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Abstract

With countries and economies around the globe increasingly relying on non-dispatchable variable
renewable energy (VRE), the need for effective energy storage and international carriers of
low-carbon energy has intensified. This study delves into hydrogen’s prospective, multifaceted
contribution to decarbonizing the electricity sector, with emphasis on its utilization as a scalable
technology for long-duration energy storage and as an international energy carrier. Using Japan as
a case study, based on its ambitious national hydrogen strategy and plans to import liquefied
hydrogen as a low-carbon fuel source, we employ advanced models encompassing capacity

expansion and hourly dispatch. We explore diverse policy scenarios to unravel the timing, quantity,
and operational intricacies of hydrogen deployment within a power system. Our findings highlight
the essential role of hydrogen in providing a reliable power supply by balancing mismatches in VRE
generation and load over several weeks and months and reducing the costs of achieving a
zero-emission power system. The study recommends prioritizing domestically produced hydrogen,
leveraging renewables for cost reduction, and strategically employing imported hydrogen as a risk

hedge against potential spikes in battery storage and renewable energy costs. Furthermore, the
strategic incorporation of hydrogen mitigates system costs and enhances energy self-sufficiency,
informing policy design and investment strategies aligned with the dynamic global energy

landscape.

1. Introduction

The global pursuit of decarbonizing electricity has
typically emphasized solar photovoltaic (PV) and
wind power technologies owing to their plummeting
costs and abundant potential in many areas. However,
as the share of non-dispatchable variable renewable
energy (VRE) increases, long periods of imbalance
between electricity demand and VRE generation, last-
ing weeks, months, or even seasons, pose significant
challenges to grid reliability [1]. Moreover, achieving
high VRE penetration may be difficult in some coun-
tries due to insufficient renewable or land resources
or challenges associated with building and linking
the necessary grid infrastructure. Hence, technologies

© 2024 The Author(s). Published by IOP Publishing Ltd

that facilitate global decarbonization efforts address
two key challenges: (1) long periods of electricity sup-
ply/demand imbalance in VRE-rich areas; and (2)
generating decarbonized power in areas lacking suit-
able zero-carbon energy resources.

Hydrogen can address both challenges and is
therefore a promising solution for power sector
decarbonization [2]. First, hydrogen offers the poten-
tial for large-scale long-duration energy storage
(LDES) by converting electricity into hydrogen using
water electrolysis; the stored hydrogen gas can be
later reconverted to electricity using a power-to-gas-
to-power (PGP) fuel cell. Thus, as LDES, hydro-
gen can smooth long periods of energy imbalance
on a VRE-based grid [3]. Second, hydrogen from
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electrolysis using zero-carbon electricity can be used
as an international carrier of decarbonized energy [4,
5], enabling widespread decarbonized power gener-
ation in countries where zero-carbon energy sources
are limited [6, 7]. These applications, while comple-
mentary, are also competitors in that their deploy-
ment hinges on their relative economics and the
development of electricity markets to encourage their
use.

There is no established definition of LDES, but
following Shan et al [3], this paper defines LDES
technologies as ‘technologies that at minimum can
provide inter-day applications. However, geograph-
ical constraints can limit the deployment of pumped
hydro storage and compressed air energy storage, two
well-known LDES technologies [3]. In contrast, PGP
is not bound by similar restrictions and can be expan-
ded at scale to address long-duration energy imbal-
ances. Consequently, large-scale hydrogen PGP pro-
jects are rapidly expanding globally [8—-10].

Liquefied hydrogen is emerging as a critical inter-
national carrier of low-carbon energy, particularly in
countries with limited renewable resources or where
expanding grid and pipeline infrastructure is difficult
[5]. Many nations, including Japan, South Korea,
and Germany, plan to import liquefied hydrogen and
hydrogen-derived fuels from renewable-rich regions
for decarbonized power generation [11, 12]. Unlike
technologies such as carbon capture and storage
[13], liquefied hydrogen is not constrained by geo-
graphical limits. However, its import involves long
lead times and significant investments in liquefaction
infrastructure, vessel development, and the establish-
ment of international supply chains built on long-
term contracts [14]. Moreover, these investments, in
both their timing and quantity, hinge on accurate
information about liquid hydrogen’s characteristics,
particularly its operational pattern which, in turn,
directly influences its revenue stream.

Informing hydrogen-related power sector invest-
ment planning and policy design requires a compre-
hensive examination of the competing roles of hydro-
gen as LDES and as an international energy carrier.
However, there is a limited understanding of the role
and needs of the international liquefied hydrogen
trade in decarbonizing the electric power sector com-
pared to domestic hydrogen production and use [13,
15, 16].

Most research on hydrogen use in the elec-
tric power sector has primarily focused on the
United States (US) [13, 17, 18] and Europe [19,
20], where high-voltage transmission lines and exist-
ing gas pipelines (and not liquefied hydrogen) are
employed for the international transport of renewable
energy. Among the bulk power transmission meth-
ods at sea, liquid hydrogen becomes cost-competitive
above 1000 km [9], making it appealing to Japan and
other Asian countries. A growing body of literature
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has analyzed the techno-economic feasibility of trans-
porting renewable energy to Asia via liquefied hydro-
gen from Australia [21], Chile [22, 23], and Canada
[24]. However, these studies focus on the supply side
(i.e. ‘green hydrogen’ production) and lack insight
into hydrogen usage patterns and demand in import-
ing countries. A few studies have explored the role of
domestic and imported hydrogen in Japan’s electric
power system using a sector-coupling model [25], an
economic power dispatch model [26, 27], and elec-
tric system simulations with several grid configura-
tions and hydrogen demand scenarios [28]. However,
these studies are inadequately detailed: some only
model a snapshot of 2050, while others lack real-
istic sensitivity to renewable energy costs and electri-
city demand forecasts or detailed representations of
power systems.

This significant gap in the literature leads to a
lack of consensus within the academic and policy
communities on the quantity of imported hydro-
gen necessary for power sector decarbonization.
Under least-cost scenarios for a zero-emission grid
in Japan, Matsuo et al argued that imported hydro-
gen would provide approximately half of power gen-
eration under a medium scenario [26, 27]; however,
Burandt argued that a negligible amount of demand
for imported hydrogen exists for power generation
[25]. Determining pathways for hydrogen use in
importing countries requires a comprehensive under-
standing of domestic and imported hydrogen pro-
duction and use, as well as plausible parameters for
hydrogen and renewable energy costs and technolo-
gies; these are absent from current literature.

To address these gaps, this study explores the con-
ditions, extent, and manner in which hydrogen will
be used in countries that will rely on its import for
power sector decarbonization. Japan serves as a case
study for several reasons. It established a pioneering
national hydrogen strategy in 2017 [29] and updated
it in 2023 [30]. It has also set specific near- and long-
term power generation targets for imported hydro-
gen and ammonia [31]. Finally, Japan is committed to
establishing an international liquefied hydrogen sup-
ply chain with other countries exemplified by initi-
atives like the Asia Zero Emissions Community [32].
Therefore, the timing and extent of Japan’s prospect-
ive hydrogen imports hold critical implications for
the energy landscape of the entire Asia-Pacific region.

This study aims to provide valuable insights into
Japan’s hydrogen-related policy design, investment
planning, and decision-making by addressing the fol-
lowing key questions. First, what are the least-cost
investment pathways to enable Japan’s zero-emission
electricity system by 2050? Second, what is the role of
hydrogen in decarbonizing Japan’s electricity sector,
both as LDES and as an imported source of decarbon-
ized firm power generation? Third, for each applica-
tion, when and in what quantity must it be installed?
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Fourth, what will the operational profile of hydro-
gen be for each application? Finally, how will critical
policy decisions and responses to uncertainty affect
the timing and amount of hydrogen deployment, as
well as system costs and operations, in Japan’s decar-
bonized electricity sector?

By comprehensively examining the use of hydro-
gen in Japan, this study can serve as a useful reference
for other countries, particularly those facing similar
energy transition challenges and anticipating the dual
use of hydrogen in the power sector.

2. Methods

2.1. Modeling approach

This study employs a robust modeling framework
that integrates capacity expansion and hourly dis-
patch models within the platform known as solar and
wind energy integrated with transmission and con-
ventional sources (SWITCH). Developed as an open-
source tool [33], SWITCH facilitates assessments of
the profound impacts of high renewable energy pen-
etration on electric power systems. Since its launch,
SWITCH has evolved through diverse country-
specific applications to the US, China, among others
(e.g. [34-38]).

The SWITCH model employs linear program-
ming to determine the least-cost investment in
and operation of generation, storage, and transmis-
sion capacities. Moreover, it accommodates policy
decisions and adheres to reliability, operational, and
resource constraints. Because SWITCH does not
allow energy stored in one day to be carried over
to another, this study created a modified ‘SWITCH-
Japan’ model to allow such carry-over and thus enable
analysis of LDES. Furthermore, the two-stage mod-
eling approach we developed enables the character-
ization of hydrogen energy storage investments and
operations on a high-VRE grid over the lifetime of
those investments. The detailed method is outlined in
supporting information S1.

Initially, we employ a capacity expansion model
to pinpoint the least-cost configuration of genera-
tion, storage, and inter-regional transmission invest-
ments and operations from 2025 to 2050 that satisfies
regional electricity demands, grid reliability require-
ments, and carbon emissions targets to achieve a zero
carbon grid by 2050. We define a zero-carbon grid in
this study as a grid where all generation sources do not
produce direct CO, emissions. The capacity expan-
sion model conducts 365 day simulations for 2025,
2030, 2035, 2040, 2045, and 2050, and accurately cap-
tures the LDES characteristics that address seasonal
variations in load and VRE generation. In the first
stage, dispatch simulations are averaged every 4 h,
aligning with diurnal variations in electricity demand
and VRE output as previously established [34-36] to
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facilitate the computational tractability of character-
izing a large range of load and weather conditions.
Subsequently, a production cost model is employed to
detail the least-cost unit-commitment and economic
dispatch operation of generators for all 8760 h of the
year, along with storage and transmission resources
identified in the least-cost portfolio.

2.2. Data utilization

This study uses exogenously determined costs, life-
times, and technological parameters extracted from
the latest literature (SI S2.2-S2.5). We combine local
and global data to obtain projections incorporat-
ing the rapid cost-reduction trends observed in solar
PV, wind, battery storage, hydrogen production, and
transportation costs. The National Renewable Energy
Laboratory’s Annual Technology Baseline provides
extensive long-term cost forecasts until 2050 [39].
Data adjustments for this study are made consid-
ering the historical cost deviations between the US
and Japan [40]. Additionally, Japan-specific hydrogen
production and transportation cost estimates have
been sourced from the literature [21, 22].

2.3. Scenario analysis and sensitivity assessment
This study employs a comprehensive approach to
exploring the impact of imported and domestic
hydrogen on wholesale electricity costs and Japan’s
generation mix across four scenarios: Base, No
Hydrogen, Domestic Hydrogen, and Imported
Hydrogen.

The Base scenario simulates the least-cost capa-
city expansion of the electricity system from 2025
to 2050, and encompasses both imported hydrogen
and hydrogen storage deployment. Subsequently, an
hourly dispatch analysis examines the energy storage
operations and overall system reliability. The model
assumptions are given in table 1.

The No Hydrogen scenario excludes imported
hydrogen and hydrogen storage deployment, thereby
providing a benchmark for assessing the impact of
hydrogen on the electricity system. The Domestic
Hydrogen scenario and the Imported Hydrogen scen-
ario exclude either imported hydrogen or hydrogen
energy storage, respectively, offering insight into the
implications of relying solely on domestic or impor-
ted hydrogen.

This study calculates the changes in the genera-
tion, storage, and transmission capacity mix, along
with total system costs, based on the least-cost path-
ways for each scenario. System costs are defined as
the cost of generation and storage, plus incremental
transmission investments (SI S1.4(1)). To enhance
robustness, we have also conducted sensitivity ana-
lyses for critical factors, including imported hydrogen
prices, hydrogen storage costs, domestic renewable
energy costs, and battery costs for the Base Scenario.
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Table 1. Summary of key assumptions.
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Parameters

Assumptions

Sources

Geographic scope

10 regions (nodes)

Reflect Japan’s ten regional
monopoly-run transmission and
distribution services

Cost parameters

Japan-specific data, NREL ATB
2022 with adjustments (see SI
$2.3).

Japan’s 6th Strategic Energy Plan
[31], NREL ATB 2022 [39],
expert consultation

Electricity demand

50% increase by 2050 from 2020
levels

Japan’s 6th Strategic Energy Plan
(31]

Weighted Average Cost of
Capital (WACC)

3% (real)

Expert consultation

Renewable energy potential

Available areas are based on
Government of Japan (GoJ) data.
Hourly simulation data is from
Renewable Ninja (see SI $2.3.4).

Japan’s Ministry of the
Environment [41], Renewable
Ninja [42-45]

Table 2. Summary of scenario analysis and sensitivity assessment.

Types Name

Difference from the base
scenario

Scenario analysis

No Hydrogen Scenario

Neither domestic hydrogen
(i.e. hydrogen storage) or
imported hydrogen is allowed.

Domestic hydrogen scenario

Only domestic hydrogen is
allowed.

Imported hydrogen scenario

Only imported hydrogen is
allowed.

Sensitivity assessment

High/low imported H2 cost case Imported hydrogen cost

projection from 2025 to 2050
(see SI S2.5 and table S5)

High/low hydrogen storage cost Hydrogen storage cost projection

case

from 2025 to 2050 (see SI S2.3.2
and table S3)

High/low renewable cost case

Renewable storage cost
projection from 2025 to 2050
(see SI S2.3.2 and figure S4)

High/low battery cost case

Battery storage cost projection
from 2025 to 2050 (see table
$2.3.2 and SI S3)

The overview of scenario analysis and sensitivity
assessment are summarized in table 2. Detailed model
descriptions, descriptive statistics, and additional res-
ults are provided in the supporting information.

3. Results

3.1. Investment landscape under the base scenario
Our findings underscore the feasibility of achiev-
ing a zero-emission power system in Japan through
substantial investments in renewables, hydrogen,
battery storage, and transmission infrastructure.
Together, solar and wind power constitute three-
quarters (74.7%) of the least-cost electricity mix,

necessitating a robust combination of clean, firm
generation and various storage options to address
their inherent variability across different timescales.
In the Base scenario, hydrogen is pivotal for bal-
ancing long-duration mismatches between electri-
city demand and VRE generation. The vast major-
ity (97%) of hydrogen is produced domestically
in Japan using clean electricity, stored, and used
for electricity generation (i.e. hydrogen storage) in
2050. The remaining 3% is sourced through imports.
Figures 1(a) and (b) present the installed capacity
and generation mix, respectively, in the Base scen-
ario through 2050. Generation and storage capacity
more than triples over that time, from 288 GW in
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Figure 1. Evolution of Japan’s electric power system from 2025 to 2050 under the Base scenario.
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2025 to 1009 GW in 2050. The least-cost electricity
mix for 2050 comprises utility-scale and commercial
solar (30.3%), offshore wind (21.4%), rooftop solar
(16.0%), nuclear (12.1%), onshore wind (6.9%), geo-
thermal (5.8%), biomass (4.0%), hydropower (3.3%),
and imported hydrogen (0.2%). Figure 2 summarizes
the regional details of generation, storage, and trans-
mission capacities in 2050 un the Base Scenario.

As carbon constraints intensify (see table S1), a
pronounced shift from coal- and natural gas-fired

power generation to hydrogen storage and hydrogen-
fired power generation is observed from 2045. To
achieve a zero-carbon grid with peak and aver-
age loads of 237 and 155 GW, respectively, Japan
requires 51 GW (29.8 TWh) of hydrogen storage,
135 GW (900 GWh) of battery storage, and 9.1 GW
of hydrogen-fired power plants by 2050. Hydrogen
storage boasts an average energy storage duration of
580 h, compared to just 6.7 h for battery storage,
reflecting the low energy capacity costs for hydrogen
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storage. Substantial additions to interregional trans-
mission lines, which expand from 21 GW in 2025 to
47 GW in 2050, can smooth renewable output vari-
ations across wider geographic areas.

Average system costs in 2050 (96 USD/MWh) is
4% lower than the 2025 levels (100 USD/MWh). The
energy self-sufficiency rate—the ratio of total electri-
city demand met by domestic sources [46]—increases
from 28% in 2025 to 88% in 2050 with imported
nuclear fuel and imported hydrogen accounting for
the remaining 12%, helping insulate Japan’s economy
from the impact of fluctuating fossil fuel import
prices.

By demonstrating how renewables, hydrogen,
battery storage, and enhanced transmission capabil-
ities can produce a reliable, cost-effective, and zero-
emission power system, the Base scenario offers a
blueprint for transforming Japan’s energy system to
achieve a sustainable energy future.

3.2. Hourly dispatch dynamics in the base scenario
We conducted hourly simulations of the least-cost
operation of Japan’s electricity grid under the Base
scenario in 2050. The resulting system dispatch
(figure 3) illustrates the temporal patterns of gener-
ation, storage, and load. The net load (i.e. load minus
VRE output) exhibited multiday, weekly, monthly,
and seasonal variations (figure 4). The daily net load
frequently fluctuates, with a mean and standard devi-
ation of 0.616 and 0.707 TWh d~1, respectively.
Hydrogen storage is critical for addressing these fluc-
tuations. The daily net load is at its lowest in spring

and peaks in summer and winter, while there are also
significant fluctuations that span weeks or months as
shown in figure 4. Approximately 10% of available
renewable energy must be curtailed annually.

Figure 5 illustrates the distinctive characteristics
of hydrogen storage compared to other energy stor-
age technologies in 2050 under the Base scenario.
Battery and pumped storage resources cycle more fre-
quently than hydrogen storage. Using the rainflow
counting method, battery and pumped hydro storage
recorded 362.0 and 327.0 cycles per year, respectively,
charging and discharging daily to balance intra-day
(i.e. same-day) mismatches between VRE generation
and load.

Hydrogen storage, in contrast, cycles only 11.5
times per year and stores up to the equivalent of
178 h of the average national electricity demand
(figure 5). This extended discharge capability under-
lines hydrogen’s pivotal role as a long-duration bal-
ancing resource to manage longer-term fluctuations
in net electricity demand. Similarly, hydrogen-fired
power plants operate exclusively during periods of
high net load, as shown in figure 3.

3.3. Sensitivity assessment

We perform sensitivity assessments to explore vari-
ations in cost inputs for imported hydrogen, renew-
able energy technologies, battery technology, and
hydrogen storage technology. Results from the
Base scenario are consistent across all sensitivity
cases, demonstrating the robustness of our find-
ings. Figure 6 outlines the differences in system costs,




10P Publishing

Environ. Res. Lett. 19 (2024) 084011

Net Electricity Demand (TWh/day)

K Shiraishi et al

Jan Feb Mar Apr May Jun Jul  Aug  Sep

Oct MNov Dec Jan 00 02 04
Density

Figure 4. Net electricity demand per day in 2050 under the Base scenario (left) and its frequency distribution (right). The red and
blue lines in the left figure represent 7 d and 30 d moving averages, respectively.

installed capacity, and electricity generation from
domestic and imported hydrogen across the sensitiv-
ity cases.

The sensitivity assessments indicates that the
average system costs in 2050 remain similar regardless
of cost input variations, ranging from —6.2% (Low
RE Cost Case) to +9.0% (High RE Cost Case). These
relatively stable system costs highlight the adaptability
of the least-cost system, which adjusts the generation,
storage, and transmission portfolio in response to
changing cost inputs (figure 6(b)). While the demand
for domestic and imported hydrogen depends on
factors such as the price of imported hydrogen and
technology costs, overwhelming majority of hydrogen
is domestically produced and used to generate electri-
city in all cases (figure 6(c)).

3.4. Scenario analysis on hydrogen availability
We further assessed the impact of hydrogen avail-
ability on achieving a zero-carbon grid. Figure 6(b)
illustrates that the absence of hydrogen storage sig-
nificantly increases the difficulty of achieving zero-
emission electric power systems, requiring substantial
additions to VRE, battery storage, and transmission
capacities and thereby increasing costs.

In the No Hydrogen scenario, the system requires
25 GW more VRE capacity and 15 GW more
interregional transmission. In addition, battery stor-
age requirements significantly increase by 37 GW
(1.66 TWh). Relying on the timely construction of
solar, wind, and transmission capacities at such a
large scale poses a substantial risk compared to the
Base scenario. Moreover, the average electricity cost
under the No Hydrogen scenario is 20% higher than
under the Base scenario in 2050.

In the Imported Hydrogen scenario, multiday
and seasonal mismatches are addressed by 40 GW of
hydrogen-fired power plants with substantial addi-
tion of battery (36 GW; 406 GWh) and transmission
(16 GW) capacity. Moreover, system costs increase
by 9.3% in 2050. Imported hydrogen ultimately
accounts for 46.3 TWh yr~! of electricity generation,
or 3.3% of the generation mix in 2050.

The Domestic Hydrogen scenario demonstrates
that domestically produced hydrogen can effectively
replace imported hydrogen with only a marginal
increase (1.5%) in the system cost in 2050.

4, Discussion

This study explores various scenarios and input
assumptions for achieving a zero-carbon electric
power system in Japan by 2050 and underscores the
feasibility of this pursuit. While the pathways to this
objective may vary, the common thread is the need
for substantial investments in solar- and wind-based
electricity grids complemented by hydrogen storage,
battery storage, clean firm power, and transmission
infrastructure as shown in table 3.

Hydrogen is essential to providing a reliable
power supply by balancing extended mismatches
between VRE generation and load over weeks or
longer. The findings affirm hydrogen’s significant
contribution to reducing the risks and costs of
achieving zero-emission power systems. Moreover,
the results suggest prioritizing domestically produced
hydrogen, leveraging renewables for cost reduction,
and strategically employing imported hydrogen as a
risk hedge against potential spikes in battery storage
and renewable energy costs.
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A long-term commitment to hydrogen necessit-
ates accurate demand estimates for domestic and
imported hydrogen for GoJ to facilitate hydrogen
investments. Japan plans to consume 12 million tons
(400 TWh) of hydrogen per year by 2040 and 20 mil-
lion tons (667 TWh) by 2050 [30]. This study estim-
ates demand for hydrogen in the power sector to reach
64-92 TWh by 2050, with the overwhelming majority
of it being domestically produced.

Regarding imported hydrogen, several factors
underscore the need for caution in long-term plan-
ning. These include concerns about the risks of price
volatility, akin to the fluctuations observed in nat-
ural gas prices in 2022 and many other years; avoid-
ing investments in excessive production capacity; and
the difficulty of establishing long-term contracts in
international supply chains [47, 48]. Notably, even
with no hydrogen storage at all, imported hydrogen

comprises at most 46 TWh, affirming the importance
of not overestimating demand for imported hydro-
gen. Conversely, the risks associated with domestic-
ally produced hydrogen relate to the costs of domestic
renewables and electrolyzers, which could increase
domestic hydrogen production costs as shown in
figure 6(c).

This study focuses on the role of hydrogen as a
power-to-power storage and renewable-specific tech-
nology pathway and provides a foundation for sub-
sequent investigations that can delve into the broader
portfolio of zero- or negative-emission technologies,
including direct air capture. The potential of hydro-
gen as a cross-sector energy storage resource across
electricity, industry, transportation, and other hard-
to-abate sectors [2, 6] introduces complexities not yet
accounted for in the current SWITCH-Japan version.
Considerations of sector coupling and demand-side
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Table 3. Reference carbon-neutral electricity mix in 2050.

FY2030 target in 6th FY2050 base scenario

Energy source FY2019 [27] strategic energy plan [34] (sensitivity range)
Variable renewables 8% 19%-21% 75% (73%—79%)
(solar and wind) 60 GW 127-141 GW 688 GW (658-738 GW)
Firm renewables 10% 17% 13% (8%—14%)
(hydro, geothermal, and 30 GW 33 GW 39 GW (33-44 GW)
biomass)
Nuclear 3% 20%—22% 12% (12%—-13%)

10 GW ~25 GW 29 GW (27-29 GW)
Hydrogen (import) 0% 1% 0.2% (0.03%—1.5%)

0GW — 9.1 GW (7.6-12.6 GW)
Fossil fuels 79% 41% 0%

120 GW — 37 GW
Energy storage 21 GW — 208 GW (172-234 GW)
(pumped hydro, battery, 126 GWh 31 TWh (27-36 TWh)
hydrogen)

impacts on the electric power sector, in conjunction
with industry and transportation sector impacts, are
anticipated for the next phase of model development;
these will enrich our holistic understanding of the
transition toward a sustainable, decarbonized future.
Furthermore, future research could build on our find-
ings to spatially optimize hydrogen production, stor-
age/reserve, and bulk transportation to economically
decarbonize the entire energy system and enhance
its energy security. Additionally, future research will
delve into the impact of year-to-year variability in
solar and wind output on the role of hydrogen stor-
age as a strategic energy reserve, paralleling the role
played by conventional systems in the current energy
landscape [2].

5. Conclusion

This study advances our understanding of the
transformative journey toward Japan’s 2050 car-
bon neutrality target by delineating key policy and
technological choices that are pivotal to the energy
transition of the nation’s electric power system. The
consistent demonstration of the economic feasibility
of achieving a zero-carbon grid by 2050, relying on
a combination of domestic and imported hydrogen,
positions Japan as a global leader in an energy trans-
ition facilitated by hydrogen. Japan’s energy trans-
ition is a critical case study for other countries nav-
igating their unique pathways toward a sustainable
and decarbonized future. The strategic integration
of hydrogen into the energy landscape will become
a beacon for global discussions and enshrine hydro-
gen’s pivotal role in unlocking a sustainable, resilient,
and carbon-neutral energy paradigm. Further stud-
ies are required to comprehensively understand the
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nuances of hydrogen’s role in decarbonizing entire
economies beyond the electric power sector.

Data availability statement

All data that support the findings of this study are
included within the article (and any supplementary

files).

Conflict of interest

The authors have declared that no competing
interests exist.

Funding for research

This work was partially supported by California
Energy Commission (Grant Number EPC-19-060).
We thank the US Department of Energy, Office of
Renewable Energy and Energy Efficiency Grant DE-
EE0009443 from the Water Power Technology Office.
We also thank the James and Katherine Lau Family
Foundation and the Zaffaroni Family Foundation for
their generous support.

ORCID iDs

Kenji Shiraishi
2844

Daniel M Kammen
2984-7777

https://orcid.org/0000-0003-4881-

https://orcid.org/0000-0003-

References

[1] Hirth L and Ziegenhagen I 2015 Renew. Sustain. Energy Rev.
50 1035-51

[2] Kittner N, Castellanos S, Hidalgo-Gonzalez P, Kammen D M
and Kurtz S 2021 Joule 5 2529-34


https://orcid.org/0000-0003-4881-2844
https://orcid.org/0000-0003-4881-2844
https://orcid.org/0000-0003-4881-2844
https://orcid.org/0000-0003-2984-7777
https://orcid.org/0000-0003-2984-7777
https://orcid.org/0000-0003-2984-7777
https://doi.org/10.1016/j.rser.2015.04.180
https://doi.org/10.1016/j.rser.2015.04.180
https://doi.org/10.1016/j.joule.2021.09.003
https://doi.org/10.1016/j.joule.2021.09.003

Environ. Res. Lett. 19 (2024) 084011

[3] Shan R, Reagan J, Castellanos S, Kurtz S and Kittner N 2022
Renew. Sustain. Energy Rev. 159 112240

[4] Hydrogen Council 2020 Path to hydrogen competitiveness: a
cost perspective p 88 (available at: https://hydrogencouncil.
com/wp-content/uploads/2020/01/Path-to-Hydrogen-
Competitiveness_Full-Study-1.pdf)

[5] d’Amore-Domenech R, Leo T J and Pollet B G 2021 Appl.
Energy 288 116625

[6] Davis S J et al 2018 Science 360 eaas9793

[7] Sepulveda N A, Jenkins ] D, de Sisternes F ] and Lester R K
2018 Joule 2 2403-20

[8] Penrod E 2023 Canadian company cleared to build $6B
green hydrogen facility with 2 GW wind farm|Utility Dive
(available at: www.utilitydive.com/news/everwind-green-
hydrogen-wind-nova-scotia-eon-uniper/642688/)

[9] Patel S 2020 World’s first integrated hydrogen
power-to-power demonstration launched (available at: www.
powermag.com/worlds-first-integrated-hydrogen-power-to-
power-demonstration-launched/)

[10] Government of Japan 2023 World’s largest green hydrogen
plant is located in Fukushima—green hydrogen news
(available at: https://energynews.biz/worlds-largest-green-
hydrogen-plant-is-located-in-fukushima/)

[11] 2023 Global hydrogen policy tracker (available at: https://
resourcehub.bakermckenzie.com/en/resources/hydrogen-
heat-map)

[12] Corbeau A-S and Kaswiyanto R P 2024 National hydrogen
strategies and roadmap tracker (available at: www.
energypolicy.columbia.edu/publications/national-hydrogen-
strategies-and-roadmap-tracker/)

[13] Glenk G and Reichelstein S 2019 Nat. Energy
4216-22

[14] Pudukudy M, Yaakob Z, Mohammad M, Narayanan B
and Sopian K 2014 Renew. Sustain. Energy Rev.

30 743-57

[15] Schoenung S M and Keller ] O 2017 Int. J. Hydrog. Energy
42 13321-8

[16] Marino C, Nucara A, Panzera M E, Pietrafesa M and
Varano V 2019 Renew. Energy 142 316-29

[17] Guerra O J, Zhang J, Eichman J, Denholm P, Kurtz J and
Hodge B-M 2020 Energy Environ. Sci. 13 1909-22

[18] Dowling J A, Rinaldi K Z, Ruggles T H, Davis S J,

Yuan M, Tong F, Lewis N S and Caldeira K 2020 Joule
41907-28

[19] Toktarova A, Walter V, Goransson L and Johnsson F 2022
Appl. Energy 310 118584

[20] Walter V, Goransson L, Taljegard M, Oberg S and
Odenberger M 2023 Appl. Energy 330 120315

[21] Chapman A J, Fraser T and Itaoka K 2017 Int. ]. Energy Res.
41 2374-91

[22] Gallardo F I, Monforti Ferrario A, Lamagna M, Bocci E,
Astiaso Garcia D and Baeza-Jeria T E 2021 Int. J. Hydrog.
Energy 46 13709-28

[23] Heuser P M, Ryberg D S, Grube T, Robinius M and Stolten D
2019 Int. J. Hydrog. Energy 44 1273347

K Shiraishi et al

[24] Okunlola A, Giwa T, Di Lullo G, Davis M, Gemechu E and
Kumar A 2022 Int. J. Hydrog. Energy 47 6453—77

[25] Burandt T 2021 Appl. Energy 298 117265

[26] Matsuo Y, Endo S, Nagatomi Y, Shibata Y, Komiyama R and
Fujii Y 2018 Energy 165 1200-19

[27] Matsuo Y, Endo S, Nagatomi Y, Shibata Y and Komiyama R
2020 Appl. Energy 267 113956

[28] Kuriyama A, Liu X, Naito K, Tsukui A and Tanaka Y 2024
Sustain. Sci. 19 165-87

[29] 2017 Japan’s hydrogen basic strategy (available at: https://
policy.asiapacificenergy.org/node/3698)

[30] Government of Japan 2023 Japan’s hydrogen basic strategy
(available at: www.meti.go.jp/shingikai/enecho/
shoene_shinene/suiso_seisaku/pdf/20230606_2.pdf)

[31] Government of Japan 2022 Japan’s sixth strategic energy plan
(available at: www.enecho.meti.go.jp/category/others/
basic_plan/)

[32] Government of Japan 2022 Asia Zero Emissions Community
(AZEC) ministerial meeting to be hosted (available at: www.
meti.go.jp/english/press/2022/1215_003.html)

[33] Johnston J, Henriquez-Auba R, Maluenda B and Fripp M
2019 SoftwareX 10 100251

[34] Nelson J, Johnston J, Mileva A, Fripp M, Hoffman I,
Petros-Good A, Blanco C and Kammen D M 2012 Energy
Policy 43 436-47

[35] Leon Barido DP D, Johnston J, Moncada M V, Callaway D
and Kammen D M 2015 Environ. Res. Lett. 10 104002

[36] He G, Avrin A P, Nelson ] H, Johnston ], Mileva A, Tian J
and Kammen D M 2016 Environ. Sci. Technol. 50 5467-73

[37] He G, Lin J, Sifuentes F, Liu X, Abhyankar N and Phadke A
2020 Nat. Commun. 11 2486

[38] Carvallo J P, Shaw B J, Avila N I and Kammen D M 2017
Environ. Sci. Technol. 51 1023242

[39] National Renewable Energy Laboratory (NREL) 2022
Annual technology baseline 2022 (ATB 2022) (available at:
https://atb.nrel.gov/electricity/2022/technologies)

[40] International Renewable Energy Agency (IRENA) 2019
Renewable power generation costs in 2019 (available at:
https://publications/2020/Jun/Renewable-Power-Costs-in-
2019)

[41] Government of Japan 2021 Renewable energy potential
system (REPOS) of Japan (available at: www.renewable-
energy-potential.env.go.jp/RenewableEnergy/)

[42] Pfenninger S and Staffell I 2016 Energy 114 1251-65

[43] Staffell I and Pfenninger S 2016 Energy 114 1224-39

[44] Miiller R, Pfeifroth U, Triger-Chatterjee C, Trentmann J and
Cremer R 2015 Remote Sens. 7 8067-101

[45] Rienecker M M et al 2011 J Clim. 24 3624-48

[46] Ozcan M 2018 Renew. Sustain. Energy Rev. 82 2629-39

[47] Azadnia A H, McDaid C, Andwari A M and Hosseini S E
2023 Renew. Sustain. Energy Rev. 182 113371
Van de Graaf T, Overland I, Scholten D and Westphal K 2020
Energy Res. Soc. Sci. 70 101667

[48] Kong Z, Lu X, Jiang Q, Dong X, Liu G, Elbot N, Zhang Z and
Chen S 2019 Energy Policy 127 11-18

11


https://doi.org/10.1016/j.rser.2022.112240
https://doi.org/10.1016/j.rser.2022.112240
https://hydrogencouncil.com/wp-content/uploads/2020/01/Path-to-Hydrogen-Competitiveness_Full-Study-1.pdf
https://hydrogencouncil.com/wp-content/uploads/2020/01/Path-to-Hydrogen-Competitiveness_Full-Study-1.pdf
https://hydrogencouncil.com/wp-content/uploads/2020/01/Path-to-Hydrogen-Competitiveness_Full-Study-1.pdf
https://doi.org/10.1016/j.apenergy.2021.116625
https://doi.org/10.1016/j.apenergy.2021.116625
https://doi.org/10.1126/science.aas9793
https://doi.org/10.1126/science.aas9793
https://doi.org/10.1016/j.joule.2018.08.006
https://doi.org/10.1016/j.joule.2018.08.006
https://www.utilitydive.com/news/everwind-green-hydrogen-wind-nova-scotia-eon-uniper/642688/
https://www.utilitydive.com/news/everwind-green-hydrogen-wind-nova-scotia-eon-uniper/642688/
https://www.powermag.com/worlds-first-integrated-hydrogen-power-to-power-demonstration-launched/
https://www.powermag.com/worlds-first-integrated-hydrogen-power-to-power-demonstration-launched/
https://www.powermag.com/worlds-first-integrated-hydrogen-power-to-power-demonstration-launched/
https://energynews.biz/worlds-largest-green-hydrogen-plant-is-located-in-fukushima/
https://energynews.biz/worlds-largest-green-hydrogen-plant-is-located-in-fukushima/
https://resourcehub.bakermckenzie.com/en/resources/hydrogen-heat-map
https://resourcehub.bakermckenzie.com/en/resources/hydrogen-heat-map
https://resourcehub.bakermckenzie.com/en/resources/hydrogen-heat-map
https://www.energypolicy.columbia.edu/publications/national-hydrogen-strategies-and-roadmap-tracker/
https://www.energypolicy.columbia.edu/publications/national-hydrogen-strategies-and-roadmap-tracker/
https://www.energypolicy.columbia.edu/publications/national-hydrogen-strategies-and-roadmap-tracker/
https://doi.org/10.1038/s41560-019-0326-1
https://doi.org/10.1038/s41560-019-0326-1
https://doi.org/10.1016/j.rser.2013.11.015
https://doi.org/10.1016/j.rser.2013.11.015
https://doi.org/10.1016/j.ijhydene.2017.01.005
https://doi.org/10.1016/j.ijhydene.2017.01.005
https://doi.org/10.1016/j.renene.2019.04.079
https://doi.org/10.1016/j.renene.2019.04.079
https://doi.org/10.1039/D0EE00771D
https://doi.org/10.1039/D0EE00771D
https://doi.org/10.1016/j.joule.2020.07.007
https://doi.org/10.1016/j.joule.2020.07.007
https://doi.org/10.1016/j.apenergy.2022.118584
https://doi.org/10.1016/j.apenergy.2022.118584
https://doi.org/10.1016/j.apenergy.2022.120315
https://doi.org/10.1016/j.apenergy.2022.120315
https://doi.org/10.1002/er.3807
https://doi.org/10.1002/er.3807
https://doi.org/10.1016/j.ijhydene.2020.07.050
https://doi.org/10.1016/j.ijhydene.2020.07.050
https://doi.org/10.1016/j.ijhydene.2018.12.156
https://doi.org/10.1016/j.ijhydene.2018.12.156
https://doi.org/10.1016/j.ijhydene.2021.12.025
https://doi.org/10.1016/j.ijhydene.2021.12.025
https://doi.org/10.1016/j.apenergy.2021.117265
https://doi.org/10.1016/j.apenergy.2021.117265
https://doi.org/10.1016/j.energy.2018.09.187
https://doi.org/10.1016/j.energy.2018.09.187
https://doi.org/10.1016/j.apenergy.2019.113956
https://doi.org/10.1016/j.apenergy.2019.113956
https://doi.org/10.1007/s11625-023-01392-3
https://doi.org/10.1007/s11625-023-01392-3
https://policy.asiapacificenergy.org/node/3698
https://policy.asiapacificenergy.org/node/3698
https://www.meti.go.jp/shingikai/enecho/shoene_shinene/suiso_seisaku/pdf/20230606_2.pdf
https://www.meti.go.jp/shingikai/enecho/shoene_shinene/suiso_seisaku/pdf/20230606_2.pdf
https://www.enecho.meti.go.jp/category/others/basic_plan/
https://www.enecho.meti.go.jp/category/others/basic_plan/
https://www.meti.go.jp/english/press/2022/1215_003.html
https://www.meti.go.jp/english/press/2022/1215_003.html
https://doi.org/10.1016/j.softx.2019.100251
https://doi.org/10.1016/j.softx.2019.100251
https://doi.org/10.1016/j.enpol.2012.01.031
https://doi.org/10.1016/j.enpol.2012.01.031
https://doi.org/10.1088/1748-9326/10/10/104002
https://doi.org/10.1088/1748-9326/10/10/104002
https://doi.org/10.1021/acs.est.6b01345
https://doi.org/10.1021/acs.est.6b01345
https://doi.org/10.1038/s41467-020-16184-x
https://doi.org/10.1038/s41467-020-16184-x
https://doi.org/10.1021/acs.est.7b00345
https://doi.org/10.1021/acs.est.7b00345
https://atb.nrel.gov/electricity/2022/technologies
https://publications/2020/Jun/Renewable-Power-Costs-in-2019
https://publications/2020/Jun/Renewable-Power-Costs-in-2019
https://www.renewable-energy-potential.env.go.jp/RenewableEnergy/
https://www.renewable-energy-potential.env.go.jp/RenewableEnergy/
https://doi.org/10.1016/j.energy.2016.08.060
https://doi.org/10.1016/j.energy.2016.08.060
https://doi.org/10.1016/j.energy.2016.08.068
https://doi.org/10.1016/j.energy.2016.08.068
https://doi.org/10.3390/rs70608067
https://doi.org/10.3390/rs70608067
https://doi.org/10.1175/JCLI-D-11-00015.1
https://doi.org/10.1175/JCLI-D-11-00015.1
https://doi.org/10.1016/j.rser.2017.09.111
https://doi.org/10.1016/j.rser.2017.09.111
https://doi.org/10.1016/j.rser.2023.113371
https://doi.org/10.1016/j.rser.2023.113371
https://doi.org/10.1016/j.erss.2020.101667
https://doi.org/10.1016/j.erss.2020.101667
https://doi.org/10.1016/j.enpol.2018.11.041
https://doi.org/10.1016/j.enpol.2018.11.041

	The role of hydrogen as long-duration energy storage and as an international energy carrier for electricity sector decarbonization
	1. Introduction
	2. Methods
	2.1. Modeling approach
	2.2. Data utilization
	2.3. Scenario analysis and sensitivity assessment

	3. Results
	3.1. Investment landscape under the base scenario
	3.2. Hourly dispatch dynamics in the base scenario
	3.3. Sensitivity assessment
	3.4. Scenario analysis on hydrogen availability

	4. Discussion
	5. Conclusion
	References




