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Abstract: Hydrogen (Hj) is considered one of the main pillars for transforming the conventional
“dark” energy system to a net-zero carbon or “green” energy system. This work reviewed the potential
resources for producing low-carbon hydrogen in China, as well as the possible hydrogen production
methods based on the available resources. The analysis and comparison of the levelized cost of
hydrogen (LCOH) for different hydrogen production pathways, and the optimal technology mixes to
produce H; in China from 2020 to 2050 were obtained using the mixed-integer linear programming
(MILP) optimization model. The results were concluded as three major ones: (a) By 2050, the LCOH
of solar- and onshore-wind-powered hydrogen will reach around 70-80 $/MWh, which is lower
than the current H2 price and the future low-carbon Hj price. (b) Fuel costs (>40%) and capital
investments (~20%) of different hydrogen technologies are the major cost components, and also are
the major direction to further reduce the hydrogen price. (c) For the optimal hydrogen technology
mix under the higher renewable ratio (70%) in 2050, the installed capacities of the renewable-powered
electrolysers are all more than 200 GW, and the overall LCOH is 68.46 $/MWh. This value is higher
than the LCOH (62.95 $/MWh) of the scenario with higher coal gasification with carbon capture
and the storage (CG-CCS) ratio (>50%). Overall, this work is the first time that hydrogen production
methods in China has been discussed comprehensively, as well as the acquisition of the optimal H2
production technology mix by the MILP optimization model, which can provide guidance on future
hydrogen development pathways and technology development potential in China.

Keywords: low-carbon hydrogen; renewable hydrogen; levelized cost of hydrogen (LCOH); mixed-
integer linear programming (MILP); optimal technology mix

1. Introduction
1.1. Background

The increasing global population and economy have triggered significant energy
consumption. By 2018, fossil fuels including coal, oil and natural gas accounted for over 80%
of the global total energy supply [1]. The electricity generation mix of different countries by
2020 is shown in Figure 1; it indicated that over 60% of fossil fuels are consumed to provide
electricity power worldwide [2]. However, the burning of fossil fuels brings about massive
greenhouse gas (GHG) emissions, mainly carbon dioxide (CO;), which has an impact on
global warming and other environmental problems that have attracted extensive attention
around the world.

The world is expecting an alternative energy source, which should be sulfficiently clean
and ensure a stable and continuous supply with sufficient security, low cost and a low
number of difficulties during production and storage. Power generation from renewables
include wind and solar Photovoltaics (PV) which provide a potential pathway and were
predicted to provide ~90% of the electricity by 2050, with wind and PV together accounting
for nearly 70% [3]. However, such scale of deployment presents huge challenges on the
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stability and reliability of the conventional power grids due to the intermittency, variability
and unpredictability of power from renewables.
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Figure 1. Electricity generation mix of different countries in 2020 [2].

Hydrogen (Hj) is a secondary energy source, which can be produced from reforming
fossil fuels or low-carbon energy sources through electrolysis. It is now considered one
of the main pillars for transforming the conventional “dark” energy system to a net-zero
carbon or “green” energy system [4]. The hydrogen economy has been growing to replace
the hydrocarbon economy based on the consumption of large amounts of fossil fuels. The
total global demand for hydrogen by 2018 is about 70 million tonnes (Mt) per year, and at
the same time, around 900 Mt of CO, emissions per year are released into the atmosphere by
worldwide hydrogen production at present [5]. The most widely used hydrogen production
technologies include natural gas steam reforming (SMR), followed by oil reforming and
coal gasification (CG) [1]; the low-carbon hydrogen production was only 0.47 Mt/ year by
2020 [2].

As seen from Figure 1, over 60% of electricity generation comes from coal in China,
but this percentage is only less than 20% in other countries [2]. China’s economy is heavily
dependent on coal, and the energy consumption is still dominated by high-carbon fuels.
In order to achieve carbon neutrality by 2060, coal-fired power generation is expected to
be phased out by 2050, which will be replaced by wind, solar, hydro, and nuclear energy,
etc. [6]. At the same time, other measures, including diversifying energy sources, enhancing
energy utilization efficiency, developing a hydrogen economy, and adopting carbon capture
and storage (CCS) technologies, etc., are all required to be planned strategically to achieve
carbon neutrality by 2060 in China. It is to be stated that the Chinese government report has
announced that hydrogen would be a key to solve the future energy crisis, and to construct
a low-carbon and secure future energy system, as there are abundant resources available in
China to develop a hydrogen economy [7].

1.2. Literature Review

There are a few studies that have been conducted to discuss hydrogen production,
costs and functions in economies like in the USA, Germany, UK, China and Australia,
etc. Yates et al. [8] applied the Monte Carlo method to discuss different pathways and
input parameters to lower the solar hydrogen cost. The results indicated the lowest and
highest LCOH occurred in Australia (3.38 $/kg) and Japan (4.72 $/kg). George et al. [9]
conducted the extensive cost analysis of blue hydrogen in Germany in 2050. It was found
that blue hydrogen (hydrogen produced from a low-CO,-emission source) would be the
most viable option for a hydrogen economy, and green hydrogen (hydrogen produced from
renewables) would need long-term subsidies to make it competent for the future market.
Jietal. [1] provided a comprehensive review about the different production methods of
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hydrogen, including fossil fuel or biomass-based hydrogen production, microbial hydrogen
production, electrolysis and thermolysis of water and thermochemical cycles. After the cost
and life cycle environmental impact assessment, it was concluded that electrolysis and ther-
mochemical cycle methods coupled with new energy sources show considerable potential
for development in terms of economics and environmental friendliness. Ajanovic et al. [2]
comprehensively discussed the economic and environmental benefits of different hydrogen
production pathways. The results concluded two important suggestions: (1) introducing
an international market for hydrogen is the key to produce hydrogen at the best conditions
at lower costs; (2) the future success of hydrogen is very dependent on technological devel-
opment and resulting cost reductions, as well as on future priorities and the corresponding
policy framework. El-Emam and Ozcan [4] extensively reviewed different clean hydrogen
production methods in terms of their technological, economic, and environmental aspects.
They concluded that hydrogen cost is determined by electricity cost, which is expected to
reduce to a lower level when considering the solar and wind energy conversion.

A report by the Hydrogen Council concluded the major results [10]: (1) The scaling-up
of hydrogen production methods will be the biggest driver of cost reduction. (2) The cost
of renewable hydrogen will decline by 60% over the next few decades due to the lower cost
of renewable electricity. Burmistrz et al. [11] analyzed the carbon footprint of different coal
gasification methods to produce hydrogen. The results indicated that the carbon footprint
of producing 1 kg of H, with CO, sequestration was 5.2 kg of CO, for subbituminous
coal gasification using the technology by Shell and Texaco, and 7.1 kg of CO; for lignite
gasification using Shell technology. Kim et al. [12] developed an MILP-based optimization
model to plan the hydrogen production system using onshore and offshore wind energy.
The model is capable of determining the system configuration and operation strategies,
analyzing the major cost drivers and planning a sustainable hydrogen supply system.
Song et al. [13] evaluated the possibility of producing hydrogen by offshore wind in China,
and compared different pathways to export it to Japan. The results indicated that the LCOH
of offshore wind hydrogen varies between 2 $/kg and 6 $/kg, which is lower than hydrogen
from other countries, like Australia and Norway. Yang et al. [14] studied the role of clean
hydrogen in reducing the CO, emissions in “hard-to-abate” sectors in China by using the
integrated dynamic least-cost modelling method. The results showed that clean hydrogen
can fuel up to 50% of heavy-duty trucks and bus fleets in China by 2060. Meanwhile,
the hydrogen scenario can help avoid USD 1.72 trillion of new investment compared to a
no-hydrogen scenario. Yue et al. [15] reviewed different hydrogen production technologies,
and their techno-economic performance (cost, efficiency and durability). The worldwide
projects demonstrated hydrogen applications including energy storage, power-to-gas, co-
and tri-generation and transportation.

Overall, based on the literature review above, it is a challenge for China to achieve
a carbon peak before 2030 and carbon neutrality before 2060, but there are a few studies
paying attention to hydrogen production in China and providing guidance on hydrogen
development pathways. Thus, this work evaluated the potential resources for producing
low-carbon hydrogen in China, as well as the possible hydrogen production methods
based on these resources, including steam methane reforming (SMR) with CCS, CG with
CCS, biomass gasification and water electrolysis technologies. The techno-economic perfor-
mance of different hydrogen production technologies was analyzed and compared based
on different cost components and future technology development potential, to obtain the
LCOH. Next, a MILP optimization model was conducted to obtain the optimal hydrogen
technology mix and their installed capacities by a certain year (e.g., 2050). Finally, the sensi-
tivity analysis reveals the most affected factors of these technologies and their development
potential in the future.

The structure of this paper is explained as follows: Section 2 introduced the hydrogen
production resources and methods in China. Section 3 presents the input parameters and
methodology of the models. Section 4 presents the major results and discussion. Finally,
the conclusion is made in Section 5.
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2. Hydrogen Production for China
2.1. China’s Resources Distribution

Coal reserve. China has been one of the countries that holds the largest amount of
coal resources, ranking third in the world and accounting for 13.3% of the total world coal
reserve [16]. The coal resource investigation has revealed that there are about 2.02 trillion
tons of coal reserve available, and the part that can be exploited is 215.7 billion tons [17].
The major coal distributions are in Inner Mongolia, Shanxi, Heilongjiang, Shanxi, Guizhou,
Yunnan, and Sichuan provinces. Coal is the foundation of China’s energy security; however,
increasing the sustainability of coal supply and conversion, like developing a coal-based
hydrogen economy, and reducing its environmental impacts are the key to achieving carbon
neutrality [18].

Solar energy. Solar energy in China is abundantly developed due to its privileged
geographical conditions. Normally, two kinds of technologies are available to capture
solar energy; they are concentrated solar thermal energy system and solar PV power
system. The installed capacity of the former is about 69% of that of the latter [19]. By
2020, China has the largest cumulative installed capacity of the solar PV power system,
reaching around 253 GW, compared with 151 GW in the European Union and 93 GW
in the United States; the major provinces that hold large-scale solar power capacity are
Hebei, Inner Mongolia, Xinjiang, Zhejiang, Anhui, Henan, Qinghai, Gansu [19,20]. In order
to reach carbon neutrality, solar energy percentage is predicted to increase from 2.7% to
more than 25% in China by 2050 [17]. The mass-scale development in the solar energy
industry in China will significantly promote the cost reduction of this technology, which
will be reduced from 0.085 $/kWh to 0.02-0.08 $/kWh by 2030 and 0.01 to 0.05 $/kWh by
2050 [21].

Wind energy. Wind energy is another abundant renewable resource in China. The
National Energy Administration has revealed the 2020 data related to wind power [22]; the
total installed capacity of onshore wind power reached 281 GW, in which 71.6 GW of the
generation capacity was added in 2020; and the major provinces to develop wind power
include Inner Mongpolia, Jiangsu, Guangdong, Zhejiang, Fujian, Liaoning and Shandong.
But in the US, only 14 GW of the newly added capacity in 2020 and 118 GW of the total
installed capacity of wind power were reported [17]. The utility-scale offshore wind
power capacity in China amounted to 11.13 GW by 2021, in comparison with 10.4 GW of
installed capacity of offshore wind power in the UK at the end of 2020 [20], but the offshore
wind power still has great potential to increase considering the 18,000 km coastline in
China. After 2025, the yearly installed capacity of wind power will be no less than 60 GW,
reaching 800 GW of the total installed capacity by 2030 and 3000 GW by 2060 [23]. The
levelized cost of electricity (LCOE) of onshore and offshore wind power will be reduced
to 0.03-0.05 $/kWh and 0.05-0.09 $/kWh by 2030, which will be decreased further to
0.02-0.03 $/kWh and 0.03-0.07 $/kWh by 2050 [17].

Biomass sources. Biomass comes from a wide range of sources, including wood, grass,
agricultural products, crop residues, plant and animal wastes, municipal solid wastes, food
scraps and algae, etc. [24]. China has the third largest land area and the largest population
in the world, and there is great potential to develop biomass resources. It is predicted to
increase by 1.1% annually, and the total amount of biomass resource from 2020 to 2060
is shown in Figure 2, of which the value is 3.795 trillion tons in 2030 and 53.46 trillion
tons in 2060. It is estimated that the carbon emission reduction through biomass would be
0.9 billion tons by 2030 and more than 2 billion tons by 2060 in China [25].
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Figure 2. The biomass production capacity in China in different year [25].

2.2. Potential Hydrogen Colors for China
2.2.1. Grey Hydrogen

The grey hydrogen represents hydrogen produced by steam reforming of natural gas
(NG) or coal gasification without CCS. It is reported that about 6% of NG and coal are used
for producing grey hydrogen [2]. It is the most used and cost-effective way to produce
hydrogen, but also to generate significant CO, emissions during production.

Steam reforming of natural gas (SMR) is a well-established hydrogen production
method. It undergoes a pre-treatment of NG: the methane is then split up with heated
water into syngas (mixture of CO and Hy), followed by a gas shift reaction to convert
the syngas into CO; and H;. The sizes of the SMR plants are usually in the range of
50-1000 MW, and the process efficiency is between 60% and 85% [1].

Coal gasification is another major method to produce hydrogen, especially in China
due to its higher NG price and large coal reserve. The reaction and flow diagram are shown
in Figure 3 [1]. The dried coal is ground and then treated with O, and steam in a gasifier,
turning it into syngas (mixture of CO and Hj). The shift converter turns the syngas into
CO, and Hj, which will be purified and separated. The process efficiency is 74-85% [2].
There are four types of coal, namely lignite (low rank), sub-bituminous coal (low rank),
bituminous coals (medium rank) and anthracites (high rank), which can be used for CG
feedstock. Accordingly, different gasification methods, including fixed bed-, moving bed-,
fluidized bed-, entrained flow- and plasma gasification are distinguished with each other,
which are all operating at temperatures over 900 °C [26].

Coal
Coal pretreatment -
Gas Shift Purifier &

Gasifier cleaner [» converter [ e
; ; ~__ 0, COH) | [€onHy | L2
Afr separation ;
¥ Particulates

Solids

Figure 3. The hydrogen production process through coal gasification.
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One of the obvious disadvantages of CG is the higher global warming potential
(GWP), and high carbon emissions and acidification potential (AP), which is related to
the higher sulfur content in coal [27]. One of the effective measures to tackle the emission
problem is to adopt CCS technologies, the process of which is depicted by Figure 4. The
effects of ash agglomeration fluidized-bed gasification with and without CCS have been
studied by Li et al. [28]; the results showed that the GHG emissions from CG with CCS
have been reduced by 81.72% compared with the process without CCS. Burmistrz et al. [11]
investigated the carbon footprint of hydrogen production using subbituminous coal and
lignite gasification by GE Energy/Texaco and Shell technologies. After the calculation
and comparison, the carbon emissions of the process with the CO, sequestration were
reduced by 69-78%. It is estimated the cost of CCS technologies in China would be
310-770 RNB/ton CO; in 2030 and 140-410 RNB/ton CO, in 2060 [17,29], which would
promote large-scale production of grey hydrogen by equipping the system with CCS.

CO2 Product COzend
»| electrolyser separation products
CO,| Carbon
—» capture CO2
o ransportaio
—”  CO: CO;
compression storage

Figure 4. Carbon capture and storage procedure.

2.2.2. Blue Hydrogen

For producing hydrogen using SMR and CG technologies, if these processes are
equipped with CCS, the product is called blue hydrogen, but the combined plants are not
reported to be implemented so far due to the technology immaturity [2]. The capture rates
of CCS are around 90%, which means the process efficiency of grey hydrogen would be
reduced by another 5-14%. It is considered as a transition technology before reaching the
green hydrogen economy [30]. Another important issue with blue hydrogen is the potential
sites for carbon storage, which would significantly enhance the costs of grey hydrogen [9].

Biomass is considered a carbon-neutral energy source. Biomass gasification (BG) is a
mature thermochemical method to produce hydrogen and holds high potential for mass
production for the future. The feedstock includes biomass, steam, and oxygen/air. The
reaction process is expressed as in Equation (1), occurring in gasifiers with a temperature
range around 700-1200 °C [31]. The series reactions include pyrolysis of biomass, methane
combustion, tar cracking, dry and steam reforming, and water gas shift (WGS), leaving H,
and CO; as the final main products. The CO; emission and environmental impact are less
severe than fossil-fuel based methods, but its final product has a high number of impurities
due to the complex composition of biomass materials. To solve this problem, several
solutions have been proposed. They include the two-region catalytic gasification [32],
plasma-assisted biomass gasification [33] and supercritical water gasification [34], but these
studies are still in the development stage.

Biomass + H,O — H, + CHy + CO + CO, + Tar + Char 1)

2.2.3. Green Hydrogen

Green hydrogen represents the method that produces hydrogen through water elec-
trolysis by using renewable electricity, like from wind and solar power [1]. Green hydrogen
or it is also called clean hydrogen is considered one of the pillars of a future sustainable
energy and transport system. Nowadays, there is only 0.04% of global hydrogen produced
by green methods [35].
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Currently, there are three major electrolysis technologies, including alkaline water
electrolysis (ALK), polymer electrolyte membrane (PEM) electrolysis, and solid oxide
electrolyzer cell (SOEC), which have been well-studied and developed [4]. ALK is the
most mature technology that has reached a commercial scale. It works with two electrodes
(cathode and anode) that are immersed in a high-concentrate alkaline solution, typically
KOH or NaOH, and the reaction is expressed in Equations (2) and (3) [30]; please refer to the
work [36] for more information about the reaction. This technology has some advantages
including its high technology maturity, low investment costs and operating temperature,
and long lifetime. But the ALK electrolysis process needs to be run continuously to avoid
damage so that the variable renewable energy should not be a single source of power [15].

Cathode: 4H,O + 4e~ — 2H, + 4OH™ (2)

Anode: 2H,O — O, + 4H* + 4e™ (3)

PEM electrolysers work similarly to ALK electrolysis. But the electrochemical reaction
occurs in an acidic solution [30]. Its advantages include a highly impactful size, rapid
response and high current density and efficiency. But it has a shorter lifetime and higher
investment cost than AEL technology. SOEC is a future potential technology which works
under high temperature (500-1000 °C) [2]. It is not commercially available at present, but
the advantages lie in its lower electricity consumption, higher energy efficiency and the
estimated lower cost in the future.

3. Methodology and Input Parameters
3.1. Input Parameters

From Section 1, there are abundant resources that are available in China for the
production of grey, blue and green hydrogen. From Section 2, the hydrogen colors are
determined by different hydrogen production methods. Based on the extensive review of
these technologies, their techno-economic and environment performance are listed and
compared in Tables 1 and 2. In Table 1, the grey (SMR, CG), blue (SMR-CCS, CG-CCS,
BG) and green hydrogen production methods are all included, the low-carbon-emission
hydrogen production methods include SMR-CCS, CG-CCS, BG, and renewable hydrogen.
The capital expenditure considered the technology development in the future, thus, CAPEX
is reduced to a certain level in 2020, 2030 and 2050, respectively. The total fixed operational
expenditure (OPEX) costs considered the direct labor, administration/general overheads,
insurance, local taxes, and maintenance, etc. The variable OPEX costs include raw material,
chemicals and catalysts, etc. [10]. Additionally, the fuel costs, electricity costs, and water
consumption costs are all considered for different technologies.

In Table 2, the techno-economic parameters of three electrolysis technologies are listed
and compared in detail. Similarly, with the technologies developed, the efficiencies and
CAPEX are all changed with time, which are given as different values in 2020, 2030, and
2050. The stack replacement cost was considered as 45% of its CAPEX [8].

Other input parameters are key to the techno-economic analysis, including the Hj
demand in China in different years, fuel price (NG, coal and biomass), grid electricity price,
renewable (solar, onshore wind and offshore wind power) electricity price, CO, tax, and
they were collected from different resources, of which value in 2020, 2030 and 2050 are
given in Table 3.
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Table 1. The techno-economic performance of different hydrogen production methods [1,2,5,26,29,31,

37-39].
E‘;‘;’};’ii:d Unit SMR  SMR +CCS CG CG +CCS BG BG+CCS  SolarPV  Wind
Fuel \ Natural Natural Coal Coal Biomass Biomass Solar Wind
Gas Gas energy energy
Fuel kg 3.36 3.76 8.51 1039 36.28 36.34 - -
consumption
Electricity KWh 0.31 111 - 136 - 3.58 54.2 54.2
consumption
Water kg 21.9 237 11.28 40.11 47.48 47.96 135 135
consumption
CO; emissions kg 9.26 1.03 20.98 413 32.84 16.77 \ \
CH, emissions kg \ \ 266 x 1072 322 x 1072 \ \ \ \
N,O emissions kg \ \ 6.97 x 107¢  1.87 x 1075 \ \ \
NO; emissions kg \ \ \ \ 0.01 7.74 x 1073 \ \
CAPEX [2020, [530, 466, [1200, 900, [1370, 1250,
2030, 2050] S/kW \ 361] \ 750] \ 1100] \ \
Fix?g()% EX g /kwWyear \ 25.38 \ 41.68 \ 95 \ \
Variable OPEX  $/kWh H, \ 0.00013 \ 0.0026 \ 0.005 \ \
Load factor % \ 90% \ 90% \ 90% \ \
Notes: 1. The data in Table 1 were obtained when 1 kg H, was produced. 2. CAPEX-—capital expen-
diture, OPEX—operational expenditure. 3. [2020, 2030, 2050] means the CAPEX in year 2020, 2030, and
2050, respectively.
Table 2. The techno-economic performance comparison of different electrolysis technologies [1,2,8—
10,15,30,40].
Comparison AEK PEM SOEC
Electrolyte NaOH/KOH(aq) Polymer(s) YSZ(s)
Charge carriers OH H* 0~
Electrode material Ni and Ni alloys Platinum group metals Cermet and doped metal composites
Temperature 60-90 °C 50-90 °C 500-1000 °C
Pressure [2020] 2-10 bar 15-30 bar less than 30 bar
Cell voltage [2020] 1.8-24V 1.8-22V 0.95-1.3V
Current density [2020] 0.2-0.5 A/cm? 1-2 A/cm? 0.3-1 A/cm?
Efficiency [2020] 62-82% 67-84% 81-86%
System lifetime 20-30 years 10-20 years \
Hydrogen'productlon 760 Nm3 /h 30 Nm®/h \
(maximum)
Annual degradation 2-4% 2-4% 17%
Electricity consumption
KWh/kg H, [2020, 2030, 2050] [51, 48, 46] [55, 50, 47] [39, 37, 35]
Heat energy consumption
kWh/kg Hj; [2020, 2030, 2050] \ \ [32, 31, 301
CAPEX £/kW (electricity
input) [2020, 2030, 2050] [600, 500, 455] [790, 400, 340] [1600, 1000, 650]
Fixed OPEX M£/kW.year 13.6 and replacement 16.5 and replacement 19.5 and replacement
Variable OPEX £/kWh.year 0.002 0.0077 0.0085
Load factor 50% 50% 50%

1. CAPEX—-capital expenditure, OPEX—operational expenditure. 2. [2020, 2030, 2050] means the CAPEX
/electricity consumption in year 2020, 2030, and 2050, respectively. 3. The fixed OPEX of the technology also
includes the stack replacement cost except for the labor, administration and insurance costs, it is assumed that
ALK, PEM and SOEC will be replaced every 11, 9 and 7 years over the lifetime [37].



Energies 2024, 17, 1694 90f18
Table 3. Other key input parameters [34,41-46].
Year 2020 2030 2050
H, demand in China/Mt 33 39.6 130
NG price $/MWh 30.1 413 51.1
Coal price $/MWh 9.6 14 16.8
Biomass price $/MWh 31.2 329 37.9
Water cost 1 $/t 2 2 2
Water cost 2 $/t 8 8 8
Grid electricity price $/MWh 80.9 52.9 46.9
Solar electricity price $/MWh 83 48.8 29.3
Onshore wind electricity price $/MWh 103.7 39 244
Offshore wind electricity price $/MWh 115.9 68.3 48.8
CO; tax $/ton 49 73.2 1415

LCOH =

£ (CAPEX-Amf + (OPEX gy + OPEXuar + Cato + Cuater + Cpuet + Cco2) )

Notes: 1. Water cost 1 is the cost for low-carbon hydrogen production methods, including SMR-CCS, CG-CCS,
and BG-CCS. 2. Water cost 2 is the cost for renewable hydrogen production methods, and the cost is higher as it
considered the water pre-treatment and desalination process [34]. 3. The difference between water cost 1 and
water cost 2 is that they are used in different hydrogen production technologies, because electrolysers need higher
water purity, thus, sea water has to be pre-treated and desalinated, and it is assumed that water will not affect the
hydrogen production efficiency, but affect the hydrogen production costs.

3.2. Methodology

For the techno-economic analysis in this work, the technical part mainly considered
the technology efficiencies, fuel, electricity, and water consumptions, as well as the CO,
emission levels. The economic part considered the CAPEX, the fixed and variable OPEX,
as well as the fuel, electricity and water costs, and CO, emission tax. The economic indicator
used is LCOH with units in $/MWh or $/kg H;, which has been widely adopted to assess
and compare the production costs of hydrogen. To be noted, LCOH defined in this work
is mainly used to compare the production costs of hydrogen, and the transportation and
storage costs, etc. are not considered. The LCOH is defined as in Equation (4).

4
Z;{\il DHZ,ann ( )

IR(1+ IR)N
Amf=—"T "2 5
mf (1+IR)N -1 ©

where, CAPEX—capital expenditure, OPEX—operational cost, fix—fixed cost, var—variable
cost, C,j,—grid electricity cost, Cyater—water cost, C fuel—fuel cost, Ccop—CO; tax penalty,
Dyp,—H; demand, Amf—amortized factor, N—lifetime, and IR—interest rate.

Except for the techno-economic analysis, based on the resulting LCOH, a MILP opti-
mization model was conducted to determine the optimal technology mix for a certain year,
in order to obtain the lowest overall LCOH in that year. The optimization variables are the
installed capacities of different hydrogen production methods, the constraints applied in-
clude the hydrogen demands, production efficiencies, the introduced renewable hydrogen
ratio or low-carbon hydrogen, as well as CO, emissions. The commercial solver used is
Gurobi. The whole process can be described by a flow diagram in Figure 5.
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Figure 5. The process diagram of work analysis.

4. Results and Analysis
4.1. The Valuation of Levelized Cost of Hydrogen (LCOH)

Based on the techno-economic parameters of different kinds of hydrogen production
methods, including low-carbon technologies like SMR-CCS, CG-CCS, BG-CCS, as well as
renewable hydrogen technologies like solar and wind energy powered electrolysis methods,
the LCOH produced by this work in 2020 are 2.51 $/kg, 2.55 $/kg, 8.08 $/kg for SMR-
CCS, CG-CCS and BG-CCS, respectively, and 6.22 $/kg and 7.29 $/kg for solar-based and
wind-based electrolysis technologies. These data points are marked as red triangles in
Figure 6. Compared with the LCOH data from different resources shown as the yellow bar
in Figure 6, the data points are consistent with the data range, which confirms the validity
of the techno-economic analysis model used in this work. The reason for the LCOHs of
CG-CCS and BG-CCS spilling over the range is that the cost of CCS was considered in
this work.

527 wind 801
121 Biomass 6.98A
341 A Solar 16.01
218 Nuclear 546
1.36 Nalura‘(}as 3.50

0.86 Coal-1.89
2

0 1 6 8 10 12 14 16 18

Hydrogen Cost ($/kg)

Figure 6. The levelized cost of hydrogen (red triangles represent the LCOH of hydrogen produced by
this work) [4].

With the efficiencies of technologies increasing and costs decreasing throughout the
year, the LCOHs are varying with time as well, shown as in Figure 7. It can be seen only
the LCOHs of SMR-CCS and CG-CCS present slight increases over time to 8§9.81 $/MWh
and 79.28 $/MWHh, respectively in 2050, which is mainly due to the higher NG and coal
prices in the future. The LCOH of BG-CCS decreases by 22% to 160.51 $/MWh, which
is the highest among these technologies, which is due to its high fuel consumption and
CAPEX per kW triggered by the complex gasification process, but this technology is key to
achieving carbon neutrality due to its negative carbon emission. The lowest LCOHs by 2050
belong to the ALK and PEM technologies powered by onshore wind, both reaching around
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67 $/MWh, followed by the LCOHs of the ALK and PEM powered by solar power. These
four routes have the most potential to produce cost-effective hydrogen by 2050. SOEC
electrolysers powered by onshore wind and solar power would be 10 $/MWh higher than
those of ALK and PEM electrolysers. The LCOHs of the ALK, PEM and SOEC electrolysers
powered by offshore wind would be still quite high due to the relatively high offshore
wind electricity price by 2050.

295 —-SMR ¥ CCS ==CG + CCS
==BG + CCS Solar-ALK
270 + =o—Solar-PEM =o—Solar-SOEC
=o=(nshore wind-ALK =o=(nshore wind-PEM
=e—=Onshore wind-SOEC =o—0Offshore wind-ALK
245 + =e=@ffshore wind-PEM =e=(Qffshore wind-SOEC
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a
T 195
=
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20 1 1
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Figure 7. The evolution of LCOH of different production methods from 2020 to 2050.

4.2. The Cost Components of Hydrogen Production

The total annual cost of a hydrogen production method includes different cost com-
ponents. For conventional low-carbon technologies, they hold the same cost component
structure, taking CG-CCS method as an example (shown in Figure 8a), its cost components
are changing with the technologies being developed. The annual CAPEX of CG-CCS
decreases by 10% every ten years, but its fuel cost increases by about 15% from 2020 to
2050 due to the higher NG cost in the future. The CO, tax augments as well when a higher
CO;, tax is applied by 2050. The fixed OPEX, variable OPEX, electricity cost and water
cost all decrease with ongoing time. For renewable hydrogen production methods, they
have the same cost components structure, here taking the solar-based ALK method as an
example (shown in Figure 8b), the renewable electricity cost accounts for the biggest share
of the total cost, which declines by ~6% every ten years when the solar electricity price goes
lower, the rest cost components’ percentages, including the annual CAPEX, fixed OPEX,
variable OPEX, electricity cost and waste cost all increase slightly from 2020 to 2050, which
is mainly due to lower electricity costs and higher hydrogen demands in the future.
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Figure 8. The variation of cost components: (a) CG-CCS; (b) solar-based ALK.

Take a closer look at the 2050 case; the cost components of different hydrogen produc-
tion methods are shown in Figure 9. For low-carbon production methods illustrated in
the top left circle chart, the biggest cost share comes from fuel cost, accounting for 78.78%,
43.56% and 75% for SMR-CCS, CG-CCS and BG-CCS, respectively. The CAPEX shares of
these three technologies are only 8.4%, 18.7% and 14.1%, respectively. Another noticeable
cost component for CG-CCS is CO; tax, indicating the need to improve the efficiency of
CCS. For all these electrolysers powered by solar and onshore wind power, the renewable
electricity cost accounts for 33—47%, but for electrolysers powered by offshore wind, the
renewable electricity cost accounts for 50-60% due to the higher offshore wind electricity
price. The CAPEX of the renewable hydrogen plant almost completely accounts for nearly
20% of the total cost. The fixed OPEX of the renewable hydrogen plant accounts for nearly
15%, as the replacement costs of different electrolysers are quite expensive as well. The cost
shares of water are only about 4-5%. Thus, for all hydrogen production methods, it is key
to improve the efficiencies and reduce the fuel costs or renewable electricity prices, in order
to decrease their LCOHs further.
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Figure 9. Cost components of different H, production methods in 2050.
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4.3. The Optimal Technology Mix of Hydrogen Production

Based on the H; production costs of different pathways by 2050, a MILP optimization
model was conducted to determine the optimal technology mix and the overall LOCH for
China in different years; the results are shown in Figures 10 and 11.

1800 100

1600 90
=
1400 80 =
= =
< 1200 70 £
R I SRM-CCS [l Onshore wind-ALK k]
g, 000 MEMICG-CCS M Onshore wind-PEM 60 =
s [CIBG-CCS [ Onshore wind-SOEC g
2 I Solar-ALK [ Offshore wind-ALK §°
= 800 - I Solar-PEM [l Offshore wind-PEM 50 ©
£ [ Solar-SOEC [ Offshore wind-SOEC z
.8 =
= 600 40 g
= =)
i 2
400 30 &

200 20

0 10

2020 2025 2030 2035 2040 2045 2050

Years

Figure 10. The optimal technology mix of hydrogen production by 2050 with higher CG-CCS ratio.
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Figure 11. The optimal technology mix of hydrogen production by 2050 with higher renewable ratio.

In Figure 10, it is assumed that a large share of CG-CCS (>50%) is applied in China
considering its large amounts of coal reserve and low production cost, and thus renewable
energy is developed slowly, which provides about 5%, 25%, 35% and 45% of the total
hydrogen demands in 2020, 2030, 2040 and 2050, respectively. The technology mix changes
with time. By 2050, the total installed capacity of CG-CCS reaches 390.89 GW, followed
by the ALK and PEM electrolysers powered by onshore wind, amounting to 272.91 GW
and 279.09 GW. The capacity expansions of solar-based ALK and PEM electrolysers are
around 204.7 GW and 209.3 GW, respectively. The least installed capacities are offshore-
wind-based ALK and PEM electrolysers, which are around 135 GW, respectively. There are
no investments in SOEC electrolysers due to its high investment cost, but in this work, the
waste heat utilization from SOEC technology was not considered. The overall LCOHs of
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2020, 2030, 2040 and 2050 are 56.65, 69.60, 65.67 and 62.95 $/ MWh, respectively, based on
different technology mixes, which is shown as a blue curve in Figure 10, referring to the
right axis.

In Figure 11, it is assumed that there is an ambitious expansion in renewable energy.
The renewable hydrogen shares in 2020, 2030, 2040 and 2050 are 5%, 30%, 55% and 70%,
respectively. Accordingly, the hydrogen shares from low-carbon technologies including CG-
CCS and SMR-CCS both shrink significantly considering the rigid CO, emission restriction.
By 2050, there are only about 80 GW of installed capacities for CG-CCS and BG-CCS,
respectively, and no investment in SMR-CCS considering the small reserve NG in China.
The installed capacities of ALK and PEM electrolysers powered by onshore wind both
expand to around 300 GW, followed by those of ALK and PEM electrolysers powered by
solar power, with both reaching around 250 GW. The capacities of offshore-wind-based ALK
and PEM electrolysers are around 200 GW. There are small shares of SOEC technologies
powered by solar and wind energy, less than 100 GW, as the LCOHs of SOEC pathways
are still higher than other technologies by 2050. The technology mixes lead to different
LCOHs in 2020, 2030, 2040 and 2050, and they are 56.65, 70.36, 75.13 and 68.46 $/ MWh,
respectively (shown as a blue curve in Figure 11, referring to the right axis), which are all
higher than those in the higher CG-CCS ratio case in Figure 10. It is indicated that the lower
the hydrogen production costs, the higher the installed capacities of the corresponding
technologies, and also the lower the overall LCOH. The higher renewable hydrogen ratio
before 2040 would lead to a 14% higher LCOH than the case with a higher CG-CCS ratio.

4.4. The Sensitivity Analysis of Hydrogen Production

The results of the sensitivity analysis on conventional low-carbon technologies and
electrolysis methods are shown in Figures 12 and 13. From Figure 12, it can be seen that
low-carbon technologies are more sensitive to fuel costs, but less sensitive to efficiency
and interest rates (IR), as these technologies consume large amounts of fuels every year,
but their efficiencies are decently high by 2050. The CAPEXs also do not affect their
LCOHs too much due to their small share in the total cost. For solar-powered electrolysis
technologies, including solar-ALK, solar-PEM and solar-SOEC, they are more sensitive to
the solar electricity price (~8% of variation) than their CAPEX (~6% of variation), although
other uncertainties in efficiencies and IR affect the LCOHs to a similar degree, which are all
within 5%.

m80% IR m120% IR

95% Efficiency m105% Efficiency
m 80% Fuel cost W 120% Fuel cost
m 80% CAPEX m120% CAPEX

Solar-SOEC

Solar-PEM

Solar-ALK

BG + CCS

CG + CCS

SMR + CCS

.l..l....lhﬁ.lh

-25.00% -15.00% -5.00% 5.00% 15.00% 25.00%
Percentage sensitivity variation

Figure 12. The sensitivity analysis on low-carbon Hj production methods and solar-based electrolysis.
Notes: 1. ‘Solar-SOEC/BG + CCS’ means the pathway to produce hydrogen, Solar-SOEC means
input electricity of SOEC electrolyser is from solar PV, applied to other bar caption. 2. Fuel cost in
Figure 12 for solar-powered electrolysers actually means the electricity prices produced by solar PV.
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Figure 13. The sensitivity analysis on electrolysers powered by onshore and offshore wind power.
Notes: 1. ‘Onshore wind-ALK” means the pathway to produce hydrogen, representing the input
electricity of ALK electrolyser is from onshore wind. Other bar caption is same as ‘Onshore wind-
ALK’; 2. Fuel cost in Figure 13 for wind-powered electrolysers actually means the electricity prices
produced by wind turbines.

The sensitivity analysis results of onshore-wind-powered electrolysis methods are
similar to solar-powered electrolysis methods shown in Figure 13, as the solar and onshore-
wind electricity prices are at a similar level, and three kinds of electrolysers also presents
similar technical maturity and economic performance by 2050. Similarly, in Figure 13, the
three electrolysis routes powered by offshore wind are the most sensitive to the offshore
wind electricity price (~10% of variations), as the offshore wind power still bears higher in-
vestment and operational cost by 2050. The sensitivity variations of other factors, including
the CAPEX and efficiencies of electrolysers and IRs are all limited within 5%.

5. Conclusions

This work reviewed the potential resources for producing low-carbon hydrogen in
China, as well as the possible hydrogen production methods based on these resources,
including the SMR-CCS, CG-CCS, BG-CCS, and renewable-powered electrolysis methods.
Based on the techno-economic performance of different methods, the LCOHs of different
production routes and their respective cost components were studied first. Based on the
resulting LCOHs, the optimal technology mixes to produce Hj in China from 2020 to 2050
were obtained by the MILP optimization model. Finally, the sensitivity analysis indicated
the future technology development potential and improvement direction. The major results
were summarized as the followings:

(a) Between 2020 and 2035, conventional H; production methods with CCS, includ-
ing SMR-CCS and CG-CCS have more economic advantages over renewable electrolysis
methods, and the LCOHs are about 75 $/MWh. After 2035, the LCOHs of solar- and
onshore-wind-powered hydrogen decline significantly to around 70-80 $/MWh by 2050,
turning into the most potential routes. But the LCOHs of offshore-wind electrolysis and
BG-CCS are still high and less competitive, and to be noted, BG-CCS is key to achieving
carbon neutrality in China due to its negative carbon emission.

(b) For different hydrogen production methods, the major costs lie in their fuel costs
(renewable electricity is the fuel of electrolysis methods), accounting for more than 40%
of the total cost. Other large cost components are their CAPEX. Other cost components
include the fixed and variable OPEX, as well as water costs which account for small shares.
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Noticeably, the water consumption of these technologies should be paid more attention
due to the possible water crisis in the future.

(c) For the optimal technology mix to produce hydrogen under a higher renewable
ratio (70%) in 2050, the installed capacities of renewable-powered electrolysers are all over
200 GW, and the overall LCOH is 68.46 $/MWh. This value is higher than the LCOH
(62.95 $/MWh) of the scenario with the higher CG-CCS ratio (>50%), which still results
in some CO; emissions. The practical future hydrogen pathway depends on technology
development and national policies.

(d) The sensitivity analysis revealed that the most sensitive factors are fuel costs for
SMR-CCS, CG-CCS and BG-CCS production methods, and the renewable electricity costs
for renewable hydrogen. The uncertainties in CAPEX are less impactful (<+8%). The
effects of other factors, including efficiencies, and IR are limited to within 5%.

Overall, this work is the first time that hydrogen production methods in China have
been comprehensively discussed as well as the acquisition of the technology mix of hydro-
gen production through optimization, which can provide guidance on future hydrogen
development pathways and future technology development potential. In the future, new
methods like DRM and electrolysers powered by nuclear reactor, etc., as well as the
transportation and storage costs of hydrogen will be considered to make the new work
more comprehensive.
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