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abstract

Hydrogen can play a key role in facilitating the transition to a future deeply decarbonized energy system
and can help accommodate higher penetrations of renewables in the power system. Arguments to justify
this conclusion are supported by an analysis based on real-world data from China’s Western Inner
Mongolia (WIM). The economic feasibility and decarbonization potential of renewable-based hydrogen
production are discussed through an integrated power-hydrogen-emission analytical framework. The
framework combines a high-resolution wind resource analysis with hourly simulation for the operation
of power systems and hydrogen production considering technical and economic specifications on se-
lection of three different types of electrolyzers and two operating modes. The results indicate that using
wind power to produce hydrogen could provide a cost-competitive alternative (<2 $kg 1) to WIM’s
current coal-dominated hydrogen manufacturing system, contributing at the same time to important
reductions in wind curtailment and CO: emissions. The levelized cost for hydrogen production is pro-
jected to decrease in the coming decade consistent with increases in wind power capacity and decreases
in capital costs for electrolyzers. Lessons learned from the study can be applied to other regions and
countries to explore possibilities for larger scale economically justified and carbon saving hydrogen
production with renewables.

1. Introduction

poses a major challenge at high levels of renewable penetration [2].
The importance of flexibility is underappreciated in traditional

Wind and solar sources have been regarded as the most
promising contributors to decarbonizing the energy sector. China,
leading in installed capacities of both wind and solar power sys-
tems globally, doubled both of these resources between 2016 and
2020 (to about 400 GW in total) [1]. However, effective integration
of these variable sources into a relatively inflexible energy system
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power system planning. In North China, where the largest onshore
wind farms are located, the installed wind capacity reached 59 GW
in 2019 [3]. Despite this, coal-fired power plants, which are
inflexible compared to gas-fired and hydro power units, dominate
the local generation mix. Especially during the heating season, coal-
based combined heating and power (CHP) generation systems are
often must-run units and their operational flexibility is reduced
accordingly [4]. The Chinese national wind power curtailment rate
reached as high as 21% in 2016 [5]. The investment in wind power is
facing challenges due to this high wind curtailment rate. For
instance, the cumulative financial loss due to wind curtailment was
over 1.2 billion USD in China over the period 2010e2016 [6].
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Developing an economically viable strategy to reduce wind
curtailment would represent a critical step in realizing a higher
penetration of renewables. Apart from conventional strategies to
deploy storage options such as pumped hydro and compressed air,
power-to-hydrogen (P2H) technology could play a key role in
improving the integration of renewables and facilitating the tran-
sition to a future deeply decarbonized energy system [7].

Hydrogen has been an important industrial feedstock for de-
cades. The largest shares of hydrogen in China are deployed in the
chemical industry for production of ammonia (75.8%) and meth-
anol (10.5%), and for hydrocracking and hydrotreatment in re-
fineries (13.7%) [8]. In high-temperature industries such as iron &
steel production, the application of hydrogen is seen as an impor-
tant prospective way to advance decarbonization [8]. However,
over 95% of the current hydrogen production in China is based on
fossil fuels [9]. Coal gasification is widely used due to both short-
ages and high prices of natural gas in China, but the COz emissions
associated with production of hydrogen from coal are twice as high
as the corresponding source for production from natural gas [10].
Hydrogen from renewables (yielding so-called “green” hydrogen)
could replace fossil-fuel-based feedstocks in these COz2-emission-
intensive industrial applications. Green hydrogen could also be
injected into natural gas distribution networks, serving to reduce at
least part of the demand for carbon-emitting natural gas [11].
When fueled by green hydrogen, fuel cell electric vehicles (FCEVs)
could provide a low-carbon mobility option and offer driving
experience comparable or even superior to that associated with
conventional vehicles [12,13]. Consumption of electricity through
electrolysis could help realize a high penetration of renewables in
power systems, not only enhancing the overall efficiency of the
energy system but providing also a valuable source of carbon-free
hydrogen [14]. Electrolytic green hydrogen has so far been regar-
ded as an expensive option mainly because of the relatively high
cost of electricity [15]. Regions with rich renewable resources
however have significant potential for large scale production of
hydrogen at reasonable cost. Specifically, the abundant curtailed
renewable power resources and a declining trend in the cost of
renewable power production suggest the possibility for a signifi-
cant change in the cost effectiveness of P2H technologies over the
relatively immediate future.

Opportunities for green hydrogen production have received
significant attention in recent years. Studies on production
methods are assessed primarily based on energy, exergy and
average cost [16,17]. Researchers calculated balance-of-system
costs for standalone and grid-connected solar-hydrogen produc-
tion with proton-exchange membrane (PEM) electrolysis systems
[18] and took advantage of fluctuations in electricity markets to
optimize the net present value of a wind-hydrogen system by
selling or converting intermittent wind power [19]. On-site green
hydrogen production systems have been introduced for refueling of
light-duty vehicles [20] and for support of fuel cell buses [21]
depending on availability of power at station sites. Some other
green hydrogen systems were designed to realize uninterrupted
power supply [22,23], to produce synthetic fuels by capturing CO2
[24], and to facilitate a clean and reliable power, heat and water
nexus [25]. These previous studies focused on off-grid or small-
scale systems. They did not consider the dynamic integration of
large-scale renewable sources into grid operations to differentiate
the temporal variations of available and curtailed wind power, as
well as the power purchasing strategies for green hydrogen pro-
duction facilities. These factors are critical for investigating the
green hydrogen production volume and associated costs. A number
of studies have considered grid operation together with con-
strained transmission for hydrogen production [26,27]. However,
they involved only simplified formulations assuming generally
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constant power consumption for associated P2H systems. Inte-
grated with renewable energy, an electrolyzer operates with a
variable load and faces frequent start-ups and shutdowns [28].
Additional energy is also required for sub-units to maintain the
balance of plant [29,30]. These considerations of partial load
operation, auxiliary consumption and lifetime degradation are
essential inputs to determining the cost-effectiveness of different
P2H technologies with renewables, but have been largely ignored
in previous studies. Given the dynamic operational schemes for an
integrated power system under higher wind penetration and
diverse characteristics for electrolysis systems with variable loads,
the technical and economic feasibility for deployment of different
types of large-scale P2H technologies in China is as yet unclear.

The cost of hydrogen production is sensitive to many factors
including plant capacity, vintage, feedstock, production method,
and location. In China, the average costs for hydrogen production
via coal gasification are 1.48 $/kg [31] and 2.23 $/kg [32] without
and with carbon capture and storage (CCS), respectively. As a gas
importer, China has to contend with a relatively high natural gas
price, and that makes for higher hydrogen production costs for
steam-methane reforming: 1.92 and 2.46 $/kg without and with
CCS [31,32]. The P2H technologies have been held back due to lack
of technical and economic feasibility, with high cost of 3.34€17.3
$/kg [33]. Studies have concluded that green hydrogen was not yet
cost competitive for industrial-scale supply compared with tradi-
tional sources from fossil fuels [18,19]. Similar conclusions were
drawn in Ref. [34], where the levelized cost of hydrogen (LCOH) was
minimized in the planning of an integrated energy system.
Different from previous studies, we argue here that the current
supply of abundant low-price electricity is changing the cost
effectiveness of green hydrogen production, considering the cur-
rent high-level penetration of wind power and the possibility of
offsetting revenues from sales for example of related sources of
oxygen.

In this paper, we estimate the technical and economic feasibility
of using P2H technologies with wind power in China. The targeted
area is Western Inner Mongolia (WIM), which hosts China’s largest
installation of wind farms suffering at the same time from significant
wind curtailment. The overall objective is to take advantage of the
wind energy in WIM to produce carbon-free hydrogen to meet the
regional industrial demand at a cost lower than the marginal cost for
fossil fuel-based hydrogen production. Hourly simulations of the
power system are conducted in an integrated power and heat opti-
mization (IPHO) model to estimate on-grid additions of wind power
as well as its curtailment, inputted then into a novel electrolysis
hydrogen production optimization (EHPO) model to minimize the
LCOH or alternatively to maximize the overall hydrogen output
subject to a specified limitation on cost. The range limitation, effi-
ciency variation, unit boot order and additional energy consumption
in auxiliary components of electrolysis processes are considered in
the EHPO along with two operational modes: one where we only use
curtailed wind power; the other where we consider electricity both
from curtailed and additional on-grid sources of wind energy. The
year 2030 is selected to explore how the cost and output for
hydrogen production could be impacted by future advances in
electrolysis technologies combined with increased investments in
wind. Since wind power is the only source considered here for
electrolysis, the decarbonization effect on the hydrogen-consuming
sectors is evaluated according to the annual hydrogen demand and
the production scale of carbon-free hydrogen in WIM.

The main contributions of this study are as follows. First, the
paper reports an integrated power-hydrogen-emission analytical
framework to analyze the hydrogen production from wind power
in China. Second, a dynamic integration of large-scale renewable
sources into grid operations is considered differentiating patterns



and potential roles for curtailed and grid-supplied wind power.
Further, diverse characteristics for electrolysis systems operating
with variable loads are formulated in a system optimization model
to investigate technical and economic feasibility. The improved
dynamic integrated formulation and lessons learned can be applied
to other regions/countries to explore possibilities for larger scale
economically justified and carbon saving hydrogen production with
renewables.

2. Methodology

The overview of the analytical framework of this study is illus-
trated in Fig. 1. The procedure combines a high-resolution wind
resource analysis with hourly simulation for the operation of power
systems together with potential hydrogen production. The wind
power simulation under high penetration of renewables is con-
ducted at an hourly resolution over the course of a year, employing
high-resolution wind speed data derived from a NASA meteoro-
logical database. The hourly wind power data are incorporated then
in an Integrated Power and Heat Optimization (IPHO) simulation.
The analysis accounts for simulation of the hourly power output
from each individual generator in WIM as well as for projections on
an hourly basis for wind power that would need to be curtailed in
the absence of the proposed investments in electrolysis-based
production of hydrogen. The information is fed then into the
electrolysis hydrogen production optimization (EHPO) model,
considering technical and economic specifications on selection of
three different types of electrolyzers and two operating modes.
Levelized costs or output amounts of product hydrogen are opti-
mized then depending on the type of technology and operation
mode adopted for electrolysis.

The implications in terms of system capacities and operational
modes for different electrolysis technologies with respect to both
quantities and costs for production of hydrogen with wind power in
WIM are explored based on real data and rigorous operational
simulations. The electricity/heat demands in 2030 are scaled up-
ward with temporal patterns (hourly variations) similar to 2018
allowing in the IPHO simulation for increasing investments in wind,
for projected expansions in ultra-high voltage transmission sys-
tems, and for anticipated reductions in costs and improvements in
the efficiency of electrolysis technologies.

2.1. IPHO model for the optimized simulation

As nearly half of the thermal units in the studied area are coal-
based CHP plants, we employ a high-resolution integrated energy
system simulation platform, the IPHO model [35]. The IPHO model
is a mixed-integer linear programing (MILP) simulator describing
the joint operational characteristics of centralized power and dis-
trict heating systems. Based on the unit commitment model of
conventional power system, the reserve requirement, inter-
regional transmission constraint and multiple heating zone con-
figurations are considered. With different levels of wind power
integration, the model balances power supply for local and inter-
regional networks and balances heating supply in the selected
districts on an hourly basis.

The framework of the IPHO model is given in Fig. 2. The inputs
include hourly power and heating demands, topology of power
networks and configuration in multiple heating districts. The out-
puts include hourly wind power integration and curtailment,
hourly fuel use, energy output and corresponding emissions for
individual units.

22. Western Inner Mongolia energy systems

The analysis is based on the regional energy system in Western
Inner Mongolia (WIM). The WIM area has one of the largest wind
bases in China. In this area, the generation mix is mainly consti-
tuted by coal-based thermal power and CHP units. The total
installed capacity and average fuel use for different units are listed
in Table 1.

The generation structure in the WIM region generally repre-
sents the typical condition for northern China, where over 50% of
the country’s onshore wind capacity has been located [36,37]. The
capacity expansion of the power system from 2018 to 2030 is
estimated taking account of energy demand growth under system
investment constraints [38].

221 Hourly power, heat demand and wind production

Total consumption of electricity in WIM is projected to grow
from 232 TWh in 2018 to 430 TWh in 2030 assuming a growth rate
consistent with the projected regional power generation expansion
[44]. The hourly load profile in 2030 is assumed to follow the same
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Fig. 2. Modeling framework for IPHO, adapted from Ref. [35].

Table 1
Generation structure in WIM area in 2018.

Type Total capacity (GW) [39e42] Average Fuel Use (g/kWh)»b [35,43]
Thermal (Coal) 31 303
Thermal (Gas) 0.3 351
CHP-coal 21.5 311
CHP-gas / 351
Solar 7.5 /
Wind 18.2 /
Hydro 2 /
Pumped Hydro 3.6 /
a The fuel efficiency is converted to Standard Coal Equivalent (SCE)/kWh.
b For gas fired units, we use the national average efficiency for power generation of 35%.
pattern as in 2018, increased proportionally according to total 104
.. . . . 3.5 T T T T T T T
electricity demand. The interregional ultra-high voltage (UHV) Heatdsiand Wind Power

transmission lines in WIM are assumed to expand to a capacity of
35 GW by 2030 [45].

The heating season in the WIM region covers approximately 180
days in winter. Hourly space heating demand is estimated by the
indoor (18 °C) and outdoor temperature difference according to the
hourly ambient temperature in 2018 taken from the NASA assimi-
lated meteorological database, GEOS-5. The total space heating
demand amounted to 59 TWh in 2018 and is projected to grow to
89 TWh assuming an annual growth rate of 3.5% based on historical
data in Ref. [46]. Hourly variations of heat demand with time in
2030 are assumed to follow the pattern observed in 2018.

The wind data are derived from the optimal wind fields in the
WIM area as compiled in the Modern-Era Retrospective analysis for
Research and Applications (MERRA-2) of GEOS. Winds included in
this dataset were obtained by retrospective analysis of global
meteorological data using a state-of-the-art weather/climate
model incorporating a variety of observational inputs from surface
stations, aircraft, balloons, ships, buoys, dropsondes, and satellites.
Based on the vertical profile of wind power introduced in Ref. [47],
wind speeds at 100 m height are extrapolated from those at 50 m.
Hourly wind power is then calculated using the power curve for a
typical deployed onshore system, GE 2.5 MW wind turbines [48].
The installed wind capacity reached 18.2 GW in this area in 2018; in
this study, we consider investments in additional wind adding up
to as much as 100 GW in 2030. Fig. 3 illustrates the hourly power
load, heat demand and wind power generation in 2018.

222. Annual H: demand and CO: emission assumptions

Today, the bulk of the hydrogen produced from fossil fuels is
used primarily in the manufacture of ammonia and methanol and
in refining of petroleum. Hydrogen demand for the WIM area is

Electricity demand
| g |

'l

_ jﬁ

" " 4["| lv l
4000 5000
Hours

0 |
0 1000

2000 3000 6000 7000 8000

Fig. 3. Hourly electricity demand, heat demand, and wind supply in 2018.

estimated from the China Statistical Yearbook 2018 taking account
of the annual production of ammonia and methanol and processing
of crude oil. Adopted from Ref. [49], the hydrogen consumption for
different industries and the weighting factors for production from
fossil fuels are illustrated in Table 2.

Table 2
Industrial Hs production information adopted from Ref. [49].

Industry H: demand (kg/ton) Weight factor for Hz production

%)

Coal Natural gas Oil
Ammonia 180.31 64 23 13
Methanol 134.36 77 11 12
Oil Refinery 4.48 0 39 71
Chlor-alkali 24.9 / / /
Coke 21.4 / / /
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Hydrogen can be generated also as a by-product of other
manufacturing processes, extracted from industrial hydrogenous
off-gases. Hydrogen produced from chlor-alkali and coke produc-
tion are included in Table 2, expressed as negative values.

Based on [32], the national hydrogen demand for the chemical
industry in 2030 is likely to increase by 19.1% compared to 2018
while a 10 million ton increment is projected for the iron and steel
industry. The increase in WIM’s industrial requirements for
hydrogen in 2030 is calculated then on the basis of the chemical
industry demand accounting additionally for the anticipated
regional investments in iron and steel. The equations for calculating
annual hydrogen demand, H;y,, and the corresponding CO2
emissions, Epyq, are given as:

8

> ., GOK
H total A d x$0x
% XVAMO
Ol
> Epral 4 d$0:$uy$ef, @

= yVacoa xY4AMO
?x Ya YAMO; MET; OIR; CHA; COK]
y % hcoa; ng; oil]

where Ox and dx represent the annual production and corre-
sponding unit hydrogen demand for the industry of ammonia
(x ¥4 AMO), methanol (x %4 MET), oil refinery (x ¥4 OIR), chlor-alkali
(x ¥ CHA) and coke (x ¥ COK); uy and ef, indicate the weight factor
for hydrogen produced from coal (y % coa), natural gas (y % ng) and
oil (y % oil) in different industries and the emission factors for the
sources.

The CO2 emission factors for Hz produced from coal, natural gas
and oil without CCS are taken as 21.82, 13.24 and 13.8 ton of CO2 per
ton of Hs respectively [33]. The emission factors for coal gasification
and SMR with CCS and P2H from wind power are 5.61, 6.2 and
0.88 kg COz/kg Ho.

2.3, Hydrogen production with electrolysis technologies

Three types of electrolyzer cells are considered in this study:
alkaline (AEC), proton exchange membrane (PEMEC) and solid
oxide (SOEC) devices. AEC is currently the most mature and durable
technology. It features low capital cost and high reliability but
relatively low efficiency. It is also comparatively inflexible as a
consequence of relatively long times for ramping and start-up.
PEMEC offers higher power density and reactant rates and is
capable also of producing compressed gases (>100 bar) available
for direct storage without need for compressors. However, this
technology requires expensive membranes and platinum catalysts.
The SOEC option employs a solid oxide fuel cell running in reverse
mode. With extra heat input and an associated increase in working
temperature, the conversion efficiency for SOEC is significantly
higher than the efficiency for the alternatives. Although experience
to date is relatively limited compared with AEC, SOEC is considered
the most promising future technology option for electrolysis [50].

231 Economic and technical characteristics of electrolysis
technologies

The techno-economic data for the three electrolyzers are sum-
marized in Table 3. Capital costs for the different systems include
the electrolyzer, foundation, “turn-key” installation and all neces-
sary auxiliary components such as feed water treatment, and sys-
tems for cooling and hydrogen purification (>99.99% for hydrogen).
Annual fixed O&M expense is represented by the sum of mainte-
nance, stack replacement and labor costs. Here, we focus only on
the production process of green hydrogen for potential industrial
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Table 3

Techno-economic data of different electrolysis technologies [50e52].

AEC PEMEC SOEC

2020 2030 2020 2030 2020 2030
Capital cost ($/kW) 692 604 1208 659 2415 659
Fixed O&M cost ($/kW/year) 33 30 61 33 72 20
Rated system efficiency (LHV)  61% 63% 58% 62% 76% 9%
Partial load range 20%e100% 5%e100% 0e100%
System lifetime (years) 25 15 20

utilization. The storage, compression and delivery costs associated
with centralized and distributed hydrogen production for different
application pathways will be analyzed in a further study.

Since one of our model assumptions is that the electrolyzer
would produce hydrogen solely using variable wind power, it is
necessary to determine the implications of the partial-load opera-
tion and the system power-to-hydrogen (P2H) efficiency consid-
ering auxiliary power consumption and efficiency degradation. The
system P2H efficiency, the ratio between the lower heat value (LHV)
of output hydrogen and the input power of the system, is calculated
ast
e, Vo Dsbes — efp

BpP pP x 100%

e a h

(€)

where Ps and es represent the power and efficiency of the electro-
lyzer stack; e; denotes the average lifetime degradation of the
stack, summarized in Table 3; ec is the efficiency of the AC/DC
converter; P, and Py indicate the power consumption of the auxil-
iary equipment and the heat input, respectively.

The heat input for AEC and PEMEC technologies is assumed to be
zero while that for SOEC is taken as 15% of the total energy input to
the system [50]. Based on the statistics in Ref. [53], we assume that
stack degradation leads to a lifetime average system efficiency 4%
below the efficiency at the start of life. To define system efficiency
profiles for the different electrolyzers, we assumed that the effi-
ciency experience from real-world projects [54e56] could be scaled
up considering the rated efficiencies given in Table 3 as well as the
average degradation. Fig. 4 indicates the system P2H efficiency
profiles for the different electrolysis systems in 2020.

232.  Electrolysis hydrogen production optimization (EHPO) model
The EHPO was formulated to include the capacity design of the
P2H system and to describe its economic operation on an hourly
basis. The input includes hourly curtailed wind power, hourly on-
grid wind power, technical and economic parameters for electrol-
ysis technology and selected operation modes and orders for

100
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80 r -

60 r - -
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Fig. 4. Power-to-hydrogen efficiency profiles of different electrolysis system in 2020.



engagement of individual units. The output includes an optimal
size for the P2H system components, hourly energy consumption
and generation for each unit, and corresponding costs and
revenues.

The decision variables include continuous specifications asso-
ciated with system size and energy balance, binary variables
associated with start-up states of individual units and Special-
Ordered-Set (SOS) variables as weighting factors in linearization.
The capacity of the electrolysis system is optimized based on wind
investment to produce hydrogen at a cost lower than the marginal
cost for fossil fuel-based production. The objective function is
defined to minimize the overall system cost under the constraint of
a specified production quota or to maximize the hydrogen output
subject to a defined levelized cost of hydrogen (LCOH) constraint.
The total cost dCye) accounts for the amortized system capital cost
3Ceqp), the fixed O&M cost dCom), and the annual operational cost
BCop):

Objective 1t

minCmmI% Cmp b Com b Cnp (3)

such that:
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where lec, Aec, Dec, and T denote the installed capacity, capital cost,
fixed O&M cost fraction and the lifetime for electrolysis system; i is
the discount rate; C; and Cv indicate the costs for purchasing grid
electricity and water; R, and Ryeq represent the revenues realized
by selling oxygen and heat; I, is the capacity of the nth unit;
Pywen and Hen denote the purchased on-grid wind power and
hydrogen output of the nth unit at time t; g,,; 9, and gj represent
the water demand, oxygen output and heat output associated with
unit hydrogen production and py; pw; po and pr» indicate the unit
prices for on-grid wind electricity, water, oxygen and heat,
respectively.

Constraints including energy conversion and operation-related
piecewise linearization, wind source capacity, operation mode,
unit boot order and limitations for wind utilization and hydrogen
output are considered in the model. The energy conversion during
P2H process is expressed as:

)

(
Hep Y4 €ecitn® Pewen P Pyt ®)
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Oopcw;t;n p Pgw;t;n olec;n (7)
where Poven represents the curtailed wind power input into the
nth unit at time t, and eecrn is the P2H efficiency of the nth elec-
trolysis unit at time t.

In order to optimize the capacity of the P2H system, the P2H
efficiency at full load level, ey, is taken for the hourly basis
operation at first. After the capacity is determined, a detailed
operational optimization considering range limitation, partial loads
and unit boot order are conducted to find the least cost for
hydrogen production. This procedure helps to remain the liner of
the model with SOS2 variables. Traditional bilevel programming,
heuristic method and the KarusheKuhneTucker (KKT) conditions
are also commonly used for this type of mathematical problem but
faced with unique drawbacks. For capacity optimization, Equation
(6) is transferred to:

)

(
Hen Va ey Pewsen P Powien €)

©

For operational optimization, the nonlinear efficiency functions
(Fig. 4) are expressed by piece-wise linear approximations based on
SOS2 variables. Equation (6) is replaced by the following
constraints:

efull% €rate — €4

eec;t‘,n % 4?]( 'Xk;t;n (10)
Pw;t;n ppg;t;n Va Iec;n ° (Cap *Xi:tin v
k
K
x
Hep Yalecn+ 83 ek - X (12)

where eCx and U5, indicate the set of discrete efficiency and load
levels at the kth point; xy.., are the weighting variables contained

in a SOS2 set, in which no more than two consecutive elements can
be non-zero. The related constraints are:

Xpen 2 0 (13)
K Xien V4 bingn and X en DX 14y
k e [ T
2 0 for up to two elements DSOS2b (19

where bin:, indicates the on/off status of the electrolysis unit.

The introduce of binary variables ensures that the input power
of the P2H system satisfies its performance constraints while the
lower bond is not zero, like the AEC system. For operational opti-
mization, Equation (7) is reconstructed as:

binen - Tecin® Un OPw;t;n b Pg;t;n obl‘m;n decn " Uk (15)

The integration of curtailed and on-grid wind power are con-
strained by the total capacity, associated with the hourly capacity
factor calculated based on the physical potential and the operation
of the grid system:

Pcw;t;n 2 0 (16)
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Two operation modes are considered for the P2H system, the
default setting represents the mode that uses both curtailed and
on-grid wind power. The constraint for the operation mode where
we use only curtailed wind power is:

Pgtn¥a O (20)

When multiple electrolysis units are operated simultaneously,
the operation order of different units needs to be fixed. Operating
synchronously means equal output from multiple sources at the
same time, while operating asynchronously means that only one
device is permitted to run when the load is less than its rated ca-
pacity and the remaining devices are allowed to start one-by-one
when the load exceeds the rated capacity of an individual device.
In our calculation, operating synchronously is considered the
default situation. The constraint for operating synchronously is
expressed as:

Xigr1 /4 Xigro Vo oo Va Xigew 21

The constraint for operating asynchronously is expressed as:

XK:tin 2 Xk:t:npl Va bint;nbl (22)

k
Two additional constraints are added for objective function 1
according to the calculation scenario: constraint (22) is considered
to achieve an expected level of curtailed wind utilization and
constraint (22) represents the requirement that the annual
hydrogen production should meet the annual demand:

X0 830

Pcw;[;n 2 f Pcw;t (23)
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where f indicates the utilization rate of curtailed wind and Hiyy
defines the annual hydrogen demand.

To maximize the hydrogen output amount under a LCOH
constraint, the objective function is:

Objective 2:

K 80

maXAhyd% hSys;t;n ' (Pw;t;n IO Pg;t;n) (25)
n¥%l thl
Subject to
Ch + Huota) €Ceap P Com b Cop (26)

Constraints (4)e(22) remain unchanged for objective function
(25).

The value of the parameters for the EHPO model in the present
study are summarized in Table 4. Instead of taking the lower lev-
elized cost of wind power, the adopted on-grid wind electricity
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price, also called the feed-in tariff, guarantees that the income from
the installed wind turbines/plants will not decline when integrated
with additional hydrogen production. It should be noted that the
revenue that could be realized by selling heat from different elec-
trolysis systems is not included in the optimization due to lack of
data on potential applications. However, in response to anticipated
continuous improvements of the auxiliary facilities in electrolysis
systems, utilization of the heat output should contribute to a
reduction in demands for operation of CHP units improving thus
enhance the flexibility of the grid.

3. Results and discussion

This section summarizes the results for the energy system
simulation and the costs and outputs identified for corresponding
hydrogen production.

31 General results of wind power in WIM

Power systems for WIM are simulated on an hourly basis
throughout a year for a range of wind investment levels. The vari-
ation of daily wind power output and curtailment at three repre-
sentative wind installed capacities are illustrated in Fig. 5. The
results indicate that the curtailment rate is much higher during the
winter season. The curtailment rates increase significantly with the
rise of wind penetration levels. With an increased electricity de-
mand and the planned expansion of the UHV network, the
curtailment rate in 2030 corresponding to a 50 GW wind installa-
tion is 8.1%, lower than in 2018 (10.2%) in this area despite the much
larger capacity for installed wind systems assumed for 2030. Were
the wind investment level to reach 100 GW, the curtailment rate
would increase to 42.8%.

32. Hydrogen production cost under different levels of wind
investment

The levelized production costs of hydrogen (LCOH) with only
curtailed wind power (a) and with curtailed and on-grid wind
power (b) for the three types of P2H electrolyzers are illustrated in
Fig. 6. The cost efficiency of the electrolysis technology in 2030 is
calculated based on a 10% curtailed wind utilization rate in Fig. 6
(a). Producing enough hydrogen to meet the industrial demand
(950 kT/year) in WIM is set as the constraint in Fig. 6 (b) for
operation with curtailed and on-grid wind power. It is shown that
the Hz production cost decreases with the increase in installed
wind power capacity. This is as expected since more wind power
will be curtailed as a result of the increase in installed wind power
capacity.

For this study, the electrolysis system works in two modes.
When operating with only curtailed wind power, the Hz cost is very
high with a wind system capacity lower than 30 GW (curtailment
rate < 0.5%) since the available curtailed wind power for producing

H: is relatively minor. In the operation mode including on-grid

Table 4
Value of the parameters for the EHPO model in the present study.

Parameter Value Ref
Oxygen price 0.04 $/kg [571
Water price 0.01 $/kg [58]
On-grid wind electricity price 0.041 $/kWh [59]
Discount rate 5%

LHV of hydrogen 33.3 kWh/kg [60]

9 kg/kg Hs production
8 kg/kg Hz production

Water consumption
Oxygen output
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Fig. 5. Daily variation of wind power across the whole year in 2030.

wind power, the electrolysis plant operates with an optimal com-
bination of curtailed and on-grid wind power to meet the industrial
demand in WIM. The feed-in tariff for wind electricity in WIM,
0.041 $/kWh, is taken as the cost for using on-grid wind power [35].
It is shown that operation with curtailed wind is more cost effective
if wind power capacity exceeds 50 GW (curtailment rate > 8.1%).
This reflects the fact that for this case it is assumed that the cost for
power that would otherwise be curtailed is essentially zero.

With respect to the three P2H technologies considered, SOEC is
identified as the most cost-effective option for 2030. The target
LCOH (2 $/kg) with central electrolysis identified as a target by the
U.S. Department of Energy [19] (red dashed line) is used as a
benchmark to demonstrate the economic feasibility of using P2H
technology. The results indicate that P2H with SOEC can be
economically viable if the wind power investments exceed 40 GW
(curtailment rates > 3%). When the wind curtailment rate is larger
than 14%, all three types of electrolysis systems can be cost-
competitive regardless of operation mode.

321 Impacts of curtailed wind utilization, system degradation and
cost uncertainty

The simulated 50 GW wind investment scenario (with a
curtailment rate of 8.1%) can represent the current situation in
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Fig. 7. Hydrogen production with only curtailed wind power in 2030.

WIM, in which wind curtailment reached 9% in 2019. 50 GW of
wind capacity is therefore taken as a typical scenario for the
following analysis.

The levelized production costs of hydrogen (LCOH) with only
curtailed wind power for the three types of P2H electrolyzers are
illustrated in Fig. 7. It is shown that the LCOH increases with the
increase of curtailed wind utilization. The reason for this is that a
larger capacity of electrolysis systems must be installed to meet
larger peak availability of curtailed wind. This phenomenon be-
comes more obvious at higher level of wind utilization. To meet the
highest peaks, all the LCOH of the three P2H technologies increase
dramatically when the utilization rate of curtailed wind electricity
rises from 90% to 100%. As shown with the bar chart in Fig. 7, the
average capacity factor (CF) for the electrolysis system decreases
when using a larger proportion of curtailed wind. The equipment
investment represents the bulk of the overall cost for the systems
deployed to produce Hz when only curtailed wind is used: a higher
CF results in a lower LCOH. The results here indicate the importance
and necessity of integrating renewable power flow into P2H system
optimization. The capacity design for water electrolysis should be
matched with wind capacity and power curtailment. Otherwise, it
will not be possible to achieve the goal for efficient utilization of
renewable power while at the same time improving economic
benefits.

Data from academic literature [19,53,61] and reports [50,51]
indicate significant uncertainty in the development of P2H tech-
nologies with respect to future cost, efficiency and lifetime. In order
to explore the impact of potential future advances in electrolysis
technologies on costs of H2 production from wind power, the
techno-economic data for 2020 and 2030 presented in Table 3 are
taken as the boundary assumptions to determine the range of
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Fig. 6. Levelized hydrogen production cost under different wind power capacity in 2030.
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LCOH. The technological uncertainty considered in this study is
consistent with the projections by experts in Ref. [61] with respect
to opportunities for production scale-up in response to anticipated
different levels of future funding for research and development.
The system degradation and lifetime effect are further investigated
by an operational lifetime estimation scenario (OLTS), where the
lifetime given in Table 3 is adopted as the operational lifetime for
the electrolysis system. This assumption is based on the fact that
electrolyzers do not require a protective current in stand-by mode
and that stack degradation is commonly assessed in terms of
operation time [53,54]. The amortized system capital cost calcula-
tion is reconstructed as equation (27) for the OLTS. The effects of
transient operation on stack and system lifetime are not yet well
quantified, but the proposed framework provides a ready means to
integrate information on degradation mechanisms if and when it
should become available.
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The range of LCOH considering only curtailed wind power is
illustrated in Fig. 8 for the three different options for P2H tech-
nology. It is shown that the SOEC technology has the largest range
of cost variation over the coming decade, indicating a relatively
high P2H efficiency together with a relatively high potential to
reduce capital costs with production scale-up after commerciali-
zation. In contrast, the AEC technology has a much smaller change
in LCOH due to comparatively mature stack components and the
avoidance of noble metals in manufacturing. We shall argue that
AEC would be more suitable in 2020 under the current market
production situation, but this situation is likely to change in favor of
SOEC in the future. The green line in Fig. 8 illustrates the Hz pro-
duction cost that excludes the cost for degradation when the
electrolysis system is not in use. It is shown that the LCOH could
reach 0.5 $/kg if operational time is taken to define its lifetime. This

AEC

PEMEC

follows straightforwardly since wind power curtailment happens
only occasionally, extending therefore the overall existing lifetime
of P2H plants under OLTS.

322. Comparison of hydrogen output with respect to operational
mode and cost

For this study, the electrolysis system operates in two possible
modes, i.e., with and without on-grid wind power. As the most
cost-effective option for 2030, the performance of SOEC under
different operational modes illustrates their effects.

The SOEC system performance under the two operational
modes is compared in Fig. 9. It is shown that the integration of on-
grid power significantly enhances the production of Hz without an
increase in LCOH. In other words, with a sufficient amount of on-
grid power integration, the electrolysis system could produce a
larger amount of Hz at a lower LCOH. This may seem surprising
SRt ke wamdees, o ahsA T Bnet Al o bR SRiRE
assumed to be free. The results in Fig. 9 (b) and (c) provide an
explanation. They show that, with on-grid wind power, electrolysis
has a smaller system capacity requirement at LCOH levels above 1.5
$/kg and a much higher average system CF compared to the mode
with only curtailed wind, which indicates a positive return on in-
vestment (ROI) when producing an additional unit of Hs with
purchased electricity. However, Fig. 9 (d) shows that operating with
curtailed wind power is the best way to achieve a very low LCOH, 1
$/kg for example, but the consequence is a relatively small output of
hydrogen. In Fig. 9 (c), the average CF of the electrolysis system
peaked at an LCOH of 1.5 $/kg because of the volatility of wind
power generation and the operating rule that only wind power can
be used to produce hydrogen. It indicates that the bulk of hourly
wind power is larger than the capacity value of the electrolysis
system to produce hydrogen at 1.5 $/kg. When the capacity of the
system increases further, the CF will drop because the wind power
at some hours of the year is not large enough to maximize the
output.

SOEC
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Fig. 8. Hydrogen production cost range.
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33 Impacts on hydrogen supply and CO: reduction

The hydrogen production data in section 3.2.2 were selected to
evaluate the impacts of P2H on hydrogen supply and CO2 reduction.
The industrial hydrogen demand was 1665.76 kT in 2018 in Inner
Mongolia based on the calculation method described in section
2.3.3. Considering by-product H: totaling 602.88 kT from coke
production and 74.04 kT from chlor-alkali production, the net de-
mand is 988.84 kT for Inner Mongolia and 692.19 kT for WIM ac-
cording to the regional GDP distribution. The projected net
industrial He demand amounts to 950 kT/year for WIM in 2030.

From Fig. 10, the hydrogen produced with only curtailed wind
power could meet the industrial demand in WIM when the wind
system capacity exceeds 60 GW. At a 50 GW wind investment level,
the amount of hydrogen produced with curtailed wind could satisfy
about 40% of net industrial demand. The hydrogen produced with
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Fig.10. Hydrogen demand satisfied with SOEC technology.
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curtailed wind at lower levels is significantly less than required to
support the regional demand. However, thanks to the high P2H
efficiency, the SOEC technology is capable of producing cost-
effective H2 using on-grid wind power if the curtailed wind
source is insufficient. At an LCOH of 1.52 $/kg, the Hz2 produced
could meet all the industrial demand in WIM. Up to 500% of the
industrial demand in WIM can be met at a cost of less than 2 $/kg,
approximately 13% of the projected national Chinese demand for Hs
in 2030 [32].

The maximum amount of hydrogen that could be produced at a
cost lower than 2 $/kg and the corresponding CO:z emission re-
ductions with SOEC technology are summarized in Fig. 11. Based on
the current generation mix of fossil-fuel based Hs, the reduction in
CO;z emissions would amount to 18.87 tons per year associated with
every ton of green Hz production in WIM. Even if CCS is fully uti-
lized, every ton of green hydrogen produced from wind could still
reduce annual carbon emissions by as much as 6.16 tons. Given the
fact that no CCS for hydrogen production is currently available in
China, the results indicate that P2H technology could contribute to
a reduction of more than 200 million tons of COz emissions per year
with a 100 GW wind system investment, approximately the annual
carbon footprint of Beijing [62]. It is noted that the carbon emis-
sions of the grid power are not considered in the calculation since it
is assumed that the purchased on-grid wind power would be
supplied by newly installed wind capacity, without influencing grid
operations and wind farm economics.

4. Conclusion

This study reports an integrated analysis for the economic
feasibility and decarbonization potential of green hydrogen pro-
duction in China’s Western Inner Mongolia (WIM). The analysis
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based hydrogen production without CCS.

framework incorporates actual power demand, assimilated wind
speed data, power system operations and diverse electrolysis sys-
tem planning. From the technology viewpoint, alkaline electro-
lyzers (AEC) and solid oxide electrolyzers (SOEC) are identified as
the most cost-effective technological options for 2020 and 2030,
respectively. In the simulated 50 GW wind investment scenario
(with a curtailment rate of 8.1%), all of the industrial demand for
hydrogen in WIM (950 kT/year) could be met by production from
power generated from wind at a cost of 1.52 $/kg. Facing frequent
start-ups and shutdowns, the levelized cost of hydrogen (LCOH)
drops to 0.5 $/kg with the duty cycle of electrolysis considered
when calculating the lifetime. Here, we focus only on the produc-
tion process of green hydrogen. Future studies will consider both
storage and delivery costs for hydrogen distribution.

From the policy perspective, our findings could serve as a
reference for the necessity for adjustments in the subsidies for
renewable energy. Currently, renewable energy can earn a subsidy
only when integrated into the grid. Policymakers could lend sup-
port specifically for hydrogen investments to accelerate large scale
development and to lower the financial risks associated with
renewable power investment.

China, as the world’s largest emitter of greenhouse gases,
responsible at the same time for the world’s largest commitment to
wind power, is facing dual challenges not only to mitigate its
emissions but also to reduce the financial burden associated with
excessive curtailment of its wind resources. Hydrogen is an ideal
clean energy carrier with multiple applications not only for in-
dustry but also for transportation. This study provides evidence for
both the sustainability and affordability of green hydrogen pro-
duction addressing at the same time the challenges associated with
the intermittency problems endemic to renewable power. As
indicated, a significant portion of green hydrogen produced from
wind power could be available at costs competitive with current
production from fossil fuels. The analytical methods and lessons
developed here for China should be applicable also to other coun-
tries, to Australia and Demark for example, where green hydrogen
is currently benefiting from strong public support.
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