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Abstract: CO, emissions associated with hydrogen production can be reduced replacing steam
methane reforming with electrolysis using renewable electricity with a trade-off of increasing energy
consumption, water consumption and cost. In this research, a linear programming optimization
model of a hydrogen production system that considers simultaneously energy consumption, water
consumption, CO, emissions and cost on a cradle-to-gate basis was developed. The model was used
to evaluate the impact of CO; intensity on the optimum design of a hydrogen production system
for Japan considering different stakeholders’ priorities. Hydrogen is produced using steam methane
reforming and electrolysis. Electricity sources include grid, wind, solar photovoltaic, geothermal and
hydro. Independent of the stakeholders’ priorities, steam methane reforming dominates hydrogen
production for cradle-to-gate CO; intensities larger than 9 kg CO, /kg Hj, while electrolysis using
renewable electricity dominates for lower cradle-to-gate CO, intensities. Reducing the cradle-to-gate
CO; intensity increases energy consumption, water consumption and specific cost of hydrogen
production. For a cradle-to-gate CO, intensity of 0 kg CO,/kg Hj, the specific cost of hydrogen
production varies between 8.81 and 13.6 USD/kg Hj; higher than the specific cost of hydrogen
production targeted by the Japanese government in 2030 of 30 JPY/Nm?, 3.19 USD/kg Hy.

Keywords: hydrogen; hydrogen production system; Water-Energy-Carbon nexus; hydrogen economy

1. Introduction

Hydrogen can contribute to achieving greenhouse gas (GHG) emissions and energy
security goals in different sectors such as industry, buildings and transport [1], and it is
expected to play an important role in the decarbonization of the energy system [2]. However,
the development of the hydrogen supply chain is at an early stage in most countries in
the world, with lack of infrastructure preventing large scale adoption of hydrogen in the
energy system [3].

Global hydrogen demand totaled 75 Mt H, /year in 2019 [2]. Hydrogen was produced
using steam methane reforming (SMR), electrolysis, hydrocarbon reforming and methane
pyrolysis, with SMR accounting for the largest share of hydrogen production [4]. Depen-
dence on fossil fuels lead to CO, emissions of 830 Mt CO,/year associated with global
hydrogen production [5]. Currently, hydrogen is predominantly used in the industry sector,
mainly in oil refining, and in the production of fertilizers, polymers and resins [6], while
applications as an energy carrier are still limited.

A nexus between energy, water and CO; emissions, hereafter Water-Energy-Carbon
(WEC) nexus, exists in hydrogen production due to the energy-intensive nature of the
process, utilization of water as feedstock and CO, emission when fossil fuels are used.
As can be seen in Figure 1, energy consumption, water consumption and CO, emissions
associated with hydrogen production vary depending on the production route selected.
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Figure 1. Energy and material flows and costs associated with the production of 1 kg of hydrogen
using steam methane reforming and electrolysis using different energy resources for electricity
production. Built using data from [4,7-14].

Water is consumed at different stages of hydrogen production: energy carrier produc-
tion, feedstock production and hydrogen production process. Water access for hydrogen
production has been identified as an issue in places facing water scarcity [5]. Furthermore,
water access for hydrogen production is likely to become a more relevant problem in the
future as hydrogen demand increases. Therefore, it is necessary to consider the WEC nexus
in the design of the hydrogen supply chain.

The WEC nexus in energy systems and the hydrogen supply chain have been studied
extensively in the existing literature. However, both topics have been addressed separately
and no research was found considering the WEC nexus in the design of the hydrogen
supply chain. The most relevant research regarding these topics are discussed below and
the main characteristics are summarized in Table 1.
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Table 1. Main characteristics of previous studies regarding the hydrogen supply chain and energy
systems assessment considering the Water-Energy-Carbon nexus and cost.

Water- National/

Hydrogen 3 Aspects Considered in the Design/Assessment
Lead Author Year p o4 ction Lnersy Regional
Nexus Scale Cost  EnergyUse  WaterUse  CO; Emissions
De-Leén Almaraz [15] 2015 v v v v v
Shibata [16] 2015 v v v v
Samsatli [17] 2016 v v v v v
Reuf3 [18] 2019 v v v v v
Caglayan [19] 2021 v 4 v v
Weimann [20] 2021 v v v v
Suleman [21] 2016 v v v v
Gabrielli [22] 2020 v v v v v v
Spang [9] 2014 v v v 4
Chen [23] 2018 v v v v
Larsen [24] 2019 v v v v
Nouri [25] 2019 v v v v
Jin [26] 2021 v v v v
Tovar-Facio [27] 2021 v v v v v v
This research 2022 v v v v v v v

Conventionally, studies regarding the hydrogen supply chain focused on evaluating
GHG emissions and cost, without considering water consumption. Furthermore, hydrogen
production assessment on a cradle-to-gate (CTG) basis is not common, with most studies
focusing on the production process only. De-Leén Almaraz et al. [15] used a multi-objective
Mixed Integer Linear Programming (MILP) model that optimizes simultaneously cost,
global warming potential and risk to design a hydrogen supply chain for France consid-
ering geographic information. Shibata [16] evaluated the economic viability of hydrogen
production using surplus electricity as a grid integration measure for solar photovoltaic
(PV) and wind electricity generation in Japan. Samsatli et al. [17] used a MILP optimization
model to design an integrated wind-hydrogen-electricity network to provide hydrogen
and electricity for road transportation in Great Britain, including the spatial distribution
and temporal variability of energy demand and wind. Reufs et al. [18] designed a hydrogen
supply chain with spatial resolution for Germany, considering energy use, CO, emissions
and cost. Caglayan et al. [19,28] used optimization models to design a hydrogen supply
chain using renewable energy in the context of Europe, considering energy use, cost and
weather variability. Weimann et al. [20] used a cost optimization MILP model to evaluate
hydrogen production as electricity storage medium and commodity in an energy system
with high penetration of wind and solar electricity for the Netherlands.

Other studies regarding hydrogen supply chains estimated water consumption associated
with hydrogen production. However, these studies were not conducted on a CTG basis and
they focused only on the hydrogen production process. Even though water consumption was
accounted for, these studies did not include the WEC nexus in decision making regarding the
configuration of the system. Suleman et al. [21] used life cycle assessment (LCA) to evaluate
hydrogen production using SMR, wind electrolysis and solar PV electrolysis on a 1 kg-H,
basis accounting for water use during hydrogen production process without considering
cost. Gabrielli et al. [22] used a MLIP model that simultaneously optimizes cost and CO,
emissions to design a hydrogen supply chain for Switzerland, considering water consumption
as feedstock for hydrogen production. Hydrogen production routes included SMR, SMR with
carbon capture and storage (CCS), biomass gasification and polymer electrolyte membrane
electrolysis using grid electricity.

The Water-Energy nexus and the WEC nexus in energy systems have been studied
extensively in the existing literature. However, no research was found regarding en-
ergy systems assessment considering the WEC nexus that included hydrogen production.
Spang et al. [9] estimated water consumption for national energy portfolios including
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electricity and fuel production for 158 countries, considering fossil fuels, nuclear fuel and
biofuels. Chen et al. [9] developed a two-region physical input-output model of the energy
and water flows in a city and its hinterland and used it to study the water-energy nexus for
Hong Kong and South China, considering electricity and fossil fuels. Larsen and Drews [24]
used an ensemble of indicators to characterize water usage in different electricity genera-
tion technologies and used it to analyze water use for electricity production in European
countries, considering spatio-temporal development. Nouri et al. [25] used a linear pro-
gramming (LP) model to determine the optimum combination of electricity generation
technologies that minimizes water consumption in electricity generation for California,
considering renewable and non-renewable energy resources. Jin et al. [26] quantified wa-
ter consumption and withdrawals for electricity generation and transmission in China,
considering differences across regions and seasonal variability. Tovar-Facio et al. [27] opti-
mized the mix of renewable electricity generation technologies for the Peninsular Electricity
System in Spain using a multi-objective MILP model that considers technical constraints,
energy resources availability, freshwater consumption, lifecycle GHG emissions and cost.

No research was found dealing with the WEC nexus and cost in decision making
regarding the design of hydrogen production systems. This research aims to fill that gap by
developing a LP optimization model that considers simultaneously energy consumption,
water consumption, CO, emissions and cost to optimize the configuration of a hydrogen
production system on a CTG basis. From a conceptual point of view, this research expands
the assessment of energy systems using the WEC nexus by considering hydrogen as
an energy carrier additional to electricity.

The originality of this research consists in considering simultaneously energy consump-
tion, water consumption, CO, emissions and cost in the design of a hydrogen production
system. The approach developed here can help the academia, policymakers and industries
to design low-carbon or zero-emissions hydrogen production systems that are cost-effective
and minimize pressure on water supply.

The objective of this research is to evaluate the impact of CO; intensity on the opti-
mum design of a hydrogen production system, considering energy consumption, water
consumption, CO, emissions and cost on a CTG basis. Japan was considered as a case of
study. The rest of the paper is organized as follows: the mathematical formulation of the
optimization model and the description of the scenarios are presented in Section 2, results
are presented and discussed in Section 3, and conclusions are presented in Section 4.

2. Methods
2.1. Energy and Material Flows in Hydrogen Production

This research evaluates hydrogen production using a CTG approach that includes
energy carrier production, feedstock production and hydrogen production process. This re-
search is a first attempt to include the WEC nexus in the design of hydrogen supply chains,
and it was limited to hydrogen production. Hydrogen transport distribution and storage
are not considered. As shown in Figure 2, six hydrogen production routes are considered:
(1) SMR using natural gas, (2) electrolysis using grid electricity, (3) electrolysis using wind
electricity, (4) electrolysis using solar PV electricity, (5) electrolysis using geothermal elec-
tricity and (6) electrolysis using hydroelectricity. SMR consumes natural gas both as energy
resource to produce heat and as feedstock in the hydrogen production process. In addition,
SMR also uses electricity as energy carrier and water as feedstock. Electrolysis consumes
water as the only feedstock and electricity as the only energy carrier. Electricity is produced
using different energy resources. Centralized production is assumed for both SMR and
electrolysis. Only proton exchange membrane (PEM) electrolysis was considered.
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Figure 2. Energy and material flows associated with hydrogen production.

In addition to utilization as feedstock in SMR and electrolysis, water is also used for
cooling and other purposes in electricity production, and for natural gas production and
transport. In the case of water production, only water distribution losses are accounted for.

2.2. Optimization Model Formulation

The energy system was modeled using a static bottom-up LP optimization model
developed using the software General Algebraic Modeling Systems (GAMS) [29] and solved
using the solver CPLEX [30]. The model estimates the optimum share of each hydrogen
production route in total hydrogen production. Calculations for hydrogen production share,
energy consumption and feedstock consumption were performed on a one-year basis for
a typical year of the service life of the hydrogen production technology because targets for
hydrogen use on a national level are often set by several countries in terms of annual supply
(e.g., Japan targets the supply of 300,000 t-H, /year by 2030 [31]). A brief description of the
model formulation and initial results were presented in [32]. The complete formulation of
the model is presented below.

2.2.1. Objective Function

As indicated by Equation (1), The objective function maximizes the overall score of the
hydrogen production system in terms of energy consumption, water consumption, CO,
emissions and cost. In that way, the WEC nexus and cost can be considered simultaneously
in the design of the hydrogen production system. Similar to Granovskii et al. [33], weighting
coefficients were used to represent the importance that stakeholders assign to each category.
The term stakeholder refers to all parties such as citizens, government and companies that
are involved in the design of the hydrogen production system.

Z = ZZOC]'S]'ICZUC (1)
j ¢

The four categories are combined in one single objective function using normalized
indicators that evaluate how each hydrogen production route performs compared with the



Energies 2022, 15, 7938

6 of 25

j

best performer in each category, similar to the methods developed by Acar and Dincer [34],
as indicated in Equation (2).

g Maximum. — Attribute; 100 )
1€ Maximum, — Minimum, x @)

The decision variables correspond to the share of each hydrogen production route in
total hydrogen production on a one-year basis, as indicated in Equation (3):
Hz,j
Dmd

Ao = 3)
where Z is the overall score of the hydrogen production system, j is the hydrogen production
route, c is the category for evaluation, « is the share of each hydrogen production route
in total hydrogen production, S is the score for each hydrogen production route, w is
the weighting coefficient for each category, Maximum and Minimum correspond to the
maximum and minimum values for each attribute within all the hydrogen production
routes, Attribute is the parameter selected to evaluate the performance of the hydrogen
production routes in each category, H; is the hydrogen production for each route and Dmd
is the annual hydrogen demand.

Specific energy consumption (i.e., energy consumed to produce 1 kg Hj), specific
water consumption (i.e., water consumed to produce 1 kg Hy), specific CO, emissions
(i.e., CO, emitted to produce 1 kg Hj) and specific production cost (i.e., cost to produce
1 kg Hp) were selected as attributes to evaluate the hydrogen production routes in terms of
the energy consumption, water consumption CO, emissions and cost, respectively.

2.2.2. Constraints
The objective function is solved under the following seven constraints:

(1) The share of each hydrogen production route in total hydrogen production cannot be
negative, Equation (4).

(2) Total hydrogen production should be equal to annual hydrogen demand, Equation (5).

(3) The total amount of water consumed cannot exceed the maximum amount of water
available, Equation (6).

(4) The total amount of natural gas consumed as feedstock and as energy carrier can-
not exceed the maximum amount of natural gas available, Equation (7). The first
two terms on the left side of Equation (7) are associated with natural gas use as energy
carrier, accounting for production and utilization in the hydrogen production process,
respectively. The third and fourth terms in Equation (7) are associated with natu-
ral gas use as feedstock, accounting for production and utilization in the hydrogen
production process, respectively.

(5) Total electricity consumption cannot exceed the maximum amount of electricity
available for each energy resource, Equation (8).

wj > 0; for all j 4)
sz,j — Dmd )

Hy

ZZWCFEkSEC] kHaj + ZZWCFFI v ld + Z T —

j

< FQEdmux,water (6)

H .
Y Y NCFE(SECHy, + Y SEC)kenc Trvi— HV + ZZNCFE — l d + Y < Feedpusng ()
X j

]. Yleldi:fNG,]'

Y ECFE(SECH,, + E 2 ECFFEy
i

Yi l +ZSE ixHoj < Enepgyp; forallk — (8)
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where k is the energy carrier, WCFE is the water consumption factor for energy production, SEC
is the specific energy consumption, i is the feedstock, WCFF is the water consumption factor for
feedstock production, Yield is the hydrogen production yield, Feed,;y is the maximum amount
of feedstock available, NCFE is the natural gas consumption factor for energy production,
NCFF is the natural gas consumption factor for feedstock production, eNG is natural gas
used as energy carrier, fNG is natural gas used as feedstock, ECFE is the energy consumption
factor for energy production, ECFF is the energy consumption factor for feedstock production
and Eney,y is the maximum amount of energy carrier available. Feedstock consumption and
energy consumption are defined by Equations (9) and (10), respectively.

my; = o2 ©)
Mo Yl'eld,‘,]’
Ej,k = SEC]‘/kHZ,]' (10)

(6) Combinations of feedstocks, hydrogen production routes and energy carriers that are
not viable were ruled out using Equations (11) and (12):

m;; = 0;if feedstock i cannot be used in hydrogen production route j (11)

Ejx = 0;if energy carrier i cannot be used in hydrogen production route j (12)

where m is the feedstock consumption and E is the energy consumption

(7) In order to determine the impact of constraints on CO, emissions on the design of the
hydrogen production system, a cap on the maximum CO, intensity, defined as the
CO; emissions per 1 kg Hy produced, was set. This constraint was expressed in terms
of the hydrogen demand rather than in terms of the total hydrogen production to
make the model linear. The resulting constraint indicates that total CO, emissions as-
sociated with hydrogen production cannot exceed maximum CO, emissions allowed,
as indicated in Equation (13):

Z Z Ej,kEFenep,k + Z Zmi,jEFfeedp,i + (Z Z Ej,kEFeneu,k + Z HZ,jEFprocess,j> < COZ,intmaxDmd (13)
ik joi jok i

where EFeep is the CO; emission factor for energy carrier production, EFjy, is the CO;
emission factor for feedstock production, EF,,, is the CO, emission factor for energy carrier
use and EFpyocess is the CO, emission factor of the chemical process for hydrogen production.

2.2.3. Economic Evaluation

The economic evaluation of the hydrogen production system is performed using
the specific cost of hydrogen production, Equation (14), defined as the cost of producing
1 kg Hp. The specific cost of hydrogen production was selected because the targets for
hydrogen use in the future in several countries are often set in terms of the hydrogen supply
capacity and the cost of producing one unit of hydrogen. For example, the Japanese gov-
ernment targets the supply of 300,000 t-H, /year with a production cost of 30 JPY /Nm?3-H,
(3.19 USD/kg Hj) by 2030 [31]. The specific cost of hydrogen production includes feedstock
cost, energy cost, operating and maintenance (O&M) cost and capital cost. The size of the
hydrogen production system is expressed in terms of the installed capacity, Equation (15),
corresponding to the amount of energy contained in the hydrogen produced over one year
divided by the number of hours within one year that the hydrogen production technology
can be operated.

. Y. Xi Cfeed,iiyj + Lj Yo Cene kEji + Xj com,jHa,j + Lj Ceap jCRE; P
H2 =
Dmd

. ( HHVyp
f = Hj (CF]- X 365 x 24) 15

(14)
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where cp is the specific cost of hydrogen production, Cheed is feedstock price, ceqe is the
energy carrier price, cop is the specific O&M cost, cqp is the specific capital cost, CRF is the
capital recovery factor, P is the installed capacity, HHV is the higher heating value and CF
is the capacity factor.

For consistency, costs were also evaluated on a one-year time basis in the calculation
of the specific cost of hydrogen production. Energy cost and feedstock cost correspond
to the cost of energy and feedstock used in one year, respectively. O&M cost corresponds
to the cost operation and maintenance for hydrogen production on a typical year of the
hydrogen production technology service life. Capital cost was annualized throughout the
service life of the hydrogen production technologies.

2.3. Scenarios for Hydrogen Production in Japan

Within the framework of GHG emissions reduction to mitigate climate change, Japan
aims to transit from the current fossil fuel-based energy system to a hydrogen-based
energy system, in a vision that is called ‘Hydrogen Society’. In the short term, Japan
targets the development of a commercial-scale hydrogen supply chain with a capacity
of 300,000 t-H, /year by 2030 [31]. Considering that many countries in the world face
challenges with the initial development of the hydrogen supply chain in the short-term, this
research focuses on the design of a hydrogen production system to achieve the hydrogen
supply target set by the Japanese government in 2030.

A scenario-based approach was used to assess the impact of the maximum CO, intensity
on the optimum configuration of the hydrogen production system. Four scenarios that
represent different stakeholder priorities regarding energy consumption, water consumption,
CO; emissions and cost in the design of the hydrogen production system were considered.
The Low-Cost scenario minimizes cost in the design of the hydrogen production system,
representing the business-as-usual situation, where economic performance is the priority.
The Low Energy Use scenario minimizes energy consumption in the design of the hydrogen
production system, prioritizing rational energy use. The Water-Energy-Carbon scenario
minimizes simultaneously energy consumption, water consumption and CO, emissions in the
design of the hydrogen production system, aiming for the best environmental performance
without considering the economic performance. The Water-Energy-Carbon-Cost scenario
minimizes simultaneously energy consumption, water consumption, CO, emissions and
cost, balancing environmental and economic performance and representing the best solution
in terms of sustainability. The values for the weighting coefficients for each scenario are
presented in Table 2.

Table 2. Weighting coefficients in each scenario.

Scenario
Category
Low-Cost Low Energy Use Water-Energy-Carbon Water-Energy-Carbon-Cost
Energy consumption 0 1.00 0.333 0.250
Water consumption 0 0 0.333 0.250
CO; emissions 0 0 0.333 0.250
Cost 1.00 0 0 0.250

For a given set of stakeholder priorities, the maximum CO, emissions allowed in the
production of hydrogen will influence the configuration of the hydrogen production sys-
tem. In this research, the optimum configuration of the hydrogen production system was
estimated for maximum CO, intensities varying between 0 and 18 kg CO,/kg H; using
steps of 1 kg CO, /kg Hj. The upper boundary for the CO, intensity interval evaluated was
set based on preliminary calculations that showed no changes in the configuration of the
hydrogen production system for CO, intensities higher than 18 kg CO,/kg Hy. Due to the
utilization of grid electricity for transporting the water that is used in electrolysis, the mini-
mum CO; intensity possible for hydrogen production was estimated in 0.007 kg CO, /kg Hy.
This value corresponds to the minimum CO, intensity that makes the model feasible.
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2.4. Input Data

In the case of hydrogen production using renewable electricity, the reduction of energy
imports and improvement of energy dependence can be obtained along with GHG emis-
sions reduction. With that aim in mind, the hydrogen production system was designed
considering only the domestic resources, both for energy and feedstock, except grid elec-
tricity that relies on imported energy resources. Japan does not possess abundant fossil
fuel reserves. For instance, natural gas yearly availability was estimated in 2.29 Mt/year
using data from [8,35]. In that sense, the existing fossil fuel reserves can be used in the
short term as a first stage in the transition towards a Hydrogen Society, where hydrogen
will be produced using renewable energy in the long-term. To avoid pressure on fresh
water supply, maximum water availability was limited to 10% of water consumption in
the industrial sector, approximately 1.11 billion m3/year based on data from [36]. Data for
energy consumption factors and feedstock consumption factors for feedstock production
are presented in Table 3.

Table 3. Energy consumption factors for feedstock production and feedstock consumption factors for
feedstock production.

Feedstock Consumption Factor

Feedstock Energy Consumption Factor [M]/Unit ?]
Water [L/Unit] Natural Gas [kg/Unit]
Natural gas 3.190° 02214 0.060
Water 3.195¢ 73¢ 0f

@ Units for feedstock are kg for natural gas and m? for water. P Source: Ruth et al. [8]. € Source: Wakeel et al.
[37]. 4 Source: Spang et al. [9]. Value converted to mass basis using a Higher Heating Value for natural gas of

55.2 MJ/kg [38]. ¢ Accounting only for water distribution losses using data from [39]. f Assuming all energy
consumed in water production comes from grid electricity.

Data for the maximum amount of energy carrier available are presented in Table 4,
along with data for energy consumption factors for energy carrier production and water

consumption factors for energy carrier production. Hydrogen production route characteris-
tics are presented in Table 5.

Table 4. Maximum amount of energy carrier available, energy consumption factors for energy carrier
production and feedstock consumption factors for energy carrier production.

Energy Carrier Availability [P]/Year] Energy Consumption Factor Feedstock Consumption Factor
MJ/M]] Water [L/M]J]  Natural Gas [kg/M]J]
Natural gas 1102 0.066 & 0.004 ™ 0.0012 8

Electricity-wind 221b 1.857h om 0
Electricity-PV 132°¢ 6.042 1 0.006 ™ 0
Electricity-grid 1444 4 1.530] 0.632™ 0P
Electricity-geothermal 139°¢ 7.333k 0487 ™ 0
Electricity-hydro 420f 0.2941 4.627° 0

2 Natural gas yearly availability of 2.29 Mt/year converted to energy basis using a Lower Heating Value of
482 MJ/kg [38]. ® Assuming all installed capacity for wind power plants in Japan of 3500 MW [35] can be used
for hydrogen production with a capacity factor of 0.20 [40]. © Assuming all the non-residential PV installed capacity
in Japan of 34,770 MW [35] can be used for hydrogen production with a capacity factor of 0.12 [40]. ¢ Assuming
maximum 10% of grid electricity consumption in manufacturing [41] can be used for hydrogen production. Value
corrected using the energy consumption factor for grid electricity production. ¢ Assuming all installed capacity for
geothermal power plants in Japan of 550 MW [35] can be used for hydrogen production with a capacity factor of
0.80 [40]. f Assuming all hydroelectricity produced in Japan [35] can be used for hydrogen production. Value corrected
using the energy consumption factor for grid electricity production. & Estimated using energy conversion efficiency
data from [8]. M Estimated using energy conversion efficiency data from [12]. ! Estimated using energy conversion
efficiency data from [11]. J Estimated using electricity generation mix data from [10]; energy conversion efficiency data
from [11-13,42-45]. ¥ Estimated using energy conversion efficiency data from [13]. ! Estimated using energy conversion
efficiency data from [43]. ™ Source: Spang et al. [9]. ™ Estimated using electricity generation mix data from [10]; water
consumption factors for electricity production from [9,14]. © Source: Lee et al. [14]. P Assuming only imported natural
gas is used in generation of grid electricity.
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Table 5. Hydrogen production routes characteristics.

Hydrogen
Production Route

Specific Energy Consumption [M]/kg H,] Yield [kg H,/Unit] .
Capacity

Natural Gas

Electricity Electricity Electricity Electricity  Electricity Factor [-]
Wind Solar PV Grid Geothermal  Hydro Natural Gas Water

SMR
Electrolysis-wind
Electrolysis-solar PV
Electrolysis-grid
Electrolysis-
geothermal
Electrolysis-hydro

46.3

o O o oo

a

0 0 2.05¢ 0 0 0.500 4 110¢ 0.90°¢
195P 0 0 0 0 0 64.4¢ 0.19f
0 195P 0 0 0 0 64.4¢ 012f
0 0 195b 0 0 0 64.4¢ 0.97f
0 0 0 195b 0 0 64.4¢ 0.78 f
0 0 0 0 195P 0 64.4¢ 052 f

2 Estimated using natural gas consumption for SMR from [7]; assuming a Lower Heating Value of 48.2 M]J/kg [38].
b Source: Parkinson et al. [4]. € Source: Ruth et al. [8]. 4 Source: Jaber et al. [7]. © Source: Elgowainy et al. [46].
f Estimated as the product of the capacity factor for centralized electrolysis of 0.97 [8] and the capacity factor for
renewable electricity from METI [40]: wind electricity, 0.2; solar PV electricity, 0.12; geothermal electricity, 0.80; and
0.45 for large hydropower and 0.60 for small and medium hydropower. Combined hydropower capacity factor
was estimated using data for hydroelectricity generation from METI [47]. A capacity factor of 1 was assumed for
grid electricity.

All costs were estimated in 2017 USD. The average exchange rate for the Fiscal Year
2017 of 112.1 JPY/USD from the Bank of Japan [48] was used to convert values in JPY to
USD. Prices of 0.203 USD/m?3 H,O for water [49] and 0.437 USD/ kg for natural gas [41]
were utilized in the calculations. Values of 38.7, 52.0, 27.0 and 42.7 USD/GJ were used for
the prices of wind electricity, solar PV electricity, geothermal electricity and hydroelectricity,
based on data from the Ministry of Economy, Trade and Industry(METI) [47]. The elec-
tricity price for the industry of 35.7 USD/G]J [41] was utilized as the grid electricity price.
Capital cost of SMR was estimated in 121 USD/kW using data from [50], while a value of
800 USD/kW was used for electrolysis [4]. Service lives of 25 and 10 years were assumed
for SMR and electrolysis, respectively [51]. Capital costs were annualized throughout
the service lives of the hydrogen production technologies using a discount rate of 10%,
corresponding to the internal rate of return used in [4]. Operating and maintenance (O&M)
costs were estimated in 0.2122 USD/kg H; for SMR and 0.1506 USD/kg H for electrolysis
using data from [50] and [51], respectively.

CO; emission factor for natural gas production was assumed equal to 2.29 kg CO, /kg
NG [8]. CO, emission factor was estimated in 0.453 kg CO,/ m> H,0, assuming only grid
electricity is consumed in water production. Grid electricity generation in Japan emits
142 g CO, /M]J [52], while renewable electricity generation does not emit CO,. Regarding
the hydrogen production process, natural gas combustion to produce heat for SMR emits
57.0 g CO,/M]J, estimated from the stoichiometric reaction for methane and 5.70 kg CO, /kg
H, from the process chemistry [4]. In the case of electrolysis, CO, emissions associated to
energy use and process chemistry are both zero.

2.5. Main Assumptions and Limitations

All calculations were performed on an annual basis, using the Fiscal Year 2017 as the
base year for the calculations. Similar to Larsen and Drews [24], water consumption for
energy carrier production includes water evaporated and water transpired. Additionally,
following the approach used by Spang et al. [9], water consumption was limited to ‘op-
erational” water consumption, excluding water embedded in equipment and materials
used to fabricate energy conversion technologies, feedstock production technologies and
hydrogen production technologies. Furthermore, water consumption factors for energy
carrier production vary depending on the specific climatic conditions of the facilities [9].
However, estimates from the existing literature were used instead of values for Japan due
to lack of data. Total water consumption was estimated without differentiating the type of
water resource. Another limitation of this research is that water purification to meet water
purity requirements for PEM electrolysis was not considered.
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3. Results and Discussion
3.1. Hydrogen Production System Configuration

The optimum configuration of the hydrogen production system as function of the
CTG CO; intensity for hydrogen production in the four scenarios considered is presented
in Figure 3. Since fossil fuels account for a significant share in grid electricity generation
in Japan and electrolysis has a high specific energy consumption, electrolysis using grid
electricity is not selected in any scenario. SMR is used for hydrogen production in all
scenarios as much as the constraint on the CTG CO; intensity allows, representing more
than 59% hydrogen production share for CTG CO, intensities larger than 9 kg CO,/kg Hp
in all scenarios. SMR has a 100% share in hydrogen production for CTG CO; intensities
larger than 16 kg CO, /kg H; in the Low-Cost, Low Energy Use and Water-Energy-Carbon-
Cost scenarios. For CTG CO; intensities lower than 16 kg CO,/kg Hy, SMR share in
hydrogen production decreases monotonously until reaching 0% for a CTG CO, intensity
of 0 kg CO,/kg Hy. The hydrogen production routes used to replace SMR change in accord
with the stakeholders’ priorities in each scenario.
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Figure 3. Share of hydrogen production routes in hydrogen production as function of the CO,
intensity for hydrogen production on a cradle-to-gate. (a) Low-Cost scenario; (b) Low Energy Use
scenario; (c) Water-Energy-Carbon scenario; (d) Water-Energy-Carbon-Cost scenario.

In the Low-Cost scenario, SMR is replaced with electrolysis using geothermal electric-
ity and electrolysis using hydroelectricity as the CTG CO; intensity decreases, accounting
for 23.7 and 76.3% of hydrogen production for a CTG CO, intensity of 0 kg CO,/kg H,,
respectively. Electrolysis using geothermal electricity is the cheapest option for hydrogen
production at low CTG CO; intensities due to its relatively high-capacity factor and the
low electricity cost. Despite the price of hydroelectricity being relatively high, electrolysis
using hydroelectricity is the second cheapest option due to the high-capacity factor of
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hydroelectricity compared with other types of renewable electricity. The use of other types
of renewable electricity is unnecessary due to the high availability of hydroelectricity. In the
Low Energy Use scenario, electrolysis using hydroelectricity replaces SMR for CTG CO,
intensities lower than 16 kg CO, /kg Hj, since electrolysis using hydroelectricity has the
lowest CTG specific energy consumption among all electrolysis types considered. As hy-
droelectricity is largely available, once the CTG CO; intensity reaches 0 kg CO,/kg H,
all hydrogen is produced through electrolysis using hydroelectricity.

In the Water-Energy-Carbon scenario, electrolysis using wind electricity accounts
for 37.6% of hydrogen production throughout the CTG CO; intensity range evaluated.
For CTG CO; intensities equal or larger than 10 kg CO,/kg Hy, SMR accounts for 62.4%
of hydrogen production. For CTG CO, intensities lower than 10 kg CO,/kg Hy, SMR is
replaced with electrolysis using solar PV electricity. When the CTG CO, intensity becomes
0 kg CO, /kg Hj, only electrolysis using wind electricity and solar PV electricity are used
with electrolysis using solar PV electricity accounting for 62.4% of hydrogen production.
In the Water-Energy-Carbon-Cost scenario, electrolysis using wind electricity is limited to
CTG CO; intensities lower than 16 kg CO, /kg Hy. Due to the limited availability of wind
electricity, electrolysis using geothermal electricity enters the hydrogen production mix
for CTG CO;, intensities lower than 10 kg CO, /kg H,. However, as geothermal electricity
availability is small, electrolysis using hydroelectricity becomes necessary for CTG CO,
intensities lower than 6 kg CO,/kg Hy. For a CTG CO; intensity of 0 kg CO,/kg Hy,
electrolysis using wind electricity, geothermal electricity and hydroelectricity account for
37.6,23.7 and 38.7% of hydrogen production, respectively.

The size of the hydrogen production system is indicated by the installed capacity
presented in Figure 4. Estimating the installed capacity required for the hydrogen produc-
tion system is important as the large installed capacity requirement has been identified as
a barrier that prevents hydrogen production on a large scale [53]. For a given hydrogen
demand, the required installed capacity for each hydrogen production route depends on
the capacity factor, which is determined by the capacity factor of the hydrogen production
technology and the capacity factor of the energy conversion technology used for energy
carrier production. Installed capacity increases as CTG CO, intensity decreases in all
scenarios since SMR is replaced with electrolysis using renewable electricity, which has
lower capacity factors.

Installed capacity is the lowest in the Low-Cost scenario as prioritizing cost causes
the penetration of electrolysis using geothermal electricity and electrolysis using hydro-
electricity, which have the highest capacity factors among electrolysis using renewable
electricity. For CTG CO; intensities between 16 and 18 kg CO,/kg Hj, installed capacity
remains constant at 1.50 GW. Installed capacity increases between 1.50 and 2.39 GW for
CTG CO; intensities between 15 and 0 kg CO, /kg Hj as electrolysis using geothermal
electricity and electrolysis using hydroelectricity are utilized. Installed capacity in the Low
Energy Use scenario is identical to the Low-Cost scenario for CTG CO; intensities between
18 and 16 kg CO,/kg Hj. As electrolysis using hydroelectricity replaces SMR, installed
capacity increases from 1.50 to 2.59 GW when CTG CO, intensity decreases from 15 to
0 kg COz/kg Hz.

Including water consumption and CO, emissions in the priorities increases installed
capacity for CTG CO, intensities lower than 15 kg CO,/kg Hj. In the Water-Energy-
Carbon scenario, installed capacity remains constant at 3.55 GW for CTG CO; intensities
between 18 to 10 kg CO,/kg Hj. As electrolysis using solar PV electricity penetrates in
hydrogen production, installed capacity increases from 3.85 to 9.85 GW when the CTG CO,
intensity decreases from 9 to 0 kg CO,/kg H;. In the Water-Energy-Carbon-Cost scenario
installed capacity is lower than in the Water-Energy-Carbon scenario for all CTG CO,
intensities evaluated. Installed capacity is identical to the Low-Cost scenario for CTG CO,
intensities between 18 and 16 kg CO,/kg H;. As the CTG CO; intensity decreases from
15 to 0 kg CO, /kg Hy, installed capacity increases from 1.55 to 4.03 GW, due to the shift
from SMR to electrolysis using wind electricity, geothermal electricity and hydroelectricity.



Energies 2022, 15, 7938

13 of 25

<
=1

u Electrolysis-hydro

u Electrolysis-geothermal
r Electrolysis-PV
L u Electrolysis-wind
L m Electrolysis-grid

u SMR

0 2 4 6 8 10 12 14 16 18
CO, intensity [kg-CO,/kg-H,]

Installed capacity [GW]

S = Y W ke WL NN O
Installed capacity [GW]

S o~ N W ks WL N N 0 O

u Electrolysis-hydro

= Electrolysis-geothermal
Electrolysis-PV

u Electrolysis-wind

m Electrolysis-grid

m SMR

6 8 10 12 14 16 18
CO, intensity [kg-CO,/kg-H,]

(@) (b)
10 - 10 - -
m Electrolysis-hydro m Electrolysis-hydro
9T u Electrolysis-geothermal 9 u Electrolysis-geothermal
=~ 8 Electrolysis-PV = 8 Electrolysis-PV
o 7F u Electrolysis-wind o 7 u Electrolysis-wind
26 E u Electrolysis-grid 2z 6 u Electrolysis-grid
Q Q
§_ sk = SMR §_ s | = SMR
9 o
2 4F 3 4
g 3 g3
172} 123
= P = 2
1 1
0 0
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
CO, intensity [kg-CO,/kg-H,] CO, intensity [kg-CO,/kg-H,]
(0) (d)

Figure 4. Installed capacity as function of the CO, intensity for hydrogen production on a cradle-to-
gate basis. (a) Low-Cost scenario; (b) Low Energy Use scenario; (c¢) Water-Energy-Carbon scenario;
(d) Water-Energy-Carbon-Cost scenario.

The Water-Energy-Carbon scenario requires the largest installed capacity among all
scenarios, since electrolysis using wind electricity and solar PV electricity are selected.
In that sense, low capacity factors of solar PV and wind electricity are an obstacle to
reduce the installed capacity of the hydrogen production system. Even in the Low-Cost
scenario, constructing the hydrogen production plants required to satisfy the demand
of 300,000 t-H, /year is a challenging task, which gets more complicated if a CTG CO,
intensity of 0 kg CO,/kg H; is targeted. Installed capacity for hydrogen production
for a CTG CO;, intensity of 0 kg CO, /kg H; varies between 2.39 and 9.85 GW in the four
scenarios considered. These values are higher than the global expected installed capacity for
electrolyzers in 2021, estimated in 730 MW by the International Energy Agency (IEA) [54];
and are in the same order of magnitude of the combined installed capacity of 5.2 GW for
planned green hydrogen projects in Europe [55].

3.2. Energy Consumption

CTG energy consumption is presented in Figure 5. CTG energy consumption increases
as CTG CO;, intensity decreases in all scenarios, since SMR is replaced by electrolysis, which
has larger specific energy consumption for the hydrogen production process. Additionally,
electricity generation consumes more energy than natural gas production, increasing energy
consumption for energy resource production. Differences across scenarios using electrolysis
are explained by the energy consumption associated with electricity generation.
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Figure 5. Energy consumption as function of the CO; intensity for hydrogen production on a cradle-
to-gate basis. (a) Low-Cost scenario; (b) Low Energy Use scenario; (c¢) Water-Energy-Carbon scenario;
(d) Water-Energy-Carbon-Cost scenario.

In the Low-Cost scenario, CTG energy consumption remains constant at 18.3 PJ/year
for CTG CO; intensities between 16 and 18 kg CO,/kg H;, with energy production,
feedstock production and hydrogen production process representing 10.2, 10.5 and 79.3% of
CTG energy consumption, respectively. Electrolysis use increases energy consumption in
energy resource production and hydrogen process while reducing energy consumption
in feedstock production. Energy resource production share in CTG energy consumption
goes from 25.6 to 66.2% when the CTG CO, intensity decreases from 15 to 0 kg CO, /kg H,.
At the same time, hydrogen production process share in CTG energy consumption goes
from 66.0 to 33.8%, while feedstock production share in CTG energy consumption decreases
from 8.4% to almost 0%. CTG energy consumption reaches 174 PJ/year for a CTG CO,
intensity of 0 kg CO, /kg Hy.

The Low Energy Use scenario has the lowest CTG energy consumption for hy-
drogen production among all scenarios. CTG energy consumption in the Low Energy
Use scenario is identical to the Low-Cost scenario for CTG CO, intensities between
16 and 18 kg CO,/kg Hy. CTG energy consumption increases from 18.8 to 75.9 PJ/year
as the CTG CO; intensity decreases from 15 to 0 kg CO,/kg H,. Hydrogen production
process represents more than 77% of CTG energy consumption throughout the CTG CO,
intensity range evaluated. As the CTG CO; intensity decreases from 15 to 0 kg CO,/kg
Hp, energy resource production share in CTG energy consumption increases from 10.6 to
22.7%; while feedstock production share goes from 10.1% to almost 0%.

The Water-Energy-Carbon scenario has the largest values for CTG energy consumption
among all scenarios. CTG energy consumption remains constant at 74.5 PJ /year for CTG
CO; intensities between 18 and 10 kg CO,/kg H,, with energy resource production,
feedstock production and hydrogen production process accounting for 56.6, 1.6 and 41.8% of
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CTG energy consumption. CTG energy consumption increases from 86.0 to 321 PJ/year as
the CTG CO; intensity decreases from 9 to 0 kg CO,/kg H,. Energy resource production
share in CTG energy consumption increases from 61.0 to 81.7%; while hydrogen production
process shares decrease from 37.7% to 18.3%. Feedstock production share in CTG energy
consumption decreases from 1.3% to almost 0%.

CTG energy consumption in the Water-Energy-Carbon-Cost scenario is lower than
in the Water-Energy-Carbon scenario throughout the CTG CO,; intensity range evalu-
ated, except between 9 and 6 kg CO,/kg H; due to the utilization of electrolysis us-
ing geothermal electricity. CTG energy consumption in the Water-Energy-Carbon-Cost
scenario is identical to the Low-Cost scenario for CTG CO, intensities between 16 and
18 kg CO, /kg Hy. CTG energy consumption increases from 19.7 P] /year for a CTG CO,
intensity of 15 kg CO,/kg Hy to 208 PJ/year for 0 kg CO,/kg Hy. The later value is
19.9% larger than the CTG energy consumption for the Low-Cost scenario and 35.1% lower
than the value for the Water-Energy-Carbon scenario. Energy resource production share
in CTG energy consumption increases from 14.4 to 71.8% as the CTG CO; intensity de-
creases from 15 to 0 kg CO, /kg Hj in the Water-Energy-Carbon-Cost scenario. At the same
time, hydrogen production process shares decrease from 75.9 to 28.2%, while feedstock
production share decreases from 9.7% to almost 0%.

3.3. Water Consumption

CTG water consumption is presented in Figure 6. CTG water consumption increases
as the CTG CO; intensity decreases in all scenarios, since SMR is replaced with electrolysis,
which has larger specific water consumption for the hydrogen production process. CTG
water consumption experiences the largest increase for the Low Energy Use and the Low-
Cost scenarios, where electrolysis using hydroelectricity accounts for the largest share of
hydrogen production for CTG CO; intensities lower than 5 kg CO, /kg H,.
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Figure 6. Water consumption as function of the CO; intensity for hydrogen production on a cradle-
to-gate basis. (a) Low-Cost scenario; (b) Low Energy Use scenario; (c) Water-Energy-Carbon scenario;
(d) Water-Energy-Carbon-Cost scenario.
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In the Low-Cost scenario CTG water consumption for hydrogen production remains
constant for CTG CO;, intensities between 18 and 16 kg CO, /kg H, at 3.50 million m?/year.
Shift from SMR to electrolysis using geothermal electricity and electrolysis using hydro-
electricity due to stricter CTG CO, intensity constraints causes the increase in CTG water
consumption for hydrogen production from 3.78 to 219 million m3/year when the CTG
CO; intensity decreases from 15 to 0 kg CO, /kg Hj. The structure of water consumption
is also affected by changes in CTG CO; intensity. Hydrogen production process accounts
for the largest share of CTG water consumption for CTG CO, intensities between 18 and
14 kg CO, /kg H,. Energy resource production accounts for the largest share in CTG water
consumption for lower CTG CO; intensities, increasing from 57.0 to 97.7% when the CTG
CO; intensity decreases from 13 to 0 kg CO,/kg Ho.

CTG water consumption for hydrogen production in the Low Energy Use scenario is
identical to the Low-Cost scenario for CTG CO; intensities between 18 and 16 kg CO, /kg Hy,
3.50 million m?/year. CTG water consumption increases from 6.00 to 276 million m3/year
as the CTG CO; intensity decreases from 15 to 0 kg CO,/kg Hy. Similar to the Low-Cost
scenario, water consumption structure is affected by changes in the CTG CO, intensity, with
hydrogen production process accounting for the largest share of CTG water consumption
for hydrogen production for CTG CO; intensities larger than 15 kg CO,/kg H; and energy
resource production consuming the largest share for lower CTG CO, intensities. Energy
resource production accounts for 98.2% of CTG water consumption for hydrogen production
when the CTG CO; intensity becomes 0 kg CO, /kg Ho.

For CTG CO; intensities between 10 and 18 kg CO,/kg H,, CTG water consumption
in the Water-Energy-Carbon scenario remains constant at 4.06 million m3/year. CTG water
consumption increases from 4.12 to 5.22 million m?/year when the CTG CO; intensity is
reduced from 9 to 0 kg CO, /kg Hy. Hydrogen production process, energy resource production
and feedstock production represent 85.0, 6.8 and 8.2% of CTG water consumption for CTG
CO; intensities between 18 and 10 kg CO, /kg Hy. As the CTG CO; intensity decreases to
0 kg CO,/kg Hy, hydrogen production process, energy resource production and feedstock
production shares in CTG water consumption reach 89.3, 4.2 and 6.5%, respectively.

CTG water consumption in the Water-Energy-Carbon-Cost scenario is identical to the
Low-Cost scenario for CTG CO, intensities between 18 and 16 kg CO, /kg H;. Penetration
of electrolysis using wind electricity in the hydrogen production mix increases CTG water
consumption from 3.51 to 4.01 million m3/year as the CTG CO, intensity decreases from
15 to 10 kg CO, /kg Hy. Further reductions in the CTG CO; intensity drive the penetration
of electrolysis using geothermal electricity, increasing the CTG water consumption from
4.94 to 10.9 million m3/year as the CTG CO; intensity decreases from 9 to 6 kg CO, /kg Hy.
For lower CTG CO; intensities, electrolysis using hydroelectricity is used, increasing CTG
water consumption from 26.7 to 117 million m3 /year when the CTG CO, intensity decreases
from 5 to 0 kg CO, /kg Hy. Hydrogen production process accounts for the largest share
of CTG water consumption for CTG CO; intensities between 18 and 8 kg CO,/kg Hj,
while energy production represents the largest share for lower CTG CO; intensities. Water-
Energy-Carbon-Cost scenario consumes less than half of the water consumed in the Low
Energy Use scenario and 53.3% of the water consumed in the Low-Cost scenario for a CTG
CO; intensity of 0 kg CO, /kg Hy.

Final energy consumption in Japan during 2017 totaled 13.4 EJ /year [35]. In contrast,
the 300,000 t-H; /year hydrogen production target corresponds to 36 PJ/year, representing
0.27% of final energy consumption. Total water consumption in Japan during 2017 ac-
counted for 79.3 billion m?/year [36]. For a CTG CO; intensity of 0 kg CO,/kg Hy, CTG
water consumption for hydrogen production in the Low-Cost scenario reaches 219 million
m? /year, 0.28% of national water consumption. Therefore, supplying 0.27% of national
energy consumption with hydrogen requires 0.28% of national water consumption if cost
were to be prioritized. Prioritizing simultaneously energy consumption, water consump-
tion, CO, emissions and cost can reduce this value to almost half, 117 million m3/ year,
corresponding to 0.15% of national water consumption. Water consumption for hydrogen
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production is small for the 2030 hydrogen production target. However, water consumption
for hydrogen production will become more relevant in the future due to the increase in
hydrogen demand. For instance, the 2050 hydrogen production target of the Hydrogen
Society ranges between 5 and 10 Million t-Hj /year [31], between 16.7 to 33.3 times the
hydrogen demand considered in this research.

3.4. Hydrogen Production Cost

Specific cost of hydrogen production is presented in Figure 7. Reducing the CTG
CO, intensity increases the specific cost of hydrogen production and changes the cost
structure in all scenarios. The lowest values for the specific cost of hydrogen production are
obtained in the Low-Cost scenario. Specific cost of hydrogen production remains constant
at 1.60 USD/kg H, for CTG CO, intensities between 18 and 16 kg CO,/kg H;, since
only SMR is used. Penetration of electrolysis using geothermal electricity and electrolysis
using hydroelectricity increases the specific cost of hydrogen production from 1.64 to
8.82 USD/kg H; as the CTG CO, intensity decreases from 15 to 0 kg CO,/kg Hj. For CTG
CO; intensities between 18 and 16 kg CO, /kg Hy, feedstock cost and energy cost account
for the largest share of the specific cost of hydrogen production, 54.9 and 27.6%, while
O&M and capital cost account for 13.3 and 4.2%, respectively. As the CTG CO, intensity
decreases, energy cost and capital cost become the largest components of the specific cost
of hydrogen production, 86.5 and 11.8% for a CTG CO, intensity of 0 kg CO,/kg Hp, while
O&M cost share decreases to 1.7% and feedstock cost share becomes negligible.
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Figure 7. Specific cost of hydrogen production as function of the CO, intensity for hydrogen produc-
tion on a cradle-to-gate basis. (a) Low-Cost scenario; (b) Low Energy Use scenario; (c) Water-Energy-
Carbon scenario; (d) Water-Energy-Carbon-Cost scenario.

In the Low Energy Use scenario, specific cost of hydrogen production is identical to the
Low-Cost scenario for CTG CO, intensities between 16 and 18 kg CO,/kg Hy. Compared
with the Low-Cost scenario, the Low Energy Use scenario has higher values for the specific
cost of hydrogen production for CTG CO, intensities between 15 and 0 kg CO, /kg Hj since
electrolysis using geothermal electricity is replaced with electrolysis using hydroelectricity,
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which has a lower capacity factor and higher electricity price. Specific cost of hydrogen
production increases from 1.67 to 9.63 USD/kg H, when the CTG CO, intensity decreases
from 15 to 0 kg CO, /kg Hy. Energy cost, O&M cost and capital cost account for 86.7, 1.6 and
11.7% of the specific cost of hydrogen production for a CTG CO; intensity of 0 kg CO,/kg Hp,
while feedstock cost share becomes negligible.

The Water-Energy-Carbon scenario exhibits the highest values for the specific cost of
hydrogen production among all scenarios. Specific cost of hydrogen production remains
constant at 5.03 USD/kg Hj for CTG CO; intensities between 18 and 10 kg CO, /kg Hy, dis-
tributed as 10.9% feedstock cost, 62.0% energy cost, 3.8% O&M cost and 23.4% capital cost.
Penetration of electrolysis using solar PV electricity increases the specific cost of hydrogen
production up to 13.6 USD/kg Hy when the CTG CO; intensity becomes 0 kg CO, /kg H.
Energy cost, O&M cost and capital cost account for 67.5, 1.1 and 31.4% of specific cost of
hydrogen production, while feedstock cost becomes negligible.

Specific cost of hydrogen production in the Water-Energy-Carbon-Cost scenario is identi-
cal to the Low-Cost scenario and Low Energy Use scenario for CTG CO, intensities between
18 and 16 kg CO, /kg Hj. As electrolysis using wind electricity, geothermal electricity and
hydroelectricity replace SMR in hydrogen production due to stricter CTG CO, intensity con-
straints, the specific cost of hydrogen production increases, reaching 9.23 USD/kg H; when
the CTG CO, intensity becomes 0 kg CO,/kg Hy. The specific cost of hydrogen produc-
tion in the Water-Energy-Carbon-Cost scenario becomes lower than in the Low Energy Use
scenario for CTG CO; intensities lower than 8 kg CO, /kg Hj. For a CTG CO; intensity of
0 kg CO,/kg Hy, the specific cost of hydrogen production is only 4.7% larger in the Water-
Energy-Carbon-Cost scenario than in the Low-Cost scenario. The cost structure is changed
as the CTG CO; intensities become smaller, with energy cost and capital cost becoming the
main components of the specific cost of hydrogen production for a CTG CO; intensity of
0 kg CO,/kg Hy, 79.4 and 19.0%, respectively. O&M cost represent 1.6% of the hydrogen
production cost and feedstock cost becomes negligible.

3.5. Implications for Policymaking

Between October 2020 and May 2021, the Japanese government announced three
policies aiming to reduce GHG emissions in the energy system: (1) reducing GHG emissions
in Japan to net zero by 2050 [56], (2) banning gasoline-fueled car sales by mid 2030s [57],
and (3) reducing GHG emissions by 46% compared with the 2013 level by 2030 [58]. In the
context of these three new policies, production of low-carbon hydrogen became more
important for energy supply and energy security.

However, the development of the infrastructure required for the hydrogen production
system is a challenging task. Despite the large installed capacity required, hydrogen
demand targeted by 2030 represents less than 1% of current national energy consumption.
From the technical point of view, all configurations for the hydrogen production system
design presented in the four scenarios are feasible. However, from the economic point of
view, feasibility depends on how much stakeholders are willing or forced to pay to reduce
the CO, emissions in hydrogen production.

For a given constraint in the CO, intensity for hydrogen production on a CTG basis,
the Water-Energy-Carbon-Cost scenario offers the most sustainable configuration of the
hydrogen production system, balancing low CO, emissions with moderate increases in
specific cost of hydrogen production and water consumption. The two main renewable
energy sources for electricity production in this scenario are geothermal electricity and
wind electricity. However, they both run out before hydrogen demand has been satisfied
for a CTG CO; intensity of 0 kg CO,/kg Hj, requiring the use of hydroelectricity. It is
recommended to couple the promotion of hydrogen supply chain development with in-
creasing the electricity generation capacity for wind and geothermal electricity. Electrolysis
using solar PV electricity is not selected in this scenario due to its high cost, caused by the
high price of solar PV electricity and the low capacity factor. Reducing the price for solar
PV electricity and increasing the capacity factor can contribute to a larger penetration of
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electrolysis using solar PV electricity in the hydrogen production system. Electrolysis using
solar PV electricity is desirable in low-carbon hydrogen production from the point of view
of water use since it has the lowest specific water consumption for hydrogen production.

In the Basic Hydrogen Strategy, the Japanese government targets a hydrogen production
cost of 30 JPY/Nm® H, by 2030 [31], corresponding to 3.19 USD/kg Hj. This target is
possible only in the Low-Cost scenario for CTG CO; intensities higher than 11 kg CO, /kg Hy,
or in the Low Energy scenario and the Water-Energy-Carbon-Cost scenario for CTG CO,
intensities higher than 13 kg CO, /kg H,. The Japanese hydrogen production cost target is not
possible in the Water-Energy-Carbon scenario as the minimum cost of hydrogen production
is 5.03 USD/kg H,. In that sense, it is necessary to develop policies that can bring down
the cost of hydrogen production for electrolysis using renewable electricity. It was found
that energy cost share in the specific cost of hydrogen production increases in all scenarios
as CTG CO; intensity decreases, accounting for more than 67.5% for a CTG CO, intensity
of 0 kg CO,/kg Hy. Therefore, it is important to reduce the cost of renewable electricity to
promote the adoption of low-carbon hydrogen.

The approach developed in this research to find the optimum design of a hydrogen
production system can be expanded to other components of the hydrogen supply chain
for Japan. Additionally, this approach can be used to design and evaluate hydrogen
supply chains for other countries. Since the potential for renewable electricity generation
for different energy resources and the availability of water are determined by the local
conditions of each country, the optimum configuration of the hydrogen production system
will change. However, the approach developed here allows policymakers to design more
sustainable hydrogen supply chains that can reduce CO, emissions without increasing the
pressure on water supply. This is particularly important in countries/regions facing water
scarcity problems with growing energy demands.

Recently, in the midst of the COVID-19 pandemic crisis, the discussion about the role
of hydrogen in future energy systems has gained more attention. In a post-pandemic world,
several governments are implementing packages for economic recovery; (1) providing
an opportunity to promote clean energy transitions by supporting the deployment of batter-
ies and hydrogen-producing electrolyzers to complement energy efficiency improvement
and renewable energy deployment [54]. (2) Supporting hydrogen demand in different
sectors of the economy can boost the benefits from supporting low-carbon hydrogen pro-
duction technologies. For instance, in the European Union, the use of post-pandemic
economic recovery plans to support hydrogen infrastructure and hydrogen use in different
areas of the economy is gaining support from policymakers, investors and industries as
strategy to reduce hydrogen cost and promote hydrogen use [55].

3.6. Sensitivity Analysis

With the aim of assessing the robustness of the model, the sensitivity of the results
to variations in the most relevant parameters was evaluated. Parameters selected for the
sensitivity analysis were capital cost of electrolysis, wind electricity price, geothermal elec-
tricity price, hydroelectricity price, wind electricity capacity factor, geothermal electricity
capacity factor, hydroelectricity capacity factor, geothermal electricity water consumption
factor, water price, electrolysis discount rate, electrolysis service life and electricity specific
energy consumption. The sensitivity analysis was performed only for the Water-Energy-
Carbon-Cost scenario under a CTG CO; intensity of 0 kg CO,/kg H,, which provides
the most sustainable option for the hydrogen production system design. Additionally,
+20% variations were considered for the selected parameters compared with the values
used in the Water-Energy-Carbon-Cost scenario.

Results of the sensitivity analysis for hydrogen production, installed capacity and
specific cost of hydrogen production are presented in Figure 8. Specific energy consumption
for electrolysis is the only parameter that affects the structure of the hydrogen production
system. Electrolysis using wind electricity, geothermal electricity and hydroelectricity
account for 37.6, 23.7 and 38.7% of hydrogen production for the Water-Energy-Carbon-Cost
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scenario. A 20% increase in the specific energy consumption for electrolysis increases
the share of electrolysis using hydroelectricity in hydrogen production to 48.9%, while
reducing the share of electrolysis using wind electricity to 31.4% and geothermal electricity
to 19.7%. In contrast, a 20% decrease in the specific energy consumption for electrolysis
reduces the share of electrolysis using hydroelectricity in hydrogen production to 23.4%,
while increasing the share of electrolysis using wind electricity to 47.0% and geothermal

electricity to 29.6%.
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Installed capacity is affected the most by the capacity factor for electrolysis using wind
electricity, with £20% variations in the capacity factor for electrolysis using wind electricity
causing changes of —10.8 and +16.2% in installed capacity, respectively. The second
parameter is the specific energy consumption for electrolysis, causing changes of —5.9 and
8.9% in installed capacity, respectively. Variations in the capacity factor for electrolysis using
hydroelectricity and geothermal electricity cause smaller variations in installed capacity,
while other parameters do not affect the installed capacity required for the hydrogen
production system.

The specific cost of hydrogen production is more sensitive to variations in the consid-
ered parameters than hydrogen production and installed capacity, with the specific energy
consumption of electrolysis having the largest impact. Additionally, =20% variations in the
specific energy consumption of electrolysis cause changes of —17.0 and 16.4% in the specific
cost of hydrogen production, followed by the price of hydroelectricity that causes variations
of £7.0% in the specific cost of hydrogen production. Similarly, £20% variations in the
price of wind electricity cause +6.2% changes in the specific cost of hydrogen production.
The effect of the other parameters on the specific cost of hydrogen production is smaller.

4. Conclusions

Replacing SMR with electrolysis using renewable electricity is an alternative to produce
low-carbon hydrogen. However, there is a trade-off between CO; emissions reduction and
energy consumption, water consumption and cost. A static bottom-up linear programming
optimization model of the hydrogen production system that simultaneously considers
energy consumption, water consumption, CO, emissions and cost was developed to study
the impact of CO; intensity on the optimum design of a hydrogen production system,
considering Japan as a case of study. Main conclusions are presented below:

1. SMR accounts for more than 59% of hydrogen production for CTG CO, intensities
larger than 9 kg CO, /kg H in all scenarios, while electrolysis using renewable elec-
tricity dominates hydrogen production for lower CTG CO; intensities. Electricity
sources vary depending on the stakeholders’ priorities, selecting geothermal and
hydro if cost is prioritized, hydro if energy consumption is prioritized, wind and
solar PV if the energy consumption, water consumption and CO, emissions are prior-
itized, and wind, geothermal and hydro if energy consumption, water consumption,
CO; emissions and cost are prioritized.

2. Installed capacity increases as CTG CO, intensity increases in all scenarios. The
lowest value is obtained for a CTG CO; intensity of 18 kg CO,/kg Hj, 1.50 GW for
the Low-Cost, Low Energy Use and Water-Energy-Carbon-Cost scenarios. Installed
capacity increases to values between 2.39 and 9.85 GW for a CTG CO; intensity of
0 kg CO,/kg Hy, reaching a value of 4.03 GW when energy consumption, water con-
sumption, CO, emissions and cost are prioritized simultaneously. Installed capacity
for electrolysis in all scenarios for a CTG CO; intensity of 0 kg CO,/kg H, are larger
than the global expected installed capacity for electrolyzers is 2021, showing the
magnitude of the effort required to build the infrastructure for hydrogen production
needed in the Hydrogen Society.

3.  The lowest CTG energy consumption is obtained for a CTG CO, intensity of
18 kg CO, /kg Hy, 18.3 PJ/year in the Low-Cost, Low Energy Use and Water-Energy-
Carbon-Cost scenarios. CTG energy consumption increases as CTG CO; intensity
decreases. For a CTG CO; intensity of 0 kg CO,/kg Hy, CTG energy consumption
varies between 75.9 and 321 PJ/year, reaching 208 PJ/year when energy consumption,
water consumption, CO, emissions and cost are prioritized simultaneously. Energy
resource production represents the largest share in CTG energy consumption in all
scenarios for a CTG CO; intensity of 0 kg CO,/kg Hj, excepting the Low Energy Use
scenario, where hydrogen production process accounts for the largest share.

4. The lowest CTG water consumption is obtained for a CTG CO; intensity of
18 kg CO,/kg Hy, 3.50 million m?/year in the Low-Cost, Low Energy Use and Water-
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Energy-Carbon-Cost scenarios. CTG water consumption for hydrogen production
increases as the cradle-to-gate CO; intensity decreases in all scenarios, reaching values
between 5.21 and 276 million m?/year for a CTG CO, intensity of 0 kg CO, /kg H,.
Prioritizing simultaneously energy consumption, water consumption, CO, emissions
and cost leads to a CTG water consumption of 117 million m®/year, corresponding
to 0.15% of national water consumption in Japan. Water consumption for hydro-
gen production will become more relevant in the future as hydrogen demand is
expected to range between 5 and 10 million t-Hj /year by 2050, compared with the
300,000 t-H, / year considered for 2030.

The smallest specific cost of hydrogen production is achieved for a CTG CO; intensity
of 18 kg CO, /kg Hy, 1.59 USD/kg Hy in the Low-Cost, Low Energy Use and Water-
Energy-Carbon-Cost scenarios. Specific cost of hydrogen production increases as the
CTG CO; intensity decreases. For a CTG CO; intensity of 0 kg CO,/kg Hy, the specific
cost of hydrogen production varies between 8.81 and 13.6 USD/kg H,, becoming
9.23 USD/kg Hy, if energy consumption, water consumption, CO, emissions and cost
are prioritized simultaneously. The 2030 specific hydrogen production cost target of
30 JPY/Nm?, 3.19 USD/kg Hj, is not possible for hydrogen production under a CTG
CO; intensity of 0 kg CO,/kg Hy in any scenario.

For a given constraint in the CO, intensity for hydrogen production on a CTG basis,
the Water-Energy-Carbon-Cost scenario offers the most sustainable configuration
of the hydrogen production system, balancing low CO, emissions with moderate
increases in specific cost of hydrogen production and water consumption. This ap-
proach allows policymakers to tackle the reduction of CO, emissions in the energy
system without increasing the pressure on water supply.
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Nomenclature

o

Share of each hydrogen production route in total hydrogen production

Attribute  Parameter selected to evaluate the performance of the hydrogen production routes

[

Ceap

CCs

Cene
CF
Ceed
CH2
com
CRF
CTG
Dmd
E
ECFE

category for evaluation

Specific capital cost

Carbon Capture and Storage

Energy carrier price

Capacity factor

Feedstock price

Specific cost of hydrogen production
Specific operating and maintenance cost
Capital recovery factor

Cradle-to-gate

Annual hydrogen demand

Energy consumption

Energy consumption factor for energy production
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ECFF Energy consumption factor for feedstock production
Enepax Maximum amount of energy carrier available

eNG Natural gas used as energy carrier

EFenep CO, emission factor for energy carrier production
EFecpen CO, emission factor for energy carrier use

EFfeey CO, emission factor for feedstock production
EFprocess CO;, emission factor of the chemical process for hydrogen production
Feed oy Maximum amount of feedstock available

NG Natural gas used as feedstock

GAMS General Algebraic Modeling System

GHG Greenhouse gas

H, Hydrogen production for each route

HHV Higher heating value

i Feedstock

IEA International Energy Agency

j Hydrogen production route

k Energy resource

LCA Life Cycle Assessment

LP Linear Programming

m Feedstock consumption

Maximum  Maximum value for each attribute

METI Ministry of Economy, Trade and Industry

Minimum  Minimum value for each attribute

MLIP Mixed Integer Linear Programming

NCFE Natural gas consumption factor for energy production
NCFF Natural gas consumption factor for feedstock production
NG Natural gas

O&M Operating and maintenance

P Installed capacity

14% Photovoltaic

S Score for each hydrogen production route

SEC Specific energy consumption

SMR Steam Methane Reforming

w Weighting coefficient for each category

WCFE Water consumption factor for energy production.
WCFF Water consumption factor for feedstock production
WEC Water-Energy-Carbon

Yield Hydrogen production yield

z Overall score of the hydrogen production system
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