhibits superior economic
viability in large-scale commercial applications. Its LCOH is approximately 22.8%
lower than that of PEM electrolysis and 45.7% lower than that of SOEC electrolysis.
This advantage is attributable to lower initial investment, a mature supply chain, and
reduced operating costs. Under current technological and economic constraints, AWE
is a more suitable choice for large-scale integration within IEPU systems.

(2) Interms of hydrogen utilization, the methanation route shows the highest economic
returns. It generates the greatest revenue per unit of hydrogen converted, outperform-
ing methanol and green ammonia synthesis. This economic edge is largely attributed
to the higher market value of green methane and the additional revenue stream from
carbon capture.

(3) The integrated “AWE + methanation” route is economically viable for renovating a
600 MW coal-fired unit in IEPU. Coupled with advancing “dual-carbon” policy, declin-
ing renewable power costs, and a maturing hydrogen market, this retrofit is expected
to substantially enhance its future profitability.

(4) The interval number-based risk assessment reveals that the project’s economic feasi-
bility is significantly sensitive to fluctuations in key parameters such as the feed-in
tariff and methane prices. Favorable levels of these can yield substantial returns while
adverse shifts may lead to sub-benchmark performance or financial losses. Therefore,
implementing corresponding risk hedging and management mechanisms is crucial.

However, the proposed methodology in this paper also has some limitations, which
we aim to resolve in future studies. Chiefly, the current analysis focuses solely on the

https://doi.org/10.3390/pr14060995


https://doi.org/10.3390/pr14060995

Processes 2026, 14, 995

25 of 28

external sale of hydrogen-based products and does not consider their potential inter-
nal utilization within the IEPU system, such as on-site co-firing of green ammonia in
retrofitted coal-fired units. Future work should investigate routes to systematically evalu-
ate the synergistic effects on overall system efficiency, economic performance, and deep-
decarbonization potential.
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P2X Power-to-X

IEPU  Integrated Energy Production Unit
AWE Alkaline Water Electrolysis

PEM Proton Exchange Membrane

SOEC  Solid Oxide Electrolyzer Cell

AEM Anion Exchange Membrane

CCUS  Carbon Capture, Utilization, and Storage
CCU Carbon Capture and Utilization

HB Haber-Bosch

LCOH Levelized Cost of Hydrogen

NPV Net Present Value

IRR Internal Rate of Return

VAT Value-Added Tax

CCER  Chinese Certified Emissions Reductions
I-NPV  Interval Net Present Value

I-IRR Interval Internal Rate of Return

I-PP Interval Discounted Payback Period

Appendix A
Table Al. X technology selection and IEPU economic analysis.
Name Value Unit Ref. Year
AWE equipment investment cost 2000 CNY/kW [31] 2025
PEM equipment investment cost 7196 CNY/kW [31] 2025
SOEC equipment investment cost 19,600 CNY/kW [32] 2024
Methane synthesis equipment
investment cost 4800 CNY/kW [8] 2024
Methanol synthesis equipment
"~ investment cost 4000 CNY/kW [37] 2025
Ammonia synthecsgztplant investment 4111 CNY/ton [44] 2025
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Table A1. Cont.

Name Value Unit Ref Year

Carbon capture device investment cost 68,767 x10* CNY [8] 2024

Photovoltaic investment cost 3000 CNY/kW [38] 2024

Hydrogen storage equipment
D vestment cost 2880 CNY/kgH, [47] 2025
Carbon storage equipment Investment

ost 234 CNY/kgCO,  [47] 2025

Fuel cost 400 CNY/tce 50 2025

Electricity cost 0.2 CNY/kWh 38 2025

Industrial water cost 4.33 CNY/t 36 2024

KOH cost 5.7 CNY/kg 39 2025

Electricity sale price 0.35 CNY/kWh [35] 2025

Methane price 4 CNY/Nm?3 [43] 2025

Methanol price 22 CNY/kg 45 2024

Ammonia price 2.4 CNY/kg 44 2025

Carbon capture tax credit revenue 210 CNY /tCO, [47] 2025
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