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A B S T R A C T

Power-to-X (P2X) including electrolytic hydrogen and e-fuels is a promising solution to decarbonise hard-to- 
abate sectors, such as long-distance transportation and chemical feedstocks, while it remains unclear whether 
these pathways are techno-economically feasible in current markets. This work conducts a comparative techno- 
economic analysis of four P2X pathways (hydrogen, ammonia, methanol, and methane), based on generic 
techno-economic quantile models, including three quantiles (Q1-25 %: Optimistic, Q2-50 %: Average, and Q3-75 
%: Pessimistic) of parameters such as conversion efficiency, unit capital cost, and lifetime, as well as co- 
optimisation framework that optimises installed capacities and hourly flexible operation strategies, aiming to 
achieve the lowest levelised cost of x-fuel (LCOX). The profitability of each pathway is analysed using a prof
itability index (PI), defined as the ratio of market prices in trading locations to the sum of LCOX and trans
portation costs. A case study in Ordos, China shows that, in 2024, the mass-based and energy-based LCOXs of 
hydrogen, ammonia, methanol, and methane across all scenarios are 2.2–7.1, 0.5–1.8, 0.65–2.1, and 1.8–5.5 
EUR/kg (67–212, 103–344, 117–375, and 130–399 EUR/MWh), respectively, with the LCOXs decreasing by 44 
%–67 % from Q3-Pessimistic to Q1-Optimistic. In Q1-Optimistic and Q2-Average scenarios, the hydrogen pathway 
is profitable in all considered locations owing to emerging hydrogen markets in China, with PIs of 1.44–1.73 and 
1.05–1.25, respectively. However, none of the ammonia, methanol, or methane pathway is profitable, as their 
current fossil-based market prices are significantly lower than the LCOXs derived from electrolytic hydrogen 
feedstock.

Abbreviations 

ALK alkaline
ASU air separation unit
comp compressor
CAPEX capital expenditure
CH4 methane
CO2 carbon dioxide
EL electrolyser
H2 hydrogen
HB Haber-Bosch
liq liquefaction
LCOA levelised cost of ammonia
LCOH levelised cost of hydrogen
LCOM levelised cost of methanol
LCOMe levelised cost of methane
LCOX levelised cost of x-fuel
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MeOH methanol
MS methanol synthesis
NH3 ammonia
NPC net present cost
OPEX operating expenditure
P2H power-to-hydrogen
P2X power-to-X
PEM proton exchange membrane
PI profitability index
PV photovoltaic
SEC specific energy consumption
SOE solid oxide electrolyser
SR Sabatier reaction
TMY typical meteorological year
WACC weighted average cost of capital
WP wind power
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1. Introduction

1.1. Research background

To mitigate the global warming trend driven by the anthropogenic 
greenhouse gas emissions from fossil fuel consumption, the Intergov
ernmental Panel on Climate Change has proposed the goal of “global 
warming of 1.5 ℃”, which is to limit the global temperature rise to 
below 1.5 ℃ above the pre-industrial levels [1]. The key characteristics 
of 1.5 ℃ pathways mainly consist of decarbonisation of energy supply, 
demand reduction and electrification of end-user sectors such as trans
portation and residential buildings [1].

Renewable energy technologies including wind power and solar 
photovoltaic (PV) power are the primary driver of energy supply 
decarbonisation, and their large-scale deployment must be accelerated 
to achieve a net-zero energy transition [2]. With the rapid increase in 
cumulative installed capacity and significant cost reductions over the 
past decade, wind power and solar PV power are able to achieve cost- 
competitiveness and grid parity in regions with abundant and even in
termediate resource potential [3,4]. However, it is well-known that a 
critical challenge of utilising renewable energy are their variability and 
volatility, leading to significant supply–demand mismatches that require 
more flexibility in the energy system [5,6]. Moreover, some end-user 
sectors are difficult to decarbonise via direct electrification, commonly 
referred to as hard-to-abate sectors, including aviation, deep-sea ship
ping, heavy-duty trucks, iron and steel refineries, and chemical feed
stocks [7]. Power-to-X (P2X), including power-to-hydrogen (P2H) and e- 
fuels, is a promising solution to these challenges and serve as an excel
lent supplementary with renewable electrification in the last mile to 
carbon neutrality [8].

P2H is to convert electricity into hydrogen via water electrolysis, and 
e-fuels are produced by further combining hydrogen with carbon diox
ide or nitrogen to produce synthetic fuels such as ammonia, methane, 
methanol, and gasoline [9]. Compared to electricity that must be 
consumed instantly or stored in electrical energy storage technologies 
such as batteries and pumped hydro storage systems, hydrogen is easier 
to be stored at larger scale and higher energy density via pressurised 
tanks or caverns [10], so P2H based on flexible electrolysis is more 
effective to mitigate the variability of renewable energy [11]. Hydrogen 
is a clean and versatile energy carrier that can be used for power, heating 
and transportation via fuel cells, and it can also function as a long-term 
energy storage in power systems [12]. On the end-user side, e-fuels are 
able to decarbonise hard-to-abate sectors owing to their high energy 
density and similar characteristics to fossil fuels. Therefore, P2H and e- 
fuels are indispensable pathways to net-zero transition, which have 
already attracted extensive attention from both academia and industry. 
However, P2X conversion processes are highly energy- and cost- 
intensive, which pose significant challenges to the large-scale deploy
ment of e-fuel supply chains [13]. In this context, conducting a 
comprehensive techno-economic analysis of various P2X pathways is 
essential to evaluate their realistic techno-economic feasibility and to 
identify the most cost-effective options.

1.2. Literature review

1.2.1. Power to hydrogen
Techno-economic analysis plays a vital role in investigating the 

feasibility of technologies, systems and pathways. Extensive research 
has been conducted to explore the techno-economic feasibility of P2H 
under various conditions, based on key performance indicators 
including levelised cost of hydrogen (LCOH) and overall energy effi
ciency. Pan et al. [14] examined the province-level cost-competitiveness 

of P2H from hybrid solar PV power and the utility grid in China, and the 
results indicated that the LCOH ranged from 4 to 5.9 EUR/kg in 2019, 
depending on solar irradiance availability and electricity prices. Fan 
et al. [15] also considered province-level spatial resolution to compare 
the LCOH of P2H with grey hydrogen (produced from fossil fuels via 
steam reforming) and blue hydrogen (grey hydrogen with carbon cap
ture) in China. The results revealed that the LCOH of P2H was 2–7.1 
EUR/kg in 2021, significantly higher than grey hydrogen (0.9–1.3 EUR/ 
kg) and blue hydrogen (1.6–2.4 EUR/kg).

Sizing configurations and operation strategies have a decisive impact 
on the techno-economic performance of P2H systems. For instance, an 
undersized electrolyser may lead to considerable renewable energy 
curtailment, while an oversized electrolyser can increase capital costs 
and reduce annual utilisation hours. Moreover, elaborated operation 
strategies can further improve renewable energy utilisation and enable 
price arbitrage under time-of-use electricity prices via flexible opera
tion. Superchi et al. [16] considered various sizing configurations and a 
rule-based control strategy to analyse the techno-economic performance 
of P2H systems for the Italian steelmaking sector, based on onshore wind 
power, battery and grid hybrid systems, achieving the lowest LCOH of 
~4.9 EUR/kg in 2022. Shin et al. [17] compared the LCOH of onshore 
wind, offshore wind, and solar PV power in South Korea, based on 
alkaline (ALK) and proton exchange membrane (PEM) electrolyser 
technologies. The comparative results showed that, in 2022, the onshore 
wind power with ALK electrolyser delivered the lowest LCOH (6.4 EUR/ 
kg), and the solar PV power with PEM electrolyser led to the highest 
(11.8 EUR/kg).

1.2.2. Power to e-fuels
E-fuels are more suitable for storage and distribution than hydrogen 

due to their stable physical properties and higher energy density [18], so 
it raises an interesting option as if it is cost-effective to further convert 
hydrogen into e-fuels, considering the trade-off between increased 
production costs and reduced transportation costs. Several studies have 
conducted the techno-economic assessment of e-fuels including 
ammonia, methanol and methane. However, there is large variations in 
the levelised cost of x-fuel (LCOX) reported in existing literature, due to 
differences in techno-economic parameters, resource availability, elec
tricity prices, and time frames.

Fasihi et al. [19] explored the global potential of green ammonia 
production from wind-PV hybrid power plants using the levelised cost of 
ammonia (LCOA). The results showed that the LCOA was 0.44–0.63 
EUR/kg in 2020, which would be competitive in niche markets by 2030 
with a predicted LCOA of 0.35–0.43 EUR/kg. Mayer et al. [20] con
ducted a comparative techno-economic analysis of green and blue 
ammonia (produced via steam methane reforming with carbon capture) 
in Saudi Arabia, with results indicating that the energy consumption of 
blue ammonia (6.5 kWh/kg) was higher than that of green ammonia 
(2.2 kWh/kg), while the optimal LCOA of blue ammonia (0.3 EUR/kg) is 
slightly lower than green ammonia (0.35 EUR/kg) in 2022. Kakavand 
et al. [21] compared the economic performance of hydrogen and 
ammonia production from wind/solar energy in Iran, reporting the 
levelised costs in 2021 of 2.5–2.88 EUR/kg for hydrogen and 0.51–0.56 
EUR/kg for ammonia, respectively.

Regarding the methanol pathway, Fasihi et al. [22] also evaluate the 
global potential of green methanol production based on sizing optimi
sation model, with results revealing that the global levelised cost of 
methanol (LCOM) was 0.7–1.7 EUR/kg in 2020 and would decrease to 
0.68–0.76 EUR/kg in 2030. Schorn et al. [10] reported that the pro
duction costs of hydrogen and methanol in 2030 for selected global 
trades from Chile, Saudi Arabia, and Australia were 1.35–2 EUR/kg and 
0.38–0.68 EUR/kg, respectively, and the benefit of converting hydrogen 
into methanol was highly related to the local carbon price.

For the methane pathway, Martsinchyk et al. [23] analysed the 
techno-economic performance of power-to-methane plants based on 
solid oxide electrolyser (SOE) technology and system-level optimisation. 

Y. He et al.                                                                                                                                                                                                                                       Energy Conversion and Management 351 (2026) 121035 

2 



Their results revealed that the levelised cost of methane (LCOMe) could 
be 3.2–3.8 EUR/kg in 2030 and was projected to reach 2.6–3 EUR/kg by 
2050. Qi et al. [24] conducted a techno-economic analysis of power-to- 
methane processes considering the impact of flexible operation and real- 
time scheduling. The results showed that LCOMe was 2.3 EUR/kg in 
2021 and was expected to be 1.8 EUR/kg in 2030, respectively.

1.2.3. Comparison of e-fuels
There are also studies comparing the techno-economic performance 

of various e-fuels. Grahn et al. [9] provided an overview of the pro
duction costs of e-fuels and biofuels including ammonia, methanol, and 
Fischer-Tropsch fuels. The results indicated that the production costs for 
all fuels were 3.6–7.6 EUR/kg (110–230 EUR/MWh) in the near term 
and 3–5.4 EUR/kg (90–160 EUR/MWh) in the long term, respectively. 
Bellotti et al. [25] conducted a comparative techno-economic analysis of 
methane, methanol and ammonia based on wind power, solar PV and 
hydropower. Their results revealed that the LCOXs for hydrogen, 
ammonia, methanol and methane in 2020 were 5.3 EUR/kg, 3.1 EUR/ 
kg, 1.0 EUR/kg and 1.04 EUR/kg, respectively, all of which were not 
competitive with prevailing market prices.

Furthermore, Hank et al. [26] comprehensively compared the energy 
efficiency and LCOX of hydrogen, ammonia, methanol, and methane for 
long-distance international energy trades from Morocco to Germany in 
2030. This work concluded that P2H would have the highest energy 
efficiency owing to fewer energy conversion processes, and ammonia 
would yield the lowest LCOX of 0.6 EUR/kg. Niermann et al. [27]
examined e-fuels as hydrogen carriers for international transport of 
renewable energy from Algeria to Germany, and revealed that trans
ported distance and the energy source for de-hydrogenation were crit
ical factors in selecting e-fuel option and transportation mode. Hampp 
et al. [28] explored e-fuel options for importing renewable energy to 
Germany from 2030 to 2050. The results unveiled that transporting e- 

fuels from renewable-rich regions, such as Argentina and Morocco, 
could be more cost-competitive than domestic production. However, no 
best one-size-fits-all e-fuel solution existed for different exporting 
countries.

2. Research gaps

Table 1 summarises the key factors of the abovementioned literature, 
including time frames, regional contexts, energy sources, fuel options, 
electrolyser types, methods, and techno-economic results. These studies 
have made profound contributions to the techno-economic analysis of 
P2H and e-fuels, highlighting both the popularity and significance of this 
research topic. However, several research gaps remain to be addressed.

First, disparate cost evaluation results across various P2X pathways 
are observed in Table 1. In addition to geographical variations in 
renewable potential and electricity prices, the techno-economic pa
rameters of P2X system components including renewables, electrolysers 
and e-fuel synthesis technologies, such as conversion efficiency, unit 
capital cost and lifetime, also have a significant impact on the cost 
evaluation. Ideally, the most reliable data source would be project- 
specific information obtained directly from manufacturers and energy 
suppliers. However, such data, particularly confidential cost quotations, 
are generally not accessible to the academic community. An alternative 
is to extract data from existing literature, yet the techno-economic pa
rameters vary significantly from literature to literature, and a compre
hensive location-specific dataset covering diverse geographical contexts 
is still lacking. Therefore, selecting appropriate techno-economic pa
rameters becomes a critical and challenging decision-making process for 
modelers. In this context, developing a generalised and unified dataset 
of techno-economic parameters based on existing literature is a valuable 
approach to enable reliable and robust comparisons of various P2X 
pathways, and to provide a benchmark for cross-context comparison of 

Table 1 
Summary of publications on techno-economic analysis of various P2X pathways, covering time frames, regional contexts, energy sources, fuel options, electrolyser 
types, methods, and techno-economic results. (H2: hydrogen, NH3: ammonia, MeOH: methanol, CH4: methane).

Publications Time 
frames

Regional 
contexts

Energy sources Fuel options Electrolyser 
types

Design 
optimisation?

Levelised costs

Pan et al. [14] 2019 China Solar PV, utility grid H2 ALK, PEM, SOE Yes LCOH: 4–5.9 EUR/kg
Fan et al. [15] 2021 China Onshore wind, solar 

PV
H2 ALK, PEM No LCOH: 2–7.1 EUR/kg

Superchi et al. 
[16]

2022 Italy Onshore wind, utility 
grid

H2 ALK Yes LCOH: ~4.9 EUR/kg

Shin et al. [17] 2022 South Korea Wind, solar PV H2 ALK, PEM Yes LCOH: 6.4–11.8 EUR/kg
Fasihi et al. [19] 2020, 2030 Global Wind, solar PV NH3 ALK Yes LCOA-2020: 0.44–0.63 EUR/kg 

LCOA-2030: 0.35–0.43 EUR/kg
Mayer et al. [20] 2022 Saudi Arabia Solar PV NH3 PEM No LCOA: 0.35 EUR/kg
Kakavand et al. 

[21]
2021 Iran Wind, solar PV H2, NH3 PEM Yes LCOA: 0.51–0.56 EUR/kg

Fasihi et al. [22] 2020, 2030 Global Wind, solar PV MeOH ALK Yes LCOM-2020: 0.7–1.7 EUR/kg 
LCOM-2030: 0.68–0.76 EUR/kg

Schorn et al. [10] 2030 Global Wind, solar PV H2, MeOH ALK, PEM No LCOM: 0.38–0.68 EUR/kg
Martsinchyk et al. 

[23]
2030, 2050 Non-specific Renewables CH4 SOE Yes LCOMe-2030: 3.2–3.8 EUR/kg 

LCOMe-2050: 2.6–3 EUR/kg
Qi et al. [24] 2021, 2030 Non-specific Renewables, utility 

grid
CH4 SOE No LCOMe-2021: 2.3 EUR/kg 

LCOMe-2030: 1.8 EUR/kg
Grahn et al. [9] 2030, 2050 Europe Non-specific H2, NH3, 

MeOH, CH4
ALK, PEM, SOE No LCOX-2030: 3.6–7.6 EUR/kg * 

LCOX-2050: 3–5.4 EUR/kg *
Bellotti et al. [25] 2020 Non-specific Wind, solar PV, 

hydropower
H2, NH3, 
MeOH, CH4

PEM No LCOX: 1.0–5.3 EUR/kg *

Hank et al. [26] 2030 Morocco Wind, solar PV H2, NH3, 
MeOH, CH4

PEM Yes LCOX: 0.6–3 EUR/kg *

Niermann et al. 
[27]

2020 Algeria Wind, solar PV H2, MeOH PEM No LCOH: 9.9–13.2 EUR/kgH2 #

Hampp et al. [28] 2030–2050 Global Wind, solar PV H2, NH3, 
MeOH, CH4

ALK, PEM Yes LCOH: 1.6–9.5 EUR/kgH2 #

* This LCOX represents the overall range of levelised cost of hydrogen, ammonia, methanol, and methane.
# This LCOH represents the levelised cost of the entire hydrogen supply chain, including production, storage, conversion, transportation and reconversion processes.
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evaluation results.
Second, the optimisation of both sizing configuration and operation 

strategy is the premise for an accurate techno-economic analysis of en
ergy systems, while optimisation models are neglected or over- 
simplified in some existing assessment methods for P2X systems 
[10,15,20,24,25,27], which can lead to underestimated results. Third, 
most studies focus primarily on the LCOX-based cost estimation 
[14–18,20–24,26–28] or directly compare the LCOX with market prices 
for cost-benefit analysis [19,25], but the transportation costs associated 
with diverse modes, such as pipelines and trucks, and the market price 
disparities across distinct trading locations are overlooked, which may 
also lead to inaccurate profitability assessments.

3. Contributions

To explore feasible solutions for the last mile to carbon neutrality, 
this work conducts a comparative techno-economic analysis of four P2X 
pathways, including hydrogen, ammonia, methanol and methane, based 
on three types of electrolyser technologies (ALK, PEM and SOE), and 
hybrid energy sources incorporating wind power, solar PV power and 
the utility grid. The objectives of this paper are to: (1) investigate the 
cost-optimal sizing configurations and flexible operation strategies for 
various electrolyser technologies, (2) compare the techno-economic 
performance of the four P2X pathways under multiple probabilistic 
scenarios, and (3) evaluate the profitability of these P2X pathways in the 
context of realistic market conditions.

To address the aforementioned research gaps, first of all, generic and 
versatile techno-economic quantile models are developed, which 
include three quantiles (Q1-25 %, Q2-50 % and Q3-75 % representing the 
optimistic, average and pessimistic scenario, respectively) of critical 
parameters such as specific energy consumption (SEC), capital expen
ditures (CAPEX), operating expenditures (OPEX), and design lifetime of 
P2X system components, as well as boundary conditions including 
project lifetime and weighted average cost of capital (WACC), so as to 
reach reliable and comprehensive techno-economic assessments. Sec
ond, co-optimisation models of sizing configuration and operation 
strategy for various P2X systems are established, incorporating three 
electrolyser types and four e-fuel pathways. These models simulta
neously optimise the installed capacities of power generation and energy 
conversion facilities, along with the hourly flexible operation profiles 
over an entire year, to achieve the lowest LCOX. Third, a profitability 
index (PI), defined as the ratio of market prices in trading locations to 
the sum of the LCOX and the transportation costs from production sites 
to trading locations via pipelines and trucks, is proposed to further 
evaluate the practical profitability of various P2X pathways.

Notably, the techno-economic assessment in this work is based on 
the Chinese context, as China hosts the global largest hydrogen pro
duction plants [29], and accounts for 50 % of the global green hydrogen 
production capacity by the end of 2024 [30]. Therefore, the optimal 
sizing configurations and hourly operation strategies can provide prac
tical guidance for P2X system investors and operators in China, and the 
observed findings can support decision-making for overarching decar
bonisation strategies. Furthermore, although this study considers the 
Chinese context as a case study, the proposed techno-economic quantile 
models and P2X system optimisation framework are adaptable to any 
region for global-scale generic assessments.

4. Method

This section introduces system configurations of various P2X path
ways, renewable power generation technologies, sizing-operation co- 
optimisation models, profitability evaluation indicators, and techno- 
economic quantile models of system components. The research frame
work adopted in this study is visualised in Fig. 1.

4.1. System configuration

The generic system configurations of four P2X pathways (hydrogen, 
ammonia, methanol and methane) are presented in Fig. 2. Furthermore, 
detailed technical assumptions for each pathway are incorporated into 
the techno-economic quantile models and the sizing-operation co-opti
misation models. The hydrogen pathway is the foundation for e-fuel 
production, and the primary motivation for converting hydrogen into e- 
fuels is to reduce transportation costs due to their higher volumetric 
energy density. However, these e-fuel pathways incur additional pro
duction costs associated with synthesis processes and feedstock supply.

4.1.1. Hydrogen pathway
The hydrogen pathway is to convert electricity to hydrogen via water 

electrolysis, and then transmit it to hydrogen end-users via inland 
transportation. Electricity for electrolyser is supplied by a combination 
of wind power, solar PV power and the utility grid. The inclusion of the 
utility grid is essential to ensure reliable and flexible electrolyser oper
ation, while renewable energy sources are the primary driver for energy 
supply decarbonisation [14].

The electrolyser technologies included are ALK, PEM and SOE, which 
differ in conversion efficiency, operating range, capital cost, and design 
lifetime. Electrolyser can operate flexibly in part-load conditions, so 
optimising its hourly operation strategy can reduce electricity costs via 
price arbitrage. Based on the temporal variations in electricity tariffs, 
price arbitrage involves operating at full load during low-price periods 
and at minimal load during high-price periods to minimise the operating 
costs. The produced hydrogen is compressed and stored in tanks to 
mitigate supply–demand mismatches. Pipeline and truck are considered 
as the transportation modes for hydrogen in this work, and trans
portation costs play an important role in the profitability analysis. 
Regarding the end-users, hydrogen can be widely applied in power, 
heating, transport and industry sectors without direct carbon emissions, 
particularly in hard-to-abate sectors. Notably, the potential economic 
benefit of oxygen by-product is not considered in this analysis, as the 
oxygen demand is limited compared to fuel demand [22].

4.1.2. Ammonia pathway
Based on the hydrogen pathway, the ammonia pathway is to further 

convert hydrogen into ammonia via the Haber-Bosch (HB) reaction with 
nitrogen. The nitrogen source for ammonia production is captured via 
air separation units (ASUs). Next, nitrogen and hydrogen flows are 
compressed and fed into the HB reactor for ammonia synthesis. Since the 
electrolyser, ASUs, and HB reactor are all capable of flexible part-load 
operation, nitrogen and hydrogen storage tanks are used as buffers be
tween ASUs and HB reactor, and between electrolyser and HB reactor, 
respectively. These storage tanks improve the overall system flexibility 
and enable electricity cost reduction via price arbitrage. Subsequently, 
the produced ammonia is liquefied via the cooling source provided by 
the cryogenic ASU [26], and then stored in buffer tanks, until trans
ported to ammonia end-users via pipelines or trucks. In addition to ap
plications in the power, industry and transport sectors, ammonia can 
also be used for fertiliser production in the agricultural sector.

4.1.3. Methanol pathway
In contrast to the ammonia pathway, the methanol pathway is to 

further convert hydrogen into methanol via the methanol synthesis (MS) 
reaction with carbon dioxide. In this study, the carbon dioxide required 
for MS is assumed to be externally supplied by carbon capture of adja
cent fossil-fired power plants due to its abundant availability in the 
Chinese context. Hydrogen and carbon dioxide flows are compressed 
and fed into the MS reactor, with two storage tanks employed to enable 
flexible operation. Based on pipelines or trucks, methanol can be 
transported to end-users for power, heating, industry and transport 
applications.
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4.1.4. Methane pathway
Similar to the methanol pathway, the methane pathway involves 

converting hydrogen into methane via the Sabatier reaction (SR) with 
carbon dioxide. The production processes of the methane pathway are 
similar with the methanol pathway, both of which are carbon-based e- 
fuels but based on different chemical reactions. The methane pathway 
applies the SR for methane production and incorporates a liquefaction 
unit to convert gaseous methane into liquid methane for convenient 
transportation, while methanol remains in liquid state at ambient tem
perature. Similarly, methane can be transported via pipelines or trucks 
to end-users for wide applications.

4.2. Renewable power models

The power sources for water electrolysis include wind power and 
solar PV power with temporally complementarity, and the utility grid as 
a backup. Renewable power generation highly depends on meteoro
logical conditions, primarily including wind speed, solar irradiance and 
ambient temperature. Wind power generation is estimated by the 
interpolation of wind power curves, with power loss factors incorpo
rated to reflect realistic operating conditions [5]. When the hub height 
of the wind turbine is not consistent with the reference height of the 
wind resource data, the wind speed should be adjusted using the wind 
shear exponent. Solar PV power generation is determined by the direct 
normal irradiance, diffuse horizontal irradiance and ambient 

temperature, along with power loss factors associated with practical 
operations [531]. The detailed models of wind power and solar PV 
power are presented in the supplementary Information (S1: Method).

4.3. Sizing-operation co-optimisation models

The motivation for developing optimisation models for various P2X 
pathways is to achieve the lowest LCOX via appropriate sizing config
uration and flexible operation strategy, which are the premise for an 
accurate techno-economic analysis. Specifically, the cost-minimising 
optimisation aims to determine the installed capacities of wind power, 
solar PV power, electrolyser and e-fuel synthesis units, as well as the 
operational profiles of all system components at each time step. LCOX is 
defined as the discounted net present cost (NPC) per kilogram of x-fuel 
production throughout its life cycle, primarily including CAPEX, OPEX, 
replacement expenditures, and salvage values. Four sizing-operation co- 
optimisation models are developed for the hydrogen, ammonia, meth
anol and methane pathways, each including an objective function, de
cision variables and constraints, which are detailed in the 
supplementary Information (S1: Method). The objective function for 
each co-optimisation model is to minimise the respective LCOX. The 
decision variables are the aforementioned installed capacities and 
hourly operational profiles. The constraints include the operational 
characteristics of renewable power, electrolyser and synthesis units, 
dynamic energy and mass flow balance, and annual e-fuel demand 

Fig. 1. Schematic diagram of the research framework, including system configurations of various P2X pathways, data inputs including techno-economic quantile 
models, renewable resources and electricity market, sizing-operation co-optimisation models for each P2X pathway, as well as production cost and profitability 
analysis in results.
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constraints. Subsequently, the co-optimisation models are implemented 
in MATLAB, and solved using the YALMIP-Gurobi optimiser [32].

4.4. Profitability evaluation indicator

The LCOX indicator derived from the above optimisation models 
reflects only the production costs of hydrogen, ammonia, methanol and 
methane at the plant level. However, the economic feasibility of P2X 
pathways depends on the comparison of the total landed costs, including 
both production and transportation costs, with market prices in trading 
locations. To further evaluate the profitability of various P2X pathways, 
this work introduces an intuitive profitability index (PI), which is 
defined as the ratio of the x-fuel market prices in a specific trading 
location to the sum of its LCOX and the corresponding transportation 
costs via pipelines or trucks. When the PI is larger than 1, it indicates 
that the x-fuel pathway is economically profitable. The proposed PI of x- 
fuel in y-location, denoted as PI (x, y), is estimated based on: 

PI(x, y) =
price(x, y)

LCOX + ρx × Dy
(1) 

where price(x,y) is the market price of x-fuel in y-location, LCOX is the 
optimal levelised cost of x-fuel at the production stage, ρx is the unit 
transportation costs per kilogram of x-fuel per kilometre, and Dy is the 
transportation distance from P2X production plant to y-location.

4.5. Techno-economic quantile models

The techno-economic parameters of systems components in real- 

world P2X plants are not easily accessible, so datasets published in 
relevant literature are commonly used. However, the techno-economic 
parameters vary across different literature sources, and the selection 
of these parameters can have a significant effect on the assessment re
sults. Therefore, to improve the reliability and robustness of such as
sessments, this work innovatively proposes techno-economic quantile 
models for P2X system components, based on statistical analysis of 
datasets collected through an extensive literature review, which are 
subsequently integrated into the co-optimisation models.

The literature search was based on the ScienceDirect and Google 
Scholar databases, with searching terms including “e-fuels”, “power-to- 
X”, “hydrogen”, “ammonia”, “methanol”, and “methane”. This search 
yielded 50 relevant publications until October 2024, from which the 
critical techno-economic parameters of each component were extracted. 
Notably, this study focuses on the techno-economic assessment of P2X 
pathways at the current time horizon of 2024, so parameter assumptions 
for future years such as 2030 and 2050 are excluded from the quantile 
models.

Taking different electrolyser technologies as an example, the pro
cedure for developing techno-economic quantile models involves: 

(1) The techno-economic parameters of three types of electrolyser 
technologies (ALK, PEM, SOE) are manually extracted from 
relevant publications, including conversion efficiency or SEC, 
CAPEX, OPEX, and design lifetime.

(2) The diverse units of techno-economic parameters collected from 
different literature should be unified. For instance, the efficiency 
or SEC of electrolyser is reported in various units such as kWh/kg, 
kg/kWh, kWh/Nm3, and %. This work converts all these units into 

Fig. 2. Schematic diagrams of the hydrogen, ammonia, methanol, and methane pathways, including hybrid energy supply, hydrogen production based on different 
electrolyser types, e-fuel synthesis processes, transportation modes, and end-user demand.
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“kWh/kg” using lower heating values at 33.33 kWh/kg and den
sity at 0.089 kg/Nm3 [28], while the parameters that cannot be 
consistently converted to the same unit are excluded from the 
dataset. In addition, monetary units ($, ¥, £, €) should also be 
unified considering current exchange rates [33]. The exchange 
rates of GBP, EUR and USD to CNY are taken as 9.0, 8.0 and 7.0, 
respectively.

(3) The unified techno-economic parameters are separately ranked, 
and then different quantiles (Q1-25 %, Q2-50 %, Q3-75 %) for 
each parameter are identified. The SEC, CAPEX and OPEX are 
ranked in ascending order, while lifetime is ranked in descending 
order, as a longer lifetime means better performance. The Q2 
quantile, also known as the median, represents the average sce
nario, while the Q1-25 % and the Q3-75 % quantiles denote the 
optimistic and pessimistic scenarios, respectively. The Q1-Opti
mistic scenario represents the most ideal combination of higher 
conversion efficiency, lower investment cost, and longer lifetime, 
followed by the Q2-Average scenario, while the Q3-Pessimistic 
scenario denotes the opposite worst-case scenario. Notably, the 
minimum and maximum values are not considered as they may 
correspond to extreme or outlier cases. Instead, Q1-25 % and Q3- 

75 % quantiles are adopted to better capture representative 
scenarios.

Quantile models for other components are developed following the 
same procedures, including wind power, solar PV power, hydrogen/ 
ammonia/methanol/methane storage tanks, compressors, ASU, HB unit, 
MS unit, SR unit, and methane liquefaction unit, as well as boundary 
conditions including WACC and project lifetime. The storage tanks and 
compressors for different gaseous feedstocks (hydrogen, nitrogen and 
carbon dioxide) are assumed to be consistent [26]. The techno-economic 
quantile models of system components and boundary conditions are 
shown in Fig. 3. The detailed quantile parameters (Q1, Q2 and Q3) for 
each system component are given in Table 2. Additionally, a compre
hensive set of techno-economic parameters extracted from all sources is 
provided in the supplementary Information (S2: Inventory).

4.6. Boundary conditions

This work considers Ordos city in Inner Mongolia, China as the 
location of the case study, as China accounts for 50 % of the global green 
hydrogen production capacity by the end of 2024 [29], and Ordos with 

Q

Q

Q Q

Q

Fig. 3. Techno-economic quantile models of P2X system components and boundary conditions: (a) renewable power, (b) electrolyser, (c) storage tanks, (d) energy 
conversion facilities, and (e) system boundary: WACC and project lifetime, with the demonstration of three quantiles, including Q1-Optimistic, Q2-Average and Q3- 
Pessimistic. (WP: wind power, H2: hydrogen, NH3: ammonia, MeOH: methanol, CH4: methane, comp: compressor, ASU: air separation unit, HB: Haber-Bosch, MS: 
methanol synthesis, SR: Sabatier reaction, liq: methane liquefaction).
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abundant renewable resources and land availability hosts large-scale 
green hydrogen and e-fuel plants that are either in operation or under 
construction [30].

The scale of hydrogen production plants is set at 30 million kilo
grams of hydrogen annually, based on a practical hydrogen production 
project in Ordos, and the scales of various e-fuel plants are based on the 
equivalent hydrogen production and respective conversion rates. The 
nominal capacity of storage tanks for feedstock and products also refers 
to actual plants (~32 h) [76]. In addition to the techno-economic pa
rameters with quantiles, the minimal operating load of energy conver
sion facilities and the conversion rate of chemical reactions are 

presented in Table 3.
The annual profiles of input data are shown in Fig. 4. The wind speed 

data of typical meteorological year (TMY) is directly retrieved from 
ERA-5 [77], and the TMY solar irradiance and temperature data are 
sourced from NSRDB [78]. The technical specifications of wind turbines 
and PV panels refer to the GE 2.5xl [79] and Longi Hi-MO 6 [80], and 
additional data are provided in [5]. The optimal fixed tilt angle of PV 
panels (39.6◦) is based on Solargis Prospect [81]. The annual average 
wind speed, plane of array irradiance and ambient temperature in Ordos 
are approximately 6 m/s, 230 W/m2 and 8 ℃, respectively. The capacity 
factors of both wind power and solar PV power are estimated to be 

Table 2 
Techno-economic quantile parameters of system components and boundary conditions. Data sources for all techno-economic parameters are extracted from 
[14–28,34–75], with detailed sources for each parameter listed in the supplementary Information (S2: Inventory).

Quantiles Wind power Solar PV power

Item CAPEX OPEX lifetime ​ CAPEX OPEX lifetime ​
Unit EUR/kW / years ​ EUR/kW / years ​
Q1 900 2.0 % 25 ​ 500 1.1 % 30 ​
Q2 1130 2.0 % 20 ​ 560 1.7 % 25 ​
Q3 1330 3.14 % 20 ​ 780 2.0 % 20 ​
Quantiles Gaseous hydrogen storage tank ​ Ammonia storage tank ​

Item CAPEX OPEX lifetime ​ CAPEX OPEX lifetime ​
Unit EUR/kg / years ​ EUR/kg / years ​
Q1 370 1.0 % 30 ​ 0.62 1.0 % 30 ​
Q2 440 2.0 % 20 ​ 0.71 4.0 % 30 ​
Q3 510 2.0 % 20 ​ 1.14 4.5 % 25 ​
Quantiles Methanol storage tank ​ Methane storage tank ​

Item CAPEX OPEX lifetime ​ CAPEX OPEX lifetime ​
Unit EUR/kg / years ​ EUR/kg / years ​
Q1 0.06 4.0 % 30 ​ 1.94 2.0 % 25 ​
Q2 0.08 4.0 % 30 ​ 3.20 4.0 % 20 ​
Q3 0.13 4.0 % 30 ​ 5.46 10.0 % 20 ​

Quantiles ALK electrolyser PEM electrolyser

Item SEC CAPEX OPEX lifetime SEC CAPEX OPEX lifetime
Unit kWh/kg EUR/kW / years kWh/kg EUR/kW / years
Q1 51.8 450 2.0 % 25 50 530 2 % 20
Q2 53.8 600 2.6 % 20 53.5 880 2.4 % 10
Q3 55.3 800 3.5 % 10 55.5 1190 4.3 % 7

Quantiles SOE electrolyser Boundary conditions

Item SEC CAPEX OPEX lifetime WACC Project lifetime
Unit kWh/kg EUR/kW / years / years ​ ​
Q1 35.7 2140 2.3 % 22.5 5 % 25 ​ ​
Q2 37.4 2410 3.0 % 10 7.5 % 20 ​ ​
Q3 40.1 3470 6.0 % 5.5 8 % 20 ​ ​

Quantiles Methane liquefaction unit Compressor

Item SEC CAPEX OPEX lifetime SEC CAPEX OPEX lifetime
Unit kWh/kg EUR/(kg/h) / years kWh/kg EUR/(kg/h) / years
Q1 0.11 5440 2.0 % 25 0.49 1510 1.6 % 20
Q2 0.34 7980 2.1 % 20 0.99 5790 3.0 % 20
Q3 0.5 10,080 2.9 % 20 1.34 10,590 4.0 % 17.5

Quantiles ASU HB unit

Item SEC CAPEX OPEX lifetime SEC CAPEX OPEX lifetime
Unit kWh/kg EUR/(kg/h) / years kWh/kg EUR/(kg/h) / years
Q1 0.15 920 1.8 % 30 0.53 3260 0.6 % 30
Q2 0.20 1400 3.0 % 30 0.53 6280 2.0 % 25
Q3 0.44 4190 4.3 % 26 0.65 9460 3.0 % 20

Quantiles MS unit SR unit

Item SEC CAPEX OPEX lifetime SEC CAPEX OPEX lifetime
Unit kWh/kg EUR/(kg/h) / years kWh/kg EUR/(kg/h) / years
Q1 0.16 1660 2.0 % 30 1.40 12,530 2.4 % 20
Q2 0.31 3100 4.0 % 20 1.40 22,210 3.8 % 20
Q3 1.24 4600 4.0 % 20 1.40 22,510 6.3 % 10
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approximately 20 %.
Electricity prices in Ordos are collected from the official website of 

the State Grid Corporation of China [82], which follow a peak-valley 
pattern with monthly variations. From September to May, peak pe
riods are 6:00–8:00 and 18:00–22:00, valley periods are 0:00–4:00 and 
11:00–16:00, and the remaining hours are classified as flat periods, with 
the peak-valley price gaps at 0.025–0.045 EUR/kWh. In summer (June 
to August), there are super-peak periods during 19:00–21:00 and deep- 
valley periods during 13:00–15:00, with higher peak-valley price gaps at 
~0.055 EUR/kWh. These peak-valley electricity price gaps enable cost 
reduction potential of price arbitrage via the flexible operation of energy 
conversion facilities.

Moreover, the industrial water price (0.55 EUR/m3) is sourced from 
H2O-China [83]. Inner Mongolia has abundant coal resources and coal- 
fired power plants, which can provide carbon sources for methanol and 
methane synthesis via carbon capture [84]. The CO2 cost for e-fuel 
production includes carbon capture and transport costs. In China, the 
unit cost of post-combustion carbon capture ranges from 30 to 40 EUR/ 
ton, and the unit transport cost is 0.1–0.18 EUR/(tkm) [85]. Assuming a 
capture cost of 35 EUR/ton, a transport cost of 0.15 EUR/(tkm), and a 
transport distance of 100 km, the CO2 cost is estimated at 50 EUR/ton in 
this case study.

Regarding the boundaries of production cost assessments, the costs 

of renewables, electrolysers, and energy conversion facilities, as well as 
grid electricity, water, and CO2, are included. However, land acquisition 
costs, policy-related taxes and subsidies, and potential revenues from 
oxygen by-products are excluded. For profitability assessments, trans
portation costs from the production site to trading locations are addi
tionally included. Table 4 presents the unit transportation costs of 
various e-fuels via pipelines and trucks. Table 5 lists the trading loca
tions for various fuels, which are selected based on realistic market 
conditions, along with the corresponding price indexes and trans
portation distances from the production site in Ordos.

5. Results and discussion

This section presents a comprehensive techno-economic comparison 
of various P2X pathways based on three types of electrolyser 

Table 3 
Techno-economic parameters of system components without quantiles, including minimal operating load of energy conversion facilities and conversion rate of each 
chemical reaction.

Minimal operating load (σ) Conversion rate (C)

ALK 20 % [86] HB 50 % [19] H2O → H2 100 % [19] CO2 → CH3OH 94.5 % [22]
PEM 5 % [86] MS 50 % [22] H2 → NH3 99 % [19] H2 → CH4 95 % [88]
SOE 5 % [86] SR 50 % [87] N2 → NH3 99 % [19] CO2 → CH4 95 % [88]
ASU 50 % [19] ​ ​ H2 → CH3OH 94.5 % [22] ​ ​

Fig. 4. Annual profiles of TMY meteorological conditions, renewables power generation and electricity prices in Ordos: (a) wind speed at 100-m height, (b) plane of 
array irradiance with the optimal fixed tilt angle, (c) ambient temperature, (d) unit wind power output, (e) unit solar PV power output, and (f) electricity price of the 
utility grid, along with an exemplified daily profile.

Table 4 
Unit transportation costs of various e-fuels via pipelines and trucks.

Unit cost (EUR/tkm) Hydrogen Ammonia Methanol Methane

Pipeline 0.328 [89] 0.023 [91] 0.025 [91] 0.026 [92]
Truck 1.925 [90] 0.289 [91] 0.25 [91] 0.59 [93]

Y. He et al.                                                                                                                                                                                                                                       Energy Conversion and Management 351 (2026) 121035 

9 



technologies and the proposed techno-economic quantile models, along 
with an assessment of their profitability in real-world trading locations.

5.1. Comparison of electrolyser technologies

Fig. 5 presents the techno-economic comparison of different elec
trolyser technologies for hydrogen production in the Q2-Average sce
nario. Fig. 5(a) shows that ALK achieves the lowest LCOH at 3.2 EUR/kg, 
followed by PEM (3.7 EUR/kg) and SOE (3.9 EUR/kg), as ALK has the 
lowest CAPEX and the longest lifetime. Although SOE has the highest 
conversion efficiency, its CAPEX is significantly higher than ALK and 
PEM, leading to the highest cost. Regarding the optimal sizing config
urations, ALK- and PEM-based systems have similar results (300–310 
MW of PV capacity and 220–230 MW of EL capacity, respectively), while 
the sizes of SOE-based system are smaller (175 MW of PV capacity and 
130 MW of EL capacity) owing to its high conversion efficiency. Notably, 
the optimal WP capacity is zero in these three systems, indicating that 
under the assumed cost parameters in the Q2-Average scenario, wind 
power is less cost-competitive than PV and grid electricity for hydrogen 
production in Ordos.

Fig. 5(b) presents the representative optimal operation strategies on 
1st July, in which ALK and PEM (dash line) operate flexibly to maximise 
PV power penetration and follow the peak-valley price pattern, so as to 
reduce electricity costs. The PEM-based system performs a higher po
tential of peak-valley price arbitrage owing to its lower minimal oper
ating threshold (5 %) than ALK (20 %). In comparison, SOE constantly 
operates at nominal conditions as the cost of increasing EL capacity 
outweighs the benefits of price arbitrage.

Fig. 5(c) shows the cost and energy breakdown of different hydrogen 
production systems. In the ALK-based system, the fraction of electricity 
cost from grid is the largest (60 %), followed by PV (19 %) and EL (17 
%). In the PEM-based system, grid electricity cost still dominates the 
NPC (50 %), but the cost of EL (30 %) is higher than PV (16 %). For the 
SOE-based system, the EL cost (47 %) surpasses grid electricity cost (41 
%), while PV accounts for only 9 %. Generally, the water source, storage 
tank and compressor together contribute only 3.5 %–5% of the total 
cost. Regarding the annual energy balance, only 26 %–31 % is supplied 
by renewable energy under least-cost conditions, with the remainder 
covered by the utility grid, highlighting the necessity of hybridising the 

utility grid and renewables for a cost-effective and reliable power sup
ply. On the demand side, ~98 % of power is consumed by the 
electrolyser.

Fig. 5(d)–(f) illustrate the LCOH heatmaps as functions of varying PV 
and EL capacities to highlight the necessity of sizing optimisation. With 
the increase of PV capacity, the LCOH of ALK/PEM/SOE initially de
creases and then increases, reaching the optima at the breakeven point 
where PV power achieves grid parity. Similarly, with the increase of EL 
capacity, the LCOH of ALK/PEM follows the same trend, while that of 
SOE increases monotonically with the optimal value located at the lower 
bound of feasible areas. The infeasible areas are due to the undersized EL 
capacity, as the constraint on annual hydrogen production imposes a 
minimum EL capacity of 180 MW for ALK/PEM and 130 MW for SOE. 
The red rectangle indicates the lowest LCOH and the corresponding 
optimal PV/EL sizes for each system, and their consistency with the 
results shown in Fig. 5(a) confirms the validity of the optimisation 
results.

5.2. Comparison of various P2X pathways

Fig. 6(a) compares the LCOX of the four P2X pathways with different 
quantile scenarios (Q1-Optimistic, Q2-Average and Q3-Pessimistic). As 
expected, the LCOX ranking for all fuels is: Q1 < Q2 < Q3, as Q1 assumes 
the highest conversion efficiency, lowest unit cost, longest lifetime for 
all components, as well as the lowest WACC. The LCOX differences of 
Q1-Q3 range from 44 %–67 %, with the ALK-based hydrogen pathway 
delivering the lowest gap and the SOE-based methanol pathway the 
highest, indicating that the quantile models of SOE and MS unit have a 
more dispersed distribution. In the Q1-Optimistic scenario, all PEM- 
based fuels achieve the lowest LCOX, and all ALK-based fuels outper
form in Q2-Average and Q3-Pessimistic scenarios, while all SOE-based 
fuels consistently exhibit the highest costs across all scenarios.

Considering all possible conditions and the lower heating values of 
each fuel (hydrogen: 33.33 kWh/kg, ammonia: 5.17 kWh/kg, methanol: 
5.54 kWh/kg and methane: 13.89 kWh/kg) [28], the mass-based and 
energy-based LCOX for hydrogen, ammonia, methanol and methane are 
2.2–7.1 EUR/kg (67–212 EUR/MWh), 0.5–1.8 EUR/kg (103–344 EUR/ 
MWh), 0.65–2.1 EUR/kg (117–375 EUR/MWh) and 1.8–5.5 EUR/kg 
(130–399 EUR/MWh), respectively.

Table 5 
Market prices of various fuels in respective trading locations, and transportation distances from the production site in Ordos.

Hydrogen [94]a Ammonia [95]b

Locations Price (EUR/kg) Distance (km) Locations Price (EUR/kg) Distance (km)

Shanghai 4.21 1800 Shijiazhuang 0.4 
(0.28–0.55)

650

Tangshan 4.36 850 Jinan 0.4 
(0.31–0.53)

950

Guangzhou 4.76 2350 Nantong 0.46 
(0.44–0.53)

1700

Zhengzhou 3.67 900 Liaocheng 0.45 
(0.3–0.49)

950

Methanol [96]b Methane [97]b

Locations Price (EUR/kg) Distance (km) Locations Price (EUR/kg) Distance (km)
Panjin 0.35 (0.33–0.36) 1250 Ordos 0.61 (0.47–1) 0
Baiyin 0.31 (0.28–0.33) 800 Yinchuan 0.75 (0.56–0.99) 450
Nanjing 0.35 (0.35–0.36) 1550 Xi’an 0.77 (0.57–1) 700
Jinan 0.26 (0.25–0.26) 950 Jinan 0.55 (0.49–0.65) 950

a: the hydrogen price is derived from China’s hydrogen price index [94], which reflects the trends of hydrogen prices in China’s key hydrogen-production areas. To 
consider the long-term volatility of hydrogen price, average values of the hydrogen price index in four trading locations from October 2022 to November 2025 are used 
in profitability analysis based on data availability. These hydrogen price indexes remain basically unchanged over this period.
b: the ammonia, methanol, and methane prices are collected from Sunsirs commodity data group [95–97], which compiles historical price data of petrochemical and 
chemical products in China’s realistic markets. Similarly, average values of ammonia, methanol, and methane market prices in corresponding trading locations, from 
February 2023, June 2024, and September 2022, to November 2025, respectively, are used in profitability analysis based on data availability, with minimum and 
maximum values shown in brackets. Noted that the methane price refers to the market price of liquid natural gas.
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Fig. 6(b) presents a comparative cost breakdown of the hydrogen 
pathway with various electrolyser types in Q1, Q2 and Q3 scenarios. In Q1 
and Q2 scenarios, NPC is dominated by the cost of PV, EL and grid, with a 
total percentage of 97 % and 95 %, respectively. In comparison, NPC in 
Q3 scenario is dominated by the cost of EL and grid, while WP and PV are 
not chosen due to their lower cost-effectiveness relative to grid elec
tricity in the most pessimistic scenario.

Fig. 6(c) compares the optimal LCOX of the four P2X pathways with 
Q1, Q2 and Q3 quantile models, considering the least-cost electrolyser 
option. The optimal mass-based LCOXs for hydrogen, ammonia, meth
anol and methane are 2.2–4.1 EUR/kg, 0.5–1.3 EUR/kg, 0.7–1.5 EUR/ 
kg and 1.8–4 EUR/kg, respectively, with the ranking of ammonia <
methanol < methane < hydrogen. From an energy-based perspective, 
the LCOXs of hydrogen, ammonia, methanol and methane are 67–123 
EUR/MWh, 103–242 EUR/MWh, 117–270 EUR/MWh and 130–288 
EUR/MWh, respectively, with the ranking of hydrogen < ammonia <
methanol < methane. Although the NPC of hydrogen is consistently the 
lowest, its annual mass-based production is much lower than other e- 
fuels owing to different molar mass, resulting in the highest mass-based 

LCOX.
Fig. 6(d) display the cost breakdown of the four P2X pathways using 

the least-cost electrolyser option in Q1, Q2 and Q3 scenarios, respec
tively. The NPC ranking for all scenarios are consistently: hydrogen <
ammonia < methanol < methane. In Q1 scenario, the costs of PV and EL 
are relatively similar for all pathways due to the constraint of equal 
annual hydrogen production, while the differences primarily arise from 
the grid and auxiliary facilities. Ammonia, methanol and methane 
require additional facilities and electricity to convert hydrogen into e- 
fuels, leading to higher NPCs. Nevertheless, hydrogen production still 
accounts for the largest share of the total costs at ~85 % for all path
ways. Compared to Q1 scenario, the cost percentage of PV in the Q2 
scenario decreases from 22 %–36 % to 13 %–19 %, while the share of 
grid electricity increases significantly by 8 %–31 %. This shift is attrib
uted to reduced cost-effectiveness of PV under scenarios of higher 
CAPEX and OPEX parameters, leading to lower PV installed capacity and 
greater reliance on grid electricity. In Q3 scenario, all renewable sources 
are eliminated, and all P2X pathways become fully dependant on grid 
electricity. Additionally, the cost percentage of compressor climbs to 15 

Fig. 5. Techno-economic comparison of different electrolyser technologies: (a) optimal LCOHs and sizing configurations, (b) optimal operation strategies on 1st July, 
(c) cost and energy breakdowns, and (e)–(f) LCOH versus varying PV and EL capacities of ALK, PEM and SOE.
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%–20 % in Q3 scenarios, while the synthesis facilities including ASU, HB, 
MS and SR units consistently contribute a small portion of the total costs 
across all scenarios.

5.3. Profitability of various P2X pathways

LCOX evaluation alone cannot fully reflect the overall economic 
performance of various P2X pathways owing to the different market 
values of fuels. Therefore, this work further investigates their profit
ability under current market conditions, considering two transportation 
modes including pipelines and trucks, as well as the corresponding 
trading locations for each fuel option.

Fig. 7(a)–(c) show the landed LCOXs of various P2X pathways, 
including both production and transportation costs, in Q1, Q2 and Q3 
scenarios, respectively, with transportation distances ranging from 50 to 
2500 km. In Q1 scenario, the LCOXs of all P2X pathways transported by 
trucks are higher than that by pipelines, with the LCOX differences 
widening from 1.5 %–3.4 % to 43 %–57 % as transportation distance 
increases, indicating that pipelines are a more cost-effective option for 
inland fuel transportation compared to trucks. The maximum trans
portation costs via pipelines for hydrogen, ammonia, methanol and 
methane accounts for 23 %, 16 %, 12 % and 10 % of the total costs, 
respectively. It highlights that transporting hydrogen is significantly 
more expensive than other e-fuels, and this is a key reason why alter
native hydrogen-based energy carriers are considered for hydrogen 
transportation. The trends observed in Q2 and Q3 scenarios are consis
tent with Q1, but with higher landed LCOXs and lower shares of trans
portation costs. Moreover, the LCOX ranking of various P2X pathways is: 
ammonia < methanol < methane < hydrogen, which remains 

unchanged across all transportation distances.
Fig. 7(d) illustrates the considered trading locations for hydrogen 

and e-fuels in China, along with schematic transportation routes from 
Ordos to these destinations. These trading locations are basically 
concentrated in East China, with assumed transportation distance 
ranging from 0 km (to Ordos locally) to 2350 km (to Guangzhou).

Fig. 7(e)–(f) present the profitability indexes of various trading 
routes in Q1, Q2 and Q3 scenarios, respectively, with blue dashed lines 
(PI = 1) representing the breakeven point. In Q1 scenario, transporting 
hydrogen from Ordos to Shanghai, Tangshan, Guangzhou and Zhengz
hou via pipelines is profitable, with PIs ranging from 1.44 to 1.73. In 
contrast, the hydrogen pathway via trucks is only profitable in Tangshan 
(PI = 1.13) owing to its relatively short transportation distance of 850 
km. In Q2 scenario, the overall profitability decreases due to increasing 
LCOXs, while transporting hydrogen to all locations via pipelines are 
still profitable but with lower PIs (1.05–1.25). In Q3 scenario, all trading 
options are not profitable, as the market prices for all fuels are lower 
than their LCOXs in the Pessimistic scenario. Regarding the ammonia, 
methanol and methane pathways, although their LCOXs are much lower 
than hydrogen, none of their trading options are profitable, with PIs of 
0.26–0.81, 0.15–0.52, and 0.12–0.42, respectively. This is because the 
fossil-dominated market prices of ammonia, methanol and methane, 
ranging from 0.4 to 0.46, 0.26–0.35 and 0.55–0.77 EUR/kg, respec
tively, are insufficient to cover the corresponding LCOXs.

Moreover, considering the historical volatility of fuel prices, the 
profitability of the hydrogen pathway remains unaffected, as the his
torical hydrogen price indexes have been relatively stable over time. In 
comparison, the historical market prices for ammonia, methanol, and 
methane exhibit fluctuations of –33 % to +37 %, –9% to +9 %, and –26 

Fig. 6. Techno-economic comparisons of the four P2X pathways under three quantile scenarios: (a) LCOX comparisons for each pathway, (b) cost breakdown of the 
hydrogen pathway with various electrolyzer technologies in Q1, Q2 and Q3 scenarios, and (c)–(d) optimal LCOX in EUR/kg and EUR/MWh, as well as cost breakdown 
of various P2X pathways using the least-cost electrolyser option, in Q1, Q2 and Q3 scenarios, respectively. (H2: hydrogen, NH3: ammonia, MeOH: methanol, 
CH4: methane).

Y. He et al.                                                                                                                                                                                                                                       Energy Conversion and Management 351 (2026) 121035 

12 



% to +65 %, respectively. However, none of these pathways are prof
itable even at the observed highest market prices.

Overall, the hydrogen pathway is economically feasible in most re
gions under the optimistic and average scenarios. The profitability of the 
hydrogen pathway is attributed to the high current market prices driven 
by emerging hydrogen markets in China [94]. In comparison, the LCOXs 
of ammonia, methanol and methane pathways based on electrolytic 
hydrogen feedstock are significantly higher than their market prices. 
However, their markets are currently dominated by fossil fuel-based 
production technologies, which lead to considerable carbon emissions. 
With the implementation of carbon trading or carbon tax policies in the 
near future, the cost-competitiveness of low-carbon or carbon-free e- 
fuels can be significantly improved. Therefore, the ammonia, methanol 
and methane pathways remain promising options for affordable energy 
decarbonisation.

5.4. Monte Carlo ���� sensitivity analysis

Beyond the aforementioned three representative scenarios, Monte 
Carlo simulation is applied in this study to analyse the comprehensive 
performance of various P2X pathways considering multiple un
certainties in input parameters. The techno-economic parameters of 
system components, as shown in Fig. 3, are considered as uncertainty 
variables in the Monte Carlo simulation. A uniform probability distri
bution is assumed for each parameter within the range defined by the 
Q1-Optimistic, Q2-Average, and Q3-Pessimistic values. A large number of 
input parameter sets is then generated via random sampling, with the 
total number of samples set to 1000 in this study. For each sampled input 
set, the system performance is evaluated in parallel using the co- 
optimisation model. Finally, boxplots are used to illustrate the statisti
cal distribution of the comprehensive techno-economic performance 
across various P2X pathways.

Sensitivity analysis is also performed to investigate the independent 
impact of each techno-economic parameter on the performance of 

±

Fig. 7. Profitability analysis of the four P2X pathways: (a)–(c) landed LCOXs of various P2X pathways in three quantile scenarios, including both production and 
transportation costs via pipelines or trucks, (d) transportation routes of various fuels from production sites to trading locations in China, and (e)–(f) PIs of various 
fuels for corresponding trading locations in three quantile scenarios, respectively.
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various P2X pathways. The sensitivity for each parameter is evaluated 
by varying its value from Q2-Average to Q1-Optimistic or Q3-Pessimistic, 
while keeping all remaining parameters fixed at the Q2-Average value. 
The relative deviations from the Q2-Average scenario are used as in
dicators of parameter sensitivity, with larger deviations indicating a 
stronger impact on system performance.

Fig. 8(a)–(b) comprehensively present the LCOX distribution of 
various P2X pathways without and with specified electrolyser technol
ogy, respectively, based on Monte Carlo simulations. The median LCOX 
values for hydrogen, ammonia, methanol and methane are 3.6, 1.0, 1.2, 
and 3.1 EUR/kg, or 109, 184, 207, and 224 EUR/MWh, respectively, 
which are well-aligned with the results of the Q2-Average scenario. 
Generally, ALK-based pathways lead to the lowest costs, followed by 
PEM-based and SOE-based pathways. Moreover, the ammonia and 
hydrogen pathways perform the lowest mass-based and energy-based 
LCOX, respectively.

Fig. 8(c) presents the LCOX variations resulting from the optimistic 
and pessimistic values of each techno-economic parameter compared to 
the Q2-Average scenario. The lifetime, CAPEX, OPEX, and SEC of SOE 
have a significant effect on LCOX, indicating that the techno-economic 
parameters for SOE sourced from the literature include considerable 
uncertainties, while improving SOE performance could effectively 
accelerate the cost reduction of hydrogen production. Similarly, the 
techno-economic parameters of PEM and ALK electrolysers are also 
highly sensitive to LCOX, highlighting the critical role of electrolyser 
performance on the economic feasibility of all P2X pathways. Further
more, the CAPEX and SEC of e-fuel synthesis components also play a 
non-negligible effect on their production costs.

5.5. Comparison with other studies

Fig. 9 compares the techno-economic assessment results of various 
P2X pathways based on the proposed quantile models with those re
ported in previous studies, including both journal articles and reports 

from official agencies [29,98–101]. Detailed LCOX results from all 
publications are provided in the supplementary Information (Table S9).

Regarding the economic evaluation of hydrogen production via 
water electrolysis, 15 out of 15 publications report LCOH results within 
the range of 2.2–7.1 EUR/kg, and all results are higher than the lower 
bound obtained in this work. Moreover, 11 out of 12 publications on the 
economic analysis of ammonia production report LCOA results within 
the range of 0.5–1.8 EUR/kg, and 11 out of 13 methanol-related pub
lications report LCOM results within the range of 0.65–2.1 EUR/kg. For 
methane cost evaluation, 10 out of 11 publications present LCOMe 
values within the range of 1.8–5.5 EUR/kg. Overall, approximate 92 % 
of the considered publications reach consistent LCOX results with this 
work, regardless of variations in techno-economic parameters and 
renewable resource potentials, highlighting the reliability and robust
ness of the proposed techno-economic quantile models. Therefore, the 
proposed techno-economic quantile models can be employed as a 
generic and robust benchmark for a wide range of future studies.

6. Conclusions

Power-to-X technologies, including hydrogen, ammonia, methanol 
and methane, offer effective solutions to decarbonise hard-to-abate 
sectors such as the chemical industry, aviation, and shipping, thereby 
contributing to the last mile to carbon neutrality. Taking Ordos, China as 
a case study, this work conducts a comprehensive techno-economic 
comparison of these P2X pathways using three types of electrolyser 
technologies (ALK, PEM and SOE). This analysis is based on innovative 
techno-economic quantile models (Q1-Optimistic, Q2-Average and Q3- 
Pessimistic), and co-optimisation framework for installed capacity and 
operation strategy of P2X systems.

The optimal sizing configurations and operation strategies vary with 
different electrolyser technologies. SOE-based systems with higher 
conversion efficiency result in lower installed capacities of PV and 
electrolyser compared to ALK- and PEM-based systems. Additionally, 

Fig. 8. Monte Carlo and sensitivity analysis of the techno-economic quantile parameters: (a)–(b) LCOX distribution of various P2X pathways without or with 
specified electrolyser technology via Monte Carlo simulations, and (c) LCOX variations resulting from the optimistic and pessimistic values of each techno-economic 
parameter compared to the Q2-Average scenario.
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ALK and PEM operate at full load during periods of peak PV generation 
and low grid electricity prices, and flexibly reduce to minimal load 
during periods of high grid electricity prices, thereby minimising 
hydrogen production costs. In contrast, SOE operates constantly at 
nominal conditions as its high electrolyser costs outweighs the potential 
benefits of price arbitrage.

The mass-based and energy-based LCOXs of hydrogen, ammonia, 
methanol and methane across all quantile models and electrolyser 
technologies are 2.2–7.1 EUR/kg (67–212 EUR/MWh), 0.5–1.8 EUR/kg 
(103–344 EUR/MWh), 0.65–2.1 EUR/kg (117–375 EUR/MWh), and 
1.8–5.5 EUR/kg (130–399 EUR/MWh), respectively, with the mass- 
based LCOX ranking of ammonia < methanol < methane < hydrogen, 
and the energy-based ranking of hydrogen < ammonia < methanol <
methane. In Q1-Optimistic scenario with the highest efficiency and 
lowest unit cost, PEM-based systems perform the lowest cost, and ALK- 
based systems outperform in Q2-Average and Q3-Pessimistic scenarios, 
while SOE-based systems consistently exhibit the highest costs owing to 
their high CAPEX. Moreover, the cost share of PV power decreases from 
22 %–36 % in Q1 to 13 %–19 % in Q2, and drops to 0 % in Q3, indicating 
that the cost-effectiveness of renewable power generation relative to 
grid electricity diminishes with the increment of their unit costs.

Regarding the inland transportation mode, pipelines are more cost- 
effective than trucks for all fuels, with LCOX differences widening 
from 1.5 %–3.4 % to 43 %–57 % as the transportation distance increases. 
The maximum transportation costs of hydrogen, ammonia, methanol 
and methane via pipelines accounts for 23 %, 16 %, 12 % and 10 % of 
the overall costs, respectively, highlighting that converting hydrogen 
into e-fuels can significantly reduce transportation costs.

The profitability of the four P2X pathways is evaluated by comparing 
the current market prices in trading locations with their landed LCOXs, 
including both production and transportation costs. In Q1 scenario, 
transporting hydrogen from Ordos to Shanghai, Tangshan, Guangzhou 
and Zhengzhou via pipelines is profitable, with PIs ranging from 1.44 to 
1.73. In Q2 scenario, transporting hydrogen to all locations remains 
profitable but with lower PIs (1.05–1.25), while all these options are no 
longer profitable in Q3 scenario. Regarding the ammonia, methanol and 
methane pathways, although their LCOXs are much lower than 
hydrogen, none of their trading options are profitable, with PIs of 
0.26–0.81, 0.15–0.52, and 0.12–0.42, respectively, as the fossil-based 
market prices are much lower than the LCOXs based on electrolytic 
hydrogen feedstock.

Furthermore, the proposed techno-economic quantile model and co- 

Fig. 9. Comparison of LCOX results obtained from the proposed quantile models with those reported in previous studies: (a)–(d) hydrogen, ammonia, methanol and 
methane, respectively.
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optimisation framework can be adapted for other regions in a global 
context for generic assessments. Despite its innovative contributions, 
this study has several limitations that should be acknowledged.

First, the quantile model aggregates techno-economic parameters 
from various sources to develop a generic and versatile dataset, but it 
comes at the expense of capturing location-specific and technology- 
specific characteristics. For instance, key parameters such as WACC, 
and the CAPEX of renewables and electrolyser technologies vary 
significantly across countries [40]. Consequently, applying generic pa
rameters to evaluate the techno-economic feasibility of specific loca
tions may lead to uncertain results. Additionally, the quantile model 
cannot explicitly capture detailed technical characteristics of system 
components, such as efficiency improvements of SOE via heat integra
tion, or the correlation between technical performance and capital costs, 
where high costs are generally associated with high efficiencies and 
longer lifespans. Nevertheless, this generic quantile model remains 
valuable for global techno-economic assessment of P2X pathways, as 
location-specific parameters are not widely accessible to the academic 
community. For example, country-specific electrolyser cost data for re
gions, such as Africa and South America, remain largely unavailable, 
although these regions present substantial potential for hydrogen pro
duction [28]. In the absence of location-specific data, the proposed 
quantile model offers a useful tool for generic assessments of the techno- 
economic feasibility across different regions.

Second, location-specific regulatory policies, which can significantly 
affect the techno-economic feasibility of P2X pathways, are not fully 
considered in this study. This study assumes to use renewable and grid 
hybrid electricity to achieve the lowest hydrogen production costs, and 
utilise carbon sources from coal-fired power plants for methanol and 
methane production in Ordos, China. Currently, China has not imple
mented regulatory policies specifying the electricity and carbon sources 
for e-fuel production [102]. However, these assumptions may not be 
appropriate for other countries. To comply with the standard of 
renewable fuels with non-biological origin (RFNBO) in Europe [103], 
only renewable electricity and alternative CO2 sources from direct air 
capture or biogenic carbon can be utilised [104], which would signifi
cantly reshape the energy system configuration and increase production 
costs. Therefore, when applying the proposed methods to other regions, 
it is advisable to incorporate location-specific regulatory policies.

Third, although the proposed techno-economic quantile models 
comprehensively account for uncertainties associated with system 
components, the inter-annual uncertainties of renewable energy po
tential and electricity tariffs are not fully captured. Given that e-fuel 
production plants are expected to operate until 2050 throughout their 
life cycle, the impact of long-term trends of climate conditions and 
electricity markets on overall production costs warrants further 
investigation.

Fourth, this work primarily focuses on energy system optimisation 
and production cost assessment for various P2X pathways, while the 
transportation costs of e-fuels via pipelines and trucks are relatively 
simplified. As unit transportation costs via pipelines and trucks are 
related to factors such as production scale, pipeline dimension, and 
truck capacity, developing detailed transportation models may further 
refine profitability assessments. Moreover, this study analyses the 
profitability within the context of China, whereas future work could 
extend this analysis to global hydrogen trade from China to other 
countries via seaborne transport.
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