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Abstract

We simulated possible pathways to meeting 2030 and 2050 emission targets within the Japanese
electricity:’s’l’lpply sector using a single-region The Integrated MARKAL-EFOM System (TIMES)

Criti ) in corpovra s
model. Kefmrd our simulations mel-nde-‘tll\'re-mge;pmmaf novel technologies like hydro/%%lb

V
electrolysers, carbon capture, photochemical water splitting, and emerging photovoltaic cells, long-
n uw-?or'a:tlo“
term impact assessment up to the year 2100, the-inchision-of life-cycle emissionS)( and learning curves
for parameters such as investment cost, efficiency, and emission coef'lﬁicient;t Results indicate that a
S5
hybrid approach, using nuclear power and hydrogen from renewable energy-based electrolysis, is
cost-effective and provides long-term emission reduction along with energy security. Nuclear, wind,
solar, and hydrogen from renewables emerge as key emission reduction technologies, while natural

gas with carbon capture plays a minor role.

Keywords: energy model, Japan, hydrogen fuel cell, nuclear power, carbon capture

1. Introduction

In order to mitigate climate chang%and to improve environmental outcomes, many nations
are actively seeking to reduce carbon emissions, and have formalised this goal through the Paris

Agreements [1]. The largest contribution to global greenhouse gas (GHG) emissions, some 73%,

sl
5 comesylargely from energy consumption}(the transportation, electricity -and heat, buildings,
. . o —= .\M
manufacturing, and construction sectors [2]. Eef’hvelopedgcgaemy nations rich in natural resourcesy W W

on ) &/(\“(\ switching to natural gas or implementing carbon capture and sequestration (CCS)%&(fossil fuel

Lw\i c5io0% ‘0!0 plants i . However, these options are not always economically \\4@%\
vb

easible for developing nationg, which will lead to increased emissions through greater coal use [3]. ‘\g\‘“’\(} 6

¥
S 10 Pexr Japan, a developed nation Without fossil fuel reSngces,_thﬁ-%:gl-bx%e t issiens 0¥, 1 \& 1
T . to W (HG emiStions an G ol I,QQM\ +o W - .

0,,3@ N v‘k’s is likely to follow a different path? alreads—evideneed-by—the-restart ef£nuclear refictors and-a-shift

[ \il& A ée | H [
i w}o o toward 1&%&¥eﬁenewable energy deploymentk[?)]. \}\“k\bf“
NIVt & o (arﬁ- ¢ ada
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Although influenced by the Paris Agreements, Japanese energy policy Eligovernedmy the Basic
whidh was

Energy Plan, istemtly updated to the 5th edition and-appreved-by—the-Cabinet in July—-of 2018 [4].
The Basic Energy Plan outlines national policy toward a new energy system for the years 2030 \P

and 2050, cognizant of limited indigenous resources, the impact of the Fukushima incident, and w/ \‘X\D
external pressures on energy supplies [5]. The plan reaffirms phﬁ apanese benchmarks for evaluating \QO(J

the energy system,-fxst—and-foremosts within the context of energy securi
efficiency, safety, and .a-eensideratiomof the environment (summarised 3
[FRETENEEE some parallels between the 3E+S goals and the Paris Agreg argets agreed to by L),< X .
Japan, the plan does not detail how the 2050 emission reduction target of 80% is to be @is &\‘

19

vagueness may be due to uncertainty regarding the economic feasibility of GHG emissions reduction
in each sector. It has been suggested\that electrification of a number of sectors will be required

1

chieve the ambitious 2050 target, underpinned by low-carbon technologies [6]. For the power

. .. . . d’c\l‘%a
sector to achieve such a target, near-zero emissions fclEequized, and early action g)existing

technologies is preferable to delayed action utilising future technologies [7]. It [§ likely that a m'ﬁd—m-j ‘>§tﬁ/
. v
4¢°

of current and emerging technologies will be employed to achieve carbon reduction targets in Japan
The strategies currently under consideratioar'l include reinvigorating nuclear power, deploying CCS to
fossil fuel power plants, and ushering in (t,be/ﬂydrogen economy based on renewable energy-based

electrolysis as well as hydrogen imports from abroad [6-§].

technologies, as well as their feasibility in meeting Japan’s carbon reduction goals, while being

\M‘ M . % The aim of this research B to investigate the likely suite of electricity generation and storage
)
o Mé

NG od
wy L

40

45

cognizant of energy policy, resource limitations, demand growth, emerging technologies, and economic
constraints using The Integrated MARKAL-EFOM System (TIMES) framework. Our dynamic
simulations of transition scenarios, which focus on minimising the cost of the transition while satisfying
CO- emission constraints, suggest potential economically feasible decarbonisation pathways that
meet the increasing near-term electricity demand. Additionally, the significance of key economic
parameters of emerging technologies [Eli@88essed through sensitivity analysis, in order to highlight
the most impactful parameters and hence guide research and development efforts focused on these

technologies.

2. Background and literature review

The Paris Agreement commits individual nations to significant carbon reduction over time
through the Intended Nationally Determined Contribution (INDC) mechanism [1]. Japan, as a
signatory to the Paris Agreements, has submitted an INDC with the following goals and timelines:
2013 levels by 2030, and reduce overall GHG emissions

gvelopment and diffusion of low-carbon technologies and W

I
.\ . o
transition to a low-carbon socio-economic structure” [1]. Aware of these targets, a number df authfgs o X
S W0 \!
LS O
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ave evaluated Japan’s future energy system using a variety of modelling approaches. Using the
MARKet ALlocation (MARKAL) model, considering the uncertainties of technology development,

Ozawa et al., found that hydrogen will play a major role in the future energy system, reliant

on both nuclear power and CCS to reduce electricity sector emissions to nearly zero by 2050 [9].

Recognising the benefits that renewable energy will play in reducing carbon emissions, and the issues
of intermittency of renewables, Li et al. explored the role of hydrogen as a storage medium through
power-to-gas (P2G) approaches in Kyushu, Japan. Their study identified that P2G can increase the
effective utilisation rate of renewable energy, and the use of hydrogen in the gas network, effectively
pairing the electricity and gas networks, overcomes current renewable electricity curtailment issues
[10]. Cognizant of the Japanese government’s strategic approach to carbon reduction out to 2050
via energy system reform, Chapman and Pambudi also identify a strong role for nuclear, renewables,
and hydrogen under a carbon constrained, optimal cost MARKAL/TIMES simulation approach
[11]. Considering Japan’s economic conditions and demographic trends, such as moderate GDP
growth and rapid aging, Kuriyama et al. suggest that 2030 targets can be met or exceeded (with
up to 42% GHG reduction) with limited renewable energy growth and a 15% contribution from
nuclear, or without nuclear, under a renewable growth scenario [12]. However, these trends and
energy system changes will likely be insufficient to meet the more ambitious 2050 targets. Taking a
more holistic view in line with the Japanese government’s 3E+S targets, ambitious research and
development to enable high levels of renewable deployment is necessary to not only meet deep
emission reduction goals, but to also reduce Japanese dependence on imported fuels, which would
affect both CCS and nuclear deployment rates into the future. Consensus on policy options and
priorities also has a large influence on modelling outcomes for the Low Carbon Navigator, which
assesses Japanese energy and emission options out to 2050 [13]. A seminal work by Sugiyama
et al. harmonises a number of modelling approaches for Japan’s long-term (up to 2050) climate
change mitigation options, utilising national and global general and partial equilibrium models
[14]. Model results are contrasted under six scenarios which incorporate a baseline, a range of
emissions reductions (50-80%), and regional obligations for global models (ibid.) under the Paris
Agreement target of an 80% reduction. Each of the models assessed recognise the importance of
renewable energy deployment by 2050, notably hydro, solar, and wind, with varying contributions

from nuclear energy and fossil fuels, predominantly natural gas. Additionally, for Japan, the option

of importing carbon-free hydrogen was identified as potentially playing a critical role [14-17, 17].

Many studies consider hydrogen a critical part of Japan’s low-carbon energy transition, as it can
improve energy security, it can be produced from multiple sources, and lacks emissions from fuel
combustion [18]. Global modelling efforts consider the incorporation of long-distance international
transport of hydrogen with end uses dominated by passenger and freight fuel cell vehicles (FCVs)
and power generation, via both mixed and direct combustion. Electricity from hydrogen is estimated

to emerge in Japan from 2030 onwards, as nuclear and coal-fired power generation reduce toward
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s 2050 [19]. From a policy standpoint, Japan has committed to achieving a hydrogen society, with the

S
primary goal of cost parity of hydrogen with competing fuels, which requires a three-fold reduction

\'\‘o)( in cost by 2030 and further reductions into the future [20]. Under the Basic Hydrogen Strategy,
G\;)‘ w)b"%g the Japanese government aims to realise low cost hydrogen use in power generation, mobility, and
a('/\ (\}} (\L; industry, develop international supply chains to ensure stable supply, expand renewable deployment,
\\\‘b '\CO\O o revitalise regional areas, and develop hydrogen related technologies [8]. The strategy aims to account
”"0 for both economic and geopolitical impacts and the need to prioritise research and development to
overcome the economic and technical challenges [20]. A common thread across previous research
is the uncertainty surrounding CCS, particularly with regard to scaling up and public acceptance
issues, and the role that nuclear energy will play, largely due to policy reform which occurred after

s the Fukushima nuclear accident [21]. . \
The model and the approach proposed in this research Meim;&hey build on the modelling
. consensus outlined in the literature review and expand the consideration of technologies by including
W emerging near-term alternatives, and potentially disruptive technologies post-2050. This work
L'J/y b.k leverages the dynamic simulation capabilities of TIMES [22] by incorporating learning curves for
) ‘g} ~\D° b'\bmo parameters such as investment and operation and maintenance (O&M) costs, efficiency, and emission
\é\y\{’y -\Qx} coefficients. Our model also incorporates life-cycle emissions of all conventional and emerging
\'a © 'd ~ technologieS, which™are typically neglected exter@his enables a more meaningful analysis of
0;;»0 the global warming potential of emergmg-techmotogies, as life-cycle emissions become significant
b YQ when considering deep emission reductions of the order of 80% from current levels. By modelling

NEONE
‘\y N " 15 the Japanese electricity supply system out to the year 2100, our aim is to detail the mid- to

long-term impacts of technological development and market penetration, and to identify the suite of

\Y

o
technologies which could underpin the successful achievement of carbon reduction.
3. Methodology

M
- L}@ ,,}1\ 3.1. TIMES Model Description
VWU AN
@{\‘/\ %\\ 110 TIMES models dynamic energy systems and simulates transition scenarios as a mixed-integer

mear optin@tion problem that is subject to a primary objective function and additional constraints

[22]. The generation, refinement, supply, storage, and trade of energy commodities across multiple

{\ sectors and multiple regions are modeled using a wide variety of in-built commodity and process

N \ types. Emissions can be associated with energy commodities or processes as an emission coefficient
@ '{"‘ us  per unit commodity produced or consumed.

\@x The objective function in our single-region model is the overall cost of the transition. The major

constraints in our simulations are the demand for electricity (Table 1), emission constraints on

the electricity-generation sector based on Japan’s Intended Nationally Determined Contribution

(INDC) (Table 2), and feasible nameplate capacity deployment limits (Table A.8). Miscellaneous

w""{%(;(ﬁ
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120 assumptions are summarised in Table A.10. In other words, our model minimises the transition cost

while meeting the increasing electricity demand and achieving the required emission cuts using a

combination of generation and storage technologies.

Wit

hile‘electricity demand in the near future is expected to grow [23], long-term electricity demand

in Japan is expected to plateau, or even decrease, due to Japan’s aging population. However,

s precisely quantifying this rate of decrease is challenging, as this reduction in population will likely be

accompanied by increased electrification of transportation and industrial sectors. Hence, post-2030,
we have as'sHmed a demand curve based on increased electrification driving increasing demand,

S
wémﬂﬁdvmmeventually plateauirg due to the aforementioned expected demographic changes.
fwmes e

mo
The By)'qa)agfnitial condition of the post-Fukushima Japanese electricity supply system is-eaptured—

1w using The Energy Data and Modelling Centre’s data from 2013-2016 [24]. Long term impacts of
factors such as the retirement of the existing nuclear reactor fleet and the deployment of emerging
technology is assessed by simulating the system until 2100. The carbon cost of each technology is
accounted for using an emission coefficient that incorporates both direct emissions and life cycle
emissions averaged over the entire operating lifetime for each technology.—as-eppticablé. The daily
135 and seasonal variability of renewables is incorporated using TIMES day-night and seasonal time

periods [22]. The availability of renewables varies during these time periods based on the annually

averaged capacity factors of renewables in Japan [24, 25].

Table 1: Electricity demand increase over the simulation time frame.

Year

Annual demand increase

2017-2030
2031-2050
2051-2070
2070-2100

1.7 % (23]
1.0 %
0.5 %
0.0 %

Table 2: Emission constraints.

Year Emission limit Base year Reduction from base year
438 Mt COaq-eq. 2013 26 %
75 Mt COz-eq. 1990 80 %
75 Mt COs-eq. 2050 0%

To explore possible pathways to curbing GHG emissions, we simulated five transition scenarios of

varying likelihoods, with different sets of technologies enabled for deployment, as described in Table

1w 3. The first set includes conventional technologies such as ultra-supercritical coal (USC), liquified

natural gas (LNG), solar photovoltaic, wind energy (with onshore, offshore-fixed, and offshore-

floating considered separately), and utility-scale lithium-ion battery storage. New deployments
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of oil-fuelled power plants are disabled due to the declining use of oil for electricity generation in
accordance with Japan’s goal of energy security and independence, as per the Basic Energy Plan.
us  The second set of technologies considered includes emerging carbon-neutral technologies that are
already commercia@d or close to commereiali@ion namely emerging solar photovoltaic (modelled
as a composite of perovskites and CdTe solar cells), CCS, and utility-scale hydrogen power. For
hydrogen power, steam reforming, steam reforming with CCS, alkaline electrolyser cells AECb
polymer electrolyte membrane electrolyser cells (PEMECs), polymer electrolyte membrane fuel cells
150 (PEMFCs), and solid oxide fuel cells (SQ_]E‘E_S)’V_veLe incoporated based on their technological potential.
Along with these two technology groups, we also explore the potential impact of nuclear energy.

4

0 ne
w’)}l 6%‘ Nuclear power has significant advantages over renewables d:;e-tae—}-t-s'l g operational lifetimes, and-
d )
M yo @( eonsequently_extremely low life-cycle emissions, and / hlgh capacity factor>, However, nuclear power
Ui P )

faces extremely low public acceptance in Japan after the Fukushima-Daiichi accident, therefore

M" (."W Qs its future in J apan is highly uncertain. Hence, transition scenarios with and without new nuclear

‘?( o k” reactor deployment must be juxtaposed to assess the importance of the role of nuclear in emission
(\ reduction. Finally, the long-term impact of nascent hydrogen technologies on the hydrogen economy
&3 is assessed in an additional scenario. In this scenario, the potential commercialisation of solid oxide

electrolyser cell (SOEC) and photochemical water splitting (PWS) post-2050 is explored in the
10 absence of new nuclear power.

Exogenous variables such as economic data, emission coefficients, nameplate capacity limits,

for fossil fuels and nuclear fuel azesineqrporated [26-28]. Learning curves for costs and life-cycle

‘(0 and growth rates are detailed in Tables A.7, A.8, and A.9 respectively. Prices and projections

based on expected scaling of manufacturing, availability of

\& (j\ ‘ 165 manufacturing materials, ard~the-use of clean energy for manufacturing energy system co Vrf)nents.
%

L\)@ These learning curves are modelled as linear functions interpolated between the data
\ - o with the @ plateauing at the latest value for a given parameter, as detailed in Table A.7. Capacity
\L; ‘ v OL:" limits of rénewables and PWS are based on their land-use requirements. The maximum annual
l.
N

X B\{\ capacity growth rates for existing technologies are held constant. The growth rate of nuclear power

Q\\/L'QI I wo is based on historic trends and gurrent pressure vessel manufacturing limitations [29]. The reactor
v"Of size assumed in this study4§ 1165 MWe. Due to a projected increase in the share ofme\s,

\f‘ nuclear power plants must be able to load-follow to a certain extent, which is approximated in

our model based on French reactors’ range of capacity factors. The growth rates of all emerging
technologies are modelled on the rates observed for solar photovoltaic technology, with rapid initial
s growth followed by gradual reduction, eventually reaching a moderate maximum attainable growth
rate. One notable exception is the maximum growth rate of emerging solar technologies, which we
have assumed to be the same as that of existing solar photovoltaic technologies. We assume that
these technologies, some of which are already commercia@d or close to commercial@ion, will

benefit immensely from the already streamlined solar photovoltaic manufacturing and supply chain.

)(o
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Therefore, they could be deployed as rapidly as conventional solar photovoltaic A

All hydrogen storage devices are operated with a maximum availability factor of 90%, making
them extremely flexible for load-following. Long-term storage of hydrogen is also available using
hydrogen tanks with appropriate loss factors [30]. For hydrogen electrolysers and fuel cells, life-cycle
emissions from just the stack are considered, as balance of plant (BOP) emissions from utility scale
hydrogen depend strongly on the type of plant and the source of energy used for electrolysis. Our
assumptions about the reduction in the investment costs and life-cycle emissions of batteries are
conservative due to the rising cost of cobalt and nickel, and lithium-ion battery manufacturing being

concentrated in high GHG-emitting nations, respectively [31-34].

Table 3: Electricity supply transition scenario definition.

Scenario Emerging tech. New nuclear Nascent tech.
enabled enabled enabled

1 No X No ¥ No X

2 No 7( Yes \/ No /X

3 Yes No X No X

4 Yes \/ Yes / No ¥

) Yes \/ No X Yes \/ 0

3.2. Sensitivity analysis

Hémﬁ) TN e

While the aforementioned scenarloe potentlal pathways that are hkely to result in deep

emission cuts, many parameters, such as the investment cost, life cycle emissions, and lifetimes, are

highly uncertain for novel technologies like CCS and hydrogen generation and conversion technologies.

Therefore, our sensitivity analysis is focused on investigating the impact of such parameters (Table
4). We analy@ the sensitivity of the share of each of these technologies in the electricity-generation
mixy and of the system transition cost with respect to these variables.

2 While there is significant uncertainty in the investment cost of nucle s. it
individual plants and not for the technology as a whole. Preliminary simulations also demonstrated
that nuclear power dominates the energy mix, and its share is fairly insensitive to perturbations

over known ranges of investment costs [35] due to its low life cycle emissions. Consequently, we

eliminated nuclear power’s investment cost as a candidate for sensitivity analysis. Furthermore,

Japan has been exploring low-emission alternatives to nuclear since the Fukushima Daiichi disaster.

In order to assess these potential alternatives which would otherwise be eliminated from the energy
mix if new nuclear reactors were deployed, we chose Scenario 5 (Table 3) as our base scenario for
sensitivity analysis. Ten model parameters were sampled 30 times from appropriate distributions

(Table 4). The parameter value at the first year of deployment (Table A.7) was varied, but the
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parameter’s learning curve was held constant throughout all scenarios. For example, a 20% change

in the deployment year (2030) investment cost of SOFCs with respect to the base case scenario

reduces their investment cost in 2050 by 20% as well. This makes learning-based cost-reductions

proportionate across all sensitivity analysis runs. These parameters were randomly co-varied in

30 simulations. The share of each electricity generation technology (as the ratio of cumulative

technology output to the cumulative electricity demand) and output of hydrogen technologies was

plotted versus each varying parameter to correlate the effect of these parameters with the penetration

of these technologies into the mix. A similar approach was also used to correlate these parameters

with the system’s transition cost.

Table 4: Candidate parameters and their variation in our sensitivity analysis.

Technology Sampled Distribution Distribution
Parameter Distribution Mean Range

PWS Investment Cost Gaussian 3088 $/kW +20% of-mean.
SOEC Investment Cost Gaussian 1388 $/kW +20% of pream.
PEMEC Investment Cost Gaussian 3800 $/kW +20% of-miean.
SOFC Investment Cost Gaussian 7399 $/kW +20% of wrean.
PEMFC Investment Cost Gaussian 7399 §/kW +20% ofarcan.
CCS Gas Investment Cost Gaussian 2626 $/kW +20% of-mean.
CCS Coal Investment Cost Gaussian 5252 §/kW +20% of meen.
PWS Emission Coefficient Triangular 1.08 g/kWh 0.2-5.405 g/kWh.
SOEC Emission Coefficient Triangular 1.08 g/kWh 0.2-5.405 g/kWh.
PWS Efficiency Triangular 0.525 0.5-0.58.
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4. ResultZ./

4.1. Transition Scenarios
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Figure 1: Scenario 1 results (conventional technologies without new nuclear). The plot at the top shows the electricity

generation mix used to meet the demand, the bottom-left figure shows the nameplate capacities of electricity generation

and storage technologies that are deployed to meet the demand, and the bottom-right figure shows the sources of

emission(direct and life cycle) resulting from this energy mix.
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Figure 2: Scenario 2 results (conventional technologies with new nuclear). The plot at the top shows the electricity
generation mix used to meet the demand, the bottom-left figure shows the nameplate capacities of electricity generation
and storage technologies that are deployed to meet the demand, and the bottom-right figure shows the sources of

emission(direct and life cycle) resulting from this energy mix.
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Figure 3: Scenario 3 results (emerging technologies without new nuclear). The plot at the top shows the electricity
generation mix used to meet the demand, the bottom-left figure shows the nameplate capacities of electricity generation
and storage technologies that are deployed to meet the demand, and the bottom-right figure shows the sources of

emission(direct and life cycle) resulting from this energy mix.
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Figure 4: Scenario 4 results (emerging technologies with new nuclear). The plot at the top shows the electricity
generation mix used to meet the demand, the bottom-left figure shows the nameplate capacities of electricity generation
and storage technologies that are deployed to meet the demand, and the bottom-right figure shows the sources of

emission(direct and life cycle) resulting from this energy mix.
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Figure 5: Scenario 5 results (emerging technologies and nascent hydrogen technologies without new nuclear). The
plot at the top shows the electricity generation mix used to meet the demand, the bottom-left figure shows the
nameplate capacities of electricity generation and storage technologies that are deployed to meet the demand, and the

bottom-right figure shows the sources of emission(direct and life cycle) resulting from this energy mix.

The results of each scenario (Table 3 for scenario definitions) are reported as annually aggregated
plots of (i) the electricity that is directly supplied to the end user, (ii) the active nameplate capacities
of generation and storage technologies, and (iii) the resulting emissions (direct and life cycle) from
each technology. The first plot of each scenario shows a large degree of variation as generated
electricity is diverted from multiple sources to storage technologies instead of being supplied directly
to the end user. The output of some technologies also varies due to their ability to load-follow. The
second plot describes the transitions in terms of capacities, highlighting the effect of the capacity
factor of intermittent versus base-load technologies. The third plot details the sources of direct and
averaged life-cycle emissions from each source.

In Scenario 1 (Figure 1), the model is able to meet 2030 emission goals but fails to achieve
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the 2050 target by a margin of 25 Mt. Emissions continue to increase by another 25 Mt by 2100,
primarily due to life cycle emissions from lithium-ion storage. As in all other scenarios, coal and oil
must be retired by 2030. Natural gas sees rapid growth in the near-term, but complete retirement
by 2055. Once deep emission cuts have been achieved, new natural gas is deployed again from

2071 onwards for its load-following capabilities. All existing nuclear power plants must be r ted

T
by 2022 at full operating capacity. With renewable energy as the only option for decarbogisatyon,

significant investments in solar, onshore wind, offshore wind (both fixed-bottom and floating), and
lithium-ion storage are necessary. The presence of a large share of renewables results in significant
overgeneration of electricity during some years. The amount of electricity diverted to storage
technologies over the entire simulation time frame is 46,342 TWh, primarily from solar (36%),

oatjng offshore wind (12%). The total

’?lm%c creid o o

emission targets are achieved, and a further emission reduction of 12 Mt occurs by 2100. The model
chooses to rapidly deploy nuclear power plants at the maximum allowed growth rate despite the
high investment cost of nuclear due to its low life-cycle emissions. This nuclear-driven reduction in
emissions allows natural gas power plants to operate until 2100. The share of renewables deployed
during this transition reduces dramatically. This, combined with the load-following capabilities of
natural gas plants and nuclear reactors, drastically decreases the capacity of lithium-ion storage
deployed. 12,220 TWh of electricity is diverted to storage, primarily from nuclear (46%), solar
(41%), and onshore wind (8%). The total transition cost of this scenario is the lowest, at 2.66
trillion USD.

Using emerging technologies without new nuclear power (Figure 3), the model is able to meet
both the 2030 and 2050 emission reduction goals, but no further decarbo#;htion occurs after 2050.
The results highlight the need to restart Japan’s existing nuclear power plants at full capacity by
2030 in such a scenario. The deep emission cuts achieved through renewables, hydrogen, and CCS
allow the model to keep using LNG until 2100. Expansion of solar and onshore wind, along with a
modest deployment of lithium-ion batteries and natural gas with CCS, helps the model meet 2030
emission goals. After that, the model relies primarily on renewables and hydrogen to curb emissions.
Rapid investment in hydrogen storage from 2030 onwards allows effective utilisation of renewables
and precludes investment in offshore floating wind power. LNG-based CCS plays a modest role as
an intermediate technology before the model can complete the transition to utility-scale hydrogen.
Between 2032-2077, the model generates 2,328 TWh of electricity from CCS technology, which is
2% of the electricity generated over the entire simulation time frame. This results in 872 Mt of COq
being captured, which is well within the estimated 156 Gt COq reservoir limit for Japan [36]. As the
existing photovoltaic technology approaches the end of its lifetime and emerging solar technologies

become cheaper and more efficient, they rapidly replace existing solar power, benefiting from the
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existing solar manufacture and supply chains. A total of 43,879 TWh of generated electricity is
diverted to storage, primarily from solar and emerging solar technologies (48%), fixed bottom
offshore wind (28%), and onshore wind (20%). Much of this is used to generate 35,478 TWh worth
of hydrogen, initially from alkaline electrolysis(1%), but rapidly transitioning to PEM electrolysis
(99%) due to its greater efficiency and increasing cost-effectiveness. The cost of this transition is
3.19 trillion USD.

Deploying both emerging technologies with new nuclear reactors (Figure 4) results in rapid
decarbonigatjon. Both 2030 and 2050 emission targets are met, and an additional emissions reduction
of 32 Mt occurs by 2100. The deployment of 50 MW nuclear obviates the need to invest in offshore
wind, lithium-ion storage, and CCS. Hydrogen plays a significant role in decarbonisation, but it is
deployed from 2035 onwards instead of 2030, as in Scenario 3. The amount of electricity diverted to
storage technologies is 29,733 TWh, primarily from solar and emerging solar technologies (62%),
onshore wind (20%), and nuclear (13%). From this, 24,264 TWh of hydrogen is generated, produced
entirely from PEM electrolysis, as there was no urgency to deploy AEC as in Scenario 3. The cost
of this transition is 2.80 trillion USD.

The fifth scenario’s results (Figure 5) closely resemble those of the third scenario (Figure 3).
However, SOECs rapidly replace a large fraction of aging PEMECs, starting from 2055. Some
PEMECSs remain in the mix until 2100 despite their lower efficiency due to their lower cost. Both
2030 and 2050 emission targets are met, but no additional emission reductions occur beyond 2050.
The amount of electricity diverted to storage technologies is 41,752 TWh, primarily from solar and
emerging solar technologies (48%), onshore wind (28%), and fixed-bottom offshore wind (20%).
From this, 35,550 TWh of hydrogen is generated, mostly from SOEC (56%), and PEMEC (43%).
AEC contributes a mere 0.95% of the total hydrogen, and PWS plays the smallest role at 0.05%.

The cost of this transition is 3.18 trillion USD. >

Mo s fo Soonary dontenes
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4.2. Sensitivity analysis
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Figure 6: Sensitivity analysis for overall transition cost vs. solid oxide fuel cell capital costs.
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Figure 7: Sensitivity analysis results for electricity supply shares of solid oxide fuel cells (top) and carbon capture and

sequestration natural gas plants (bottom) vs solid oxide fuel cell capital costs.

Results from our sensitivity analysis are partially presented in Figures 6 and 7, whereas the

complete results are in in the appendix (Figs. B.9-B.13). The overall transition cost is strongly

correlated with the investment cost of SOFCs (Figure 7). This follows from the large share of SOFCs,

as they are the most important low-carbon technology for storing renewable power, yet they are

the most expensive technology available to the model. In the absence of new nuclear deployments,

SOFCs are irreplaceable, and their share is largely fixed. In analysing the sensitivity of the output
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of electricity generation technologies (Figure 7), we unsurprisingly found the output of SOFCs most
strongly correlated with their own capital costs. However, the output of CCS with natural gas was
also most strongly correlated with the investment cost of SOFCs, rather than the investment cost of
CCS gas itself. The share of CCS with natural gas is also relatively small (indicated by the y-values
in Figure 7), about 2-3%. This is because CCS gas deployment increases only marginally as fuel cells
deployment decreases due to increasing fuel cell cost. Therefore, the role of CCS with natural gas is
that of a secondary stopgap technology that is deployed when other decarbonisation alternatives
are uneconomical. This is due to the large life-cycle and direct emissions of CCS gas compared to
renewables and hydrogen technologies.

Remaining results indicate that PEMFCs are never utilised because of their low efficiency
compared to SOFCs, and CCS coal plants are never deployed due to their high emission coefficient
e B.
ulation’s time—peris opposed to SOECs which generate 19,500-22,500 TWh,
and PEMECs, which generate 12,000-16,000 TWh of hydrogen, respectively. The share of PWS was

PWS plays a minor role in generating 0-20 TWh of hydrogen over the entire

found to be strongly correlated with its investment cost, with $3300/kW the approximate threshold
at which this technology ceases to be cost-competitive (Figure B.9). PWS deployment is also weakly
correlated with the splitting efficiency; values over 21% seem most favourable. The PWS emission
coefficient is too small to have an impact on the overall emissions of the system considering PWS’s
small deployment. Hence its emission coeflicient does not appreciably affect PWS deployment.
Since PEMFCs, CCS coal, and PWS are not deployed in quantities significant enough to affect the
model’s performance, they are omitted as potential dependent variables for the rest of the sensitivity
analysis.

For hydrogen generating technologies (Figure B.10), the SOEC output is most strongly correlated
with the SOEC investment cost. However, SOEC output is affected insignificantly by the perturbation
applied to its investment cost. SOEC deployment is largely insensitive to its emission coefficient as
its contribution to overall emissions is negligible. This highlights SOEC’s vital role in the transition.
PEMEC (Figure B.11) deployment is also most noticeably affected by its respective investment
costs, but also by the investment cost of SOECs - as SOECs become more expensive, PEMECs

emerge as the natural replacement.

5. Discussion

As the results of all base case scenarios indicate, rapid retirement of fossil fuels and deployment
of carbon neutral technologies is urgently required to achieve emission reduction targets in Japan.
All coal and oil plants need to be shut down between 2025-2030, and natural gas use must be reduced
dramatically. It is also imperative that the existing nuclear reactors be operated at full capacity

by 2022. Since hydrogen plays a key role in zero to moderate nuclear deployment scenarios (Figs.
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3 and 4), it appears prudent to invest in hydrogen power. As the model uses learning curves for
technology prices, and our objective function is transition cost, hydrogen technologies are deployed
as late as possible to minimise costs by utilising technologies at their cheapest, while there is still
time to deploy them and achieve emission goals. Therefore, results indicate that it is imperative
that Japan deploy an increasing amount of renewables, including wind power, between 2020-2030,
and be prepared to deploy and rapidly scale up hydrogen power by 2030 at the latest in the absence
of new nuclear, or by 2035 with new nuclear.
naximunm 7

The scenario with the lazeest nuclear deployment, Scenario 2, also has the lowest transition cost.
When used with hydrogen, 50 MW of new nuclear results in the greatest reduction in emissions
after 2050 out of all 5 scenarios. It also reduces the cost of the transition from 3.18 trillion USD in
Scenario 3 to 2.80 trillion USD in Scenario 4, a difference of 12% of the system cost. The estimated
savings in cost and emissions due to nuclear are conservative, as we have not incorporated the cost
of transporting hydrogen utilising tankers or pipelines. The large emission cuts achieved with the
help of nuclear also allow natural gas to continue operating until 2100 while meeting emission goals.
As natural gas is well suited to peaking and load-following, when coupled with flexible fuel cell
technologies, it could engender in an extremely stable energy system.

For the transitioning energy system in Japan, under all scenarios investigated, nuclear plays a
key role in reducing emissions. A potential strategy for Japan could include the reinvigoration of
its nuclear energy sector by restarting existing plants and, if politically feasible, constructing new
plants and investing in advanced reactor research. To minimise the environmental impact from life
cycle emissions, it is necessary that all existing and any new reactors be operated for a lifetime of 60
years or more at a high capacity factor. Premature decommissioning due to operational problems or
lack of public acceptance need to be avoided. Therefore, priori@)ﬂg reactor safety for resilience to
disasters and in order to regain the public’s trust in nuclear power, and increasing public awareness
of nuclear’s vital role in mitigating carbon emission are key to achieving 2030 and 2050 emission
targets.

In all scenarios, solar and wind supply a large portion of the electricity demand. Unless large
numbers of nuclear power plants are constructed, Japan will need to invest heavily in offshore wind
farms by 2030 (Figs. 1, 3-5). If hydrogen and CCS are not deployed by 2035, investment in offshore
floating turbines may also become necessary (Fig. 1). In a scenario with a relatively large share
of renewables, grid flexibility becomes extremely important. Such a scenario requires significant
investment in storage technologies and ensuring that all emerging technologies are flexible and
responsive. As natural gas is the only extant option for prompt load-following, it is necessary to
invest in nuclear or hydrogen to achieve emission cuts while simultaneously keeping natural gas
operational. Additionally, any nuclear power plants and fossil fuel power plants which use CCS
must be able to load-follow or be coupled to storage, ideally electrolysers, in order to store excess

electricity for peak demand, and potentially utilise waste heat for hydrogen generation. Any fuel
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cell technology utilised must also be extremely flexible and responsive. Since the model prioritises
SOFCs over PEMFCs due to their higher efficiency, it is important that SOFCs reduce their startup

times to have an edge over PEMFCs in utility-scale applications.

afe '/we,r
Lithium-iongs the preferred”storage thedium in the absence of hydrogen. However, as the base

case scenarios indicate, extremely large capacities of storage must be deployed to achieve a stable
grid that can sustain the large capacities of renewables required for deep emission cuts. While
lithium may be available, cobalt and manganese reserves are limited [33, 34, 37] , which may inflate
the prices of lithium-ion storage if it is relied upon as the primary storage medium. It may be
preferable to redesign batteries to reduce the amount of rare minerals used in their manufacturing
and improve recycling to increase the recovery rate of rare metals. The life cycle emissions from
batteries must also be reduced by using cleaner materials and electricity for manufacturing. If

hydrogen storage is available, battery storage serves as a near-term transition technology after which

hydrogen storage dominates (Figs. 3-5). Z,‘Vp
After nuclear, hydrogen power emerges as the second most i technology for achieving

2050 emission goals. As seen in the sensitivity analysis results, hydrogen maintains a significant

share of the electricity mix despite a wide range of perturbations to key parameters of the hydrogen
sector. While SOFCs and SOECs are preferred over PEMFCs and PEMECs in all of our simulations,
the role of hydrogen is so important that if SOFC or SOEC deployment is disabled, the model

replaces them with inferior PEMFCs or PEMECs, respectively, to recreate similar energy mixes.

0
Key technologies that aid in decarbonisation in our simulations are SOFCs and PEMECs, which are &%{ g‘u}
close to maturation. Steam reforming, with or without CCS, does not get utilised in our simulations \0 0
due to its high emission coefficient. At the lower end of the technology readiness scale, SOECs C

emerge as tremendously disruptive due to their high efficiency. However, their operational lifetimes
need to be increased significantly, life cycle emissions must be kept low, and cost-competitiveness
with PEMECs must be achieved in order to realise their potential. PWS plays a marginal role as i
is not cost-competitive with electrolysis. From the sensitivity analysis results, the investment cost o
SOFCs emerges as a critical parameter. Therefore it is vital to reduce fuel cell investment costs t
make deep emission reduction economically feasible. Low response times and high availability o
fuel cells and electrolysers are two other desirable traits that are implicit in our assumptions. If
SOFCs are not as flexible as assumed, they are replaced in our simulations by PEMFCs, which are
known to be more flexible. Hence, our results show that the more flexible and responsive hydrogen
technologies will be dominant in a renewable energy-based transition. In Scenarios 3 and 4, solar,
wind, and nuclear are used to generate hydrogen. It would be economically favourable to couple
utility-scale renewables and nuclear power plants with electrolysis plants. The use of waste heat
from nuclear to produce hydrogen would reduce reliance on renewables for electrolysis, and mitigate
intermittency-related grid-stability issues.

CCS plays a small role in our base case scenarios as a transitional technology. Despite being
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cheaper than hydrogen, its share is found to be largely insensitive to its investment costs as evidenced

ws by the sensitivity analysis. This is mainly due to the large emission coefficient of CCS with natural

gas. Marginal gains are expected in CCS penetration if the capture efficiency is increased to reduce its

direct emissions. Reducing indirect emissions is likely to have a greater impact on CCS penetration.

Q‘I\\ﬁ \\\\‘ This could be achieved by increased electrification of the industrial sector and the use of hydrogen
\\\ 0*"’& to produce steel.

¥
" &3}‘» W 7( 0},,0-/ 410 Although our analysis relies on optimal solutions and scenarios and is technologically agnostic,
W

t‘\% é/ (AP‘\Q\ policy makers in Japan will face difficult decisions as to the long-term nature of the low-carbon

uclear energy and reap the benefits of inexpensive,

%\b ‘3}{‘\0 0.(' p energy system. One approach co

03‘3(}(\(\5 \}3('2) low-carbon ener
\

the cost of achieving consensus fr e public for its long-term deployment

AN

R S and use. Another low carbon energy pathway proposed by our results is a transition toward a
a5 hydrogen economy, utilising hydrogen as a storage medium to engender significant deployment of
\\Q‘) renewable energy., The hydrogen pathway also provides more energy security, obviating the use of
oil and mitigating the use of natural gas. As social opposition tq 6 a prominent

(Y
N\‘? \‘\6\ issue in Japan, the deployment of a parallel nuclear and hydrogen-based energy system is unlikely.
(’W{ \’L’ Nonetheless, our results indicate that these two approaches are not mutually exclusive. The cost of
WQ,\ /8(\ a0 transitioning to a hydrogen energy system without deploying any new nuclear is much higher than
\(') \{ that of any of the nuclear-inclusive options. Deploying nuclear in tandem with hydrogen provides a
0(\)39‘ cost-effective compromise. An approach reliant on a mature technology like nuclear also improves the
Q likelihood of Japan meeting its 2050 emission goals, as the timely success of the Japanese hydrogen

plan is far from certain. At the very least, as is the case for CCS and fossil fuels, nuclear power
s may offer a ”bridging” option, providing a low-carbon pathway in the short-term through extended
nuclear lifetimes and limited new builds, allowing sufficient time for the maturation of hydrogen and
renewable-based energy options for long-term deployment. If supported politically, long-term use of
nuclear power could provide emission cuts well beyond the 2050 targets. Policy which is cognizant of
these economic, environmental, and social aspects of energy systems is required to deliver a low-cost,

a0 low-carbon energy future for Japan which is socially acceptable.

6. Conclusion

We simulated five transition scenarios which assess potential pathways to meeting 2030 and
2050 emission targets within the Japanese electricity supply system and their long-term impact

up to 2100. Scenario 1 (Figure 1) proved that meetine ton_goals without new nuclear or new

a5 low-emission technologies is infeasible, and such anf\endeavour j likely to be an expensive failure.
The remaining scenarios demonstrate that emission goals can be met by either investing heavily in
nuclear (Figure 2), investing heavily in hydrogen (Figs. 3 and 5), or using a combination of both

(Figure 4). Scenarios that incorporate nuclear are the most cost-effective, and using a combination
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of nuclear and hydrogen leads to the greatest emission reduction post-2050. Key technologies
that emerge from are results include nuclear power and hydrogen from renewables, while CCS
with natural gas and photochemical water splitting (PWS) play a nominal role. CCS with coal,
steam reforming with or without CCS, new coal, and new oil are not utilised due to their high
direct and life-cycle emissions. Our analysis indicates that while politically challenging, a hybrid
nuclear-hydrogen strategy is economically feasible and results in long-term emission reduction. Such
a multifaceted approach to emission reduction is also likely to improve decarboryfsalion outcomes
since the commercifilisatjon and deployment of hydrogen in time to meet 2030 and 2050 emission
goals is uncertain.

Mitigating emissions from the industrial and transportation sector presents unique challenges
that may affect the amount of emission reduction required from the electricity supply sector to
meet Japan’s 2030 and 2050 goals. Future work should incorporate holistic assessment of the entire
Japanese energy system when exploring energy transition pathways. The assessment of synergistic
utilisation of hydrogen in transportation and industry alongside electricity storage and supply is vital
for policy decisions. The effect of transportation media such as trucks and pipelines on hydrogen
and CCS is also worth investigating. Finally, economic feasibility analyses with respect to national
budget requirements and projected GDP trends must also be conducted to improve decarbonisation

strategies, improve social outcomes, and delineate investment goals for the energy sector.

7. Declaration of Competing Interest

The authors declare no conflict of interest.

8. Acknowledgments

The author(s) gratefully acknowledge the support of the International Institute for Carbon
Neutral Energy Research (WPI-I2CNER), sponsored by the Japanese Ministry of Education, Culture,
Sports, Science and Technology. We are also grateful to Kenshi Itaoka and Hadi Farabi-Asl for
providing valuable discussions related to this project, and to Gavin Davis and Nataly Panczyk for
editing drafts.

The authors contributed to this work as described below.

Anshuman Chaube designed simulation models, conducted sensitivity analysis, and wrote the
original draft of the paper.

Andrew Chapman conceived and contributed to conception of the simulations, designed simulation
models, and wrote the original draft of the paper.

Akari Minami translated data from Japanese to English, and assisted with testing and performing

simulations.

22


Kdh

Kdh


480

485

495

500

James Stubbins supervised the work, conceived and contributed to conception of the simulations,
and reviewed drafts of the paper.

Kathryn D. Huff supervised the work, conceived and contributed to conception of the simulations,
and reviewed drafts of the paper. Prof. Huff is supported by the Nuclear Regulatory Commission
Faculty Development Program, the National Center for Supercomputing Applications, the Interna-
tional Institute for Carbon Neutral Energy Research (WPI-I2CNER), sponsored by the Japanese
Ministry of Education, Culture, Sports, Science and Technology, and DOE ARPA-E MEITNER
program award DE-AR0000983.

References

[1] United Nations Framework Convention on Climate Change (UNFCCC), Submission of Japan’s
Intended Nationally Determined Contribution, Indc.
URL http://www4.unfccc.int/Submissions/INDC/PublishedDocuments/Japan/1/
20150717 _Japan’ sINDC.pdf

[2] M. Ge, J. Friedrich, 4 Charts Explain Greenhouse Gas Emissions by Countries and Sectors,
World Resources Institute.

URL https://www.wri.org/blog/2020/02/greenhouse-gas-emissions-by-country-sector

[3] International Energy Agency, The latest trends in enrgy and emissions in 2018, Routledge,
2019, publication Title: The latest trends in enrgy and emissions in 2018. doi:10.4324/
9781315252056.

URL https://www.taylorfrancis.com/books/9781315252056

[4] Japan’s Fifth Strategic Energy Plan (provisional translation), Tech. rep., Ministry of Economy,
Trade, and Industry (METI), Ministry of Economy, Trade, and Industry (METT) (2018).
URL https://www.enecho.meti.go.jp/en/category/others/basic_plan/5th/pdf/

strategic_energy_plan.pdf
[5] METI, Annual Report on Energy, Tech. rep., Agency for Natural Resources and Energy (2018).

[6] Y. Matsuo, S. Endo, Y. Nagatomi, Y. Shibata, R. Komiyama, Y. Fujii, A quantitative analysis
of Japan’s optimal power generation mix in 2050 and the role of CO2-free hydrogen, Energy
165 (2018) 1200-1219, publisher: Elsevier Ltd. doi:10.1016/j.energy.2018.09.187.

URL https://doi.org/10.1016/j.energy.2018.09.187

[7] S. Ashina, J. Fujino, T. Masui, T. Ehara, G. Hibino, A roadmap towards a low-carbon
society in Japan using backcasting methodology: Feasible pathways for achieving an 80%

reduction in CO 2 emissions by 2050, Energy Policy 41 (2012) 584-598, publisher: Elsevier.

23


http://www4.unfccc.int/Submissions/INDC/Published Documents/Japan/1/20150717_Japan's INDC.pdf
http://www4.unfccc.int/Submissions/INDC/Published Documents/Japan/1/20150717_Japan's INDC.pdf
http://www4.unfccc.int/Submissions/INDC/Published Documents/Japan/1/20150717_Japan's INDC.pdf
http://www4.unfccc.int/Submissions/INDC/Published Documents/Japan/1/20150717_Japan's INDC.pdf
http://www4.unfccc.int/Submissions/INDC/Published Documents/Japan/1/20150717_Japan's INDC.pdf
http://www4.unfccc.int/Submissions/INDC/Published Documents/Japan/1/20150717_Japan's INDC.pdf
https://www.wri.org/blog/2020/02/greenhouse-gas-emissions-by-country-sector
https://www.wri.org/blog/2020/02/greenhouse-gas-emissions-by-country-sector
https://www.taylorfrancis.com/books/9781315252056
http://dx.doi.org/10.4324/9781315252056
http://dx.doi.org/10.4324/9781315252056
http://dx.doi.org/10.4324/9781315252056
https://www.taylorfrancis.com/books/9781315252056
https://www.enecho.meti.go.jp/en/category/others/basic_plan/5th/pdf/strategic_energy_plan.pdf
https://www.enecho.meti.go.jp/en/category/others/basic_plan/5th/pdf/strategic_energy_plan.pdf
https://www.enecho.meti.go.jp/en/category/others/basic_plan/5th/pdf/strategic_energy_plan.pdf
https://www.enecho.meti.go.jp/en/category/others/basic_plan/5th/pdf/strategic_energy_plan.pdf
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.energy.2018.09.187
http://dx.doi.org/10.1016/j.energy.2018.09.187
https://doi.org/10.1016/j.energy.2018.09.187
http://dx.doi.org/10.1016/j.enpol.2011.11.020
http://dx.doi.org/10.1016/j.enpol.2011.11.020
http://dx.doi.org/10.1016/j.enpol.2011.11.020
http://dx.doi.org/10.1016/j.enpol.2011.11.020
http://dx.doi.org/10.1016/j.enpol.2011.11.020

505

510

515

520

525

530

535

[13]

[14]

d0i:10.1016/j.enpol.2011.11.020
URL http://dx.doi.org/10.1016/j.enpol.2011.11.020

Basic Hydrogen Plan, Tech. rep., Ministry of Economy, Trade, and Industry (METI) (2017).
URL https://wuw.meti.go.jp/english/press/2017/pdf/1226_003a.pdf

A. Ozawa, Y. Kudoh, A. Murata, T. Honda, I. Saita, H. Takagi, Hydrogen in low-carbon
energy systems in Japan by 2050: The uncertainties of technology development and im-
plementation, International Journal of Hydrogen Energy 43 (39) (2018) 18083-18094. doi:
10.1016/j.ijhydene.2018.08.098.

Y. Li, W. Gao, Y. Ruan, Potential and sensitivity analysis of long-term hydrogen production
in resolving surplus RES generation—a case study in Japan, Energy 171 (2019) 1164-1172,
publisher: Elsevier Ltd. doi:10.1016/j.energy.2019.01.106.

URL https://doi.org/10.1016/j.energy.2019.01.106

A. J. Chapman, N. A. Pambudi, Strategic and user-driven transition scenarios: Toward a
low carbon society, encompassing the issues of sustainability and societal equity in Japan.,
Journal of Cleaner Production 172 (2018) 1014-1024, publisher: Elsevier Ltd. doi:10.1016/j.
jclepro.2017.10.225.

URL https://doi.org/10.1016/j.jclepro.2017.10.225

A. Kuriyama, K. Tamura, T. Kuramochi, Can Japan enhance its 2030 greenhouse gas emission
reduction targets? Assessment of economic and energy-related assumptions in Japan’s NDC,
Energy Policy 130 (April) (2019) 328-340, publisher: Elsevier Ltd. doi:10.1016/j.enpol.
2019.03.055.

URL https://doi.org/10.1016/j.enpol.2019.03.055

M. Moinuddin, A. Kuriyama, Japan 2050 Low Carbon Navigator : Possible application for
assessing climate policy impacts, Energy Strategy Reviews 26 (May 2018) (2019) 100384100384,
publisher: Elsevier. doi:10.1016/j.esr.2019.100384.
URL https://doi.org/10.1016/j.esr.2019.100384

M. Sugiyama, S. Fujimori, K. Wada, S. Endo, Y. Fujii, R. Komiyama, E. Kato, A. Kurosawa,
Y. Matsuo, K. Oshiro, F. Sano, H. Shiraki, Japan’s long-term climate mitigation policy: Multi-
model assessment and sectoral challenges, Energy 167 (2019) (2019) 1120-1131, publisher:
Elsevier Ltd. doi:10.1016/j.energy.2018.10.091.

URL https://doi.org/10.1016/j.energy.2018.10.091

K. Akimoto, F. Sano, T. Homma, J. Oda, M. Nagashima, M. Kii, Estimates of GHG emission
reduction potential by country, sector, and cost, Energy Policy 38 (7) (2010) 3384-3393,

24


http://dx.doi.org/10.1016/j.enpol.2011.11.020
http://dx.doi.org/10.1016/j.enpol.2011.11.020
https://www.meti.go.jp/english/press/2017/pdf/1226_003a.pdf
https://www.meti.go.jp/english/press/2017/pdf/1226_003a.pdf
http://dx.doi.org/10.1016/j.ijhydene.2018.08.098
http://dx.doi.org/10.1016/j.ijhydene.2018.08.098
http://dx.doi.org/10.1016/j.ijhydene.2018.08.098
https://doi.org/10.1016/j.energy.2019.01.106
https://doi.org/10.1016/j.energy.2019.01.106
https://doi.org/10.1016/j.energy.2019.01.106
http://dx.doi.org/10.1016/j.energy.2019.01.106
https://doi.org/10.1016/j.energy.2019.01.106
https://doi.org/10.1016/j.jclepro.2017.10.225
https://doi.org/10.1016/j.jclepro.2017.10.225
https://doi.org/10.1016/j.jclepro.2017.10.225
http://dx.doi.org/10.1016/j.jclepro.2017.10.225
http://dx.doi.org/10.1016/j.jclepro.2017.10.225
http://dx.doi.org/10.1016/j.jclepro.2017.10.225
https://doi.org/10.1016/j.jclepro.2017.10.225
https://doi.org/10.1016/j.enpol.2019.03.055
https://doi.org/10.1016/j.enpol.2019.03.055
https://doi.org/10.1016/j.enpol.2019.03.055
http://dx.doi.org/10.1016/j.enpol.2019.03.055
http://dx.doi.org/10.1016/j.enpol.2019.03.055
http://dx.doi.org/10.1016/j.enpol.2019.03.055
https://doi.org/10.1016/j.enpol.2019.03.055
https://doi.org/10.1016/j.esr.2019.100384
https://doi.org/10.1016/j.esr.2019.100384
https://doi.org/10.1016/j.esr.2019.100384
http://dx.doi.org/10.1016/j.esr.2019.100384
https://doi.org/10.1016/j.esr.2019.100384
https://doi.org/10.1016/j.energy.2018.10.091
https://doi.org/10.1016/j.energy.2018.10.091
https://doi.org/10.1016/j.energy.2018.10.091
http://dx.doi.org/10.1016/j.energy.2018.10.091
https://doi.org/10.1016/j.energy.2018.10.091
http://dx.doi.org/10.1016/j.enpol.2010.02.012
http://dx.doi.org/10.1016/j.enpol.2010.02.012
http://dx.doi.org/10.1016/j.enpol.2010.02.012

540

545

550

555

560

565

[16]

(18]

[19]

[21]

publisher: Elsevier. doi:10.1016/j.enpol.2010.02.012.
URL http://dx.doi.org/10.1016/j.enpol.2010.02.012

Y. Matsuo, A. Yanagisawa, Y. Yamashita, A global energy outlook to 2035 with strategic
considerations for Asia and Middle East energy supply and demand interdependencies, Energy
Strategy Reviews 2 (1) (2013) 79-91, publisher: Elsevier Ltd. doi:10.1016/j.esr.2013.04.
002.

URL http://dx.doi.org/10.1016/j.esr.2013.04.002

K. Oshiro, T. Masui, Diffusion of low emission vehicles and their impact on CO2 emission
reduction in Japan, Energy Policy 81 (2015) 215-225, publisher: Elsevier. doi:10.1016/j.
enpol.2014.09.010.

URL http://dx.doi.org/10.1016/j.enpol.2014.09.010

S. Tida, K. Sakata, Hydrogen technologies and developments in Japan, Clean Energy 3 (2)
(2019) 105-113. doi:10.1093/ce/zkz003.

Y. Ishimoto, A. Kurosawa, M. Sasakura, K. Sakata, Significance of CO2-free hydrogen globally
and for Japan using a long-term global energy system analysis, International Journal of Hydrogen
Energy 42 (19) (2017) 13357-13367, publisher: Elsevier Ltd. doi:10.1016/j.ijhydene.2017.
02.058.

URL http://dx.doi.org/10.1016/j.1ijhydene.2017.02.058

M. Nagashima, Japan’s hydrogen strategy and its economic and geopolitical implications,
Institut francais des relations internationales, 2018, issue: October Pages: 75.
URL https://www.ifri.org/en/publications/etudes-de-1lifri/

japans-hydrogen-strategy-and-its-economic-and-geopolitical-implications

K. Oshiro, K. Gi, S. Fujimori, H. L. van Soest, C. Bertram, J. Després, T. Masui, P. Rochedo,
M. Roelfsema, Z. Vrontisi, Mid-century emission pathways in Japan associated with the
global 2 °C goal: national and global models’ assessments based on carbon budgets, Climatic
Changedoi:10.1007/510584-019-02490-x.

URL http://link.springer.com/10.1007/s10584-019-02490-x

R. Loulou, ETSAP-TIAM: the TIMES integrated assessment model. part II: mathemati-
cal formulation, Computational Management Science 5 (1-2) (2008) 41-66. doi:10.1007/
s10287-007-0045-0.

URL https://1link.springer.com/article/10.1007/s10287-007-0045-0

Electricity Review Japan 2019, Tech. rep., The Federation of Electric Power Companies of
Japan (2019).

25


http://dx.doi.org/10.1016/j.enpol.2010.02.012
http://dx.doi.org/10.1016/j.enpol.2010.02.012
http://dx.doi.org/10.1016/j.esr.2013.04.002
http://dx.doi.org/10.1016/j.esr.2013.04.002
http://dx.doi.org/10.1016/j.esr.2013.04.002
http://dx.doi.org/10.1016/j.esr.2013.04.002
http://dx.doi.org/10.1016/j.esr.2013.04.002
http://dx.doi.org/10.1016/j.esr.2013.04.002
http://dx.doi.org/10.1016/j.esr.2013.04.002
http://dx.doi.org/10.1016/j.enpol.2014.09.010
http://dx.doi.org/10.1016/j.enpol.2014.09.010
http://dx.doi.org/10.1016/j.enpol.2014.09.010
http://dx.doi.org/10.1016/j.enpol.2014.09.010
http://dx.doi.org/10.1016/j.enpol.2014.09.010
http://dx.doi.org/10.1016/j.enpol.2014.09.010
http://dx.doi.org/10.1016/j.enpol.2014.09.010
http://dx.doi.org/10.1093/ce/zkz003
http://dx.doi.org/10.1016/j.ijhydene.2017.02.058
http://dx.doi.org/10.1016/j.ijhydene.2017.02.058
http://dx.doi.org/10.1016/j.ijhydene.2017.02.058
http://dx.doi.org/10.1016/j.ijhydene.2017.02.058
http://dx.doi.org/10.1016/j.ijhydene.2017.02.058
http://dx.doi.org/10.1016/j.ijhydene.2017.02.058
http://dx.doi.org/10.1016/j.ijhydene.2017.02.058
https://www.ifri.org/en/publications/etudes-de-lifri/japans-hydrogen-strategy-and-its-economic-and-geopolitical-implications
https://www.ifri.org/en/publications/etudes-de-lifri/japans-hydrogen-strategy-and-its-economic-and-geopolitical-implications
https://www.ifri.org/en/publications/etudes-de-lifri/japans-hydrogen-strategy-and-its-economic-and-geopolitical-implications
https://www.ifri.org/en/publications/etudes-de-lifri/japans-hydrogen-strategy-and-its-economic-and-geopolitical-implications
http://link.springer.com/10.1007/s10584-019-02490-x
http://link.springer.com/10.1007/s10584-019-02490-x
http://link.springer.com/10.1007/s10584-019-02490-x
http://dx.doi.org/10.1007/s10584-019-02490-x
http://link.springer.com/10.1007/s10584-019-02490-x
https://link.springer.com/article/10.1007/s10287-007-0045-0
https://link.springer.com/article/10.1007/s10287-007-0045-0
https://link.springer.com/article/10.1007/s10287-007-0045-0
http://dx.doi.org/10.1007/s10287-007-0045-0
http://dx.doi.org/10.1007/s10287-007-0045-0
http://dx.doi.org/10.1007/s10287-007-0045-0
https://link.springer.com/article/10.1007/s10287-007-0045-0
https://www.fepc.or.jp/english/library/electricity_eview_japan/__icsFiles/afieldfile/2020/07/03/2019ERJ_full.pdf

570

575

580

585

590

595

600

[26]

[27]

[34]

URL https://www.fepc.or.jp/english/library/electricity_eview_japan/__
icsFiles/afieldfile/2020/07/03/2019ERJ_full.pdf

J. The Institute of Energy Economics, The Energy Data and Modelling Center(EDMC) Data-
bank, The Institute of Energy Economics, Japan.
URL https://edmc.ieej.or.jp/edmc_db/index_e.html

IRENA, Renewable Capacity Statistics 2020, Tech. rep., IRENA (2020).
URL https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Mar/
TRENA_RE_Capacity_Statistics_2020.pdf

M. Wittenstein, G. Rothwell, Projected Costs of Generating Electricity 2015 Edition, Tech.
rep., NEA,JEA (2015).

W. Bank, Commodity Markets Outlook (OPEC in Historical Context), Tech. rep. (Oct. 2016).
URL http://pubdocs.worldbank.org/en/143081476804664222/
CMO-October-2016-Full-Report.pdf

I. E. Agency, World Energy Outlook 2019, Tech. rep., International Energy Agency (2019).

URL https://wuw.iea.org/topics/world-energy-outlook

TAEA, PRIS Japan Statistics.
URL https://pris.iaea.org/PRIS/CountryStatistics/CountryDetails.aspx?current=
JP

IEA, Technology Roadmap: Hydrogen and Fuel Cells, Tech. rep., IEA (2015).

L. Oliveira, M. Messagie, J. Mertens, H. Laget, T. Coosemans, J. Van Mierlo, Environmental
performance of electricity storage systems for grid applications, a life cycle approach, Energy
Conversion and Management 101 (2015) 326-335. doi:10.1016/j.enconman.2015.05.063.
URL http://www.sciencedirect.com/science/article/pii/S0196890415005282

E. Emilsson, L. Dahllof, Lithium-Ion Vehicle Battery Production, Tech. rep., IVL. Swedish

Environmental Research Institute (2019).

K. Turcheniuk, D. Bondarev, V. Singhal, G. Yushin, Ten years left to redesign lithium-ion
batteries, Nature 559 (7715) (2018) 467470, number: 7715 Publisher: Nature Publishing
Group. doi:10.1038/d41586-018-05752-3.

URL https://www.nature.com/articles/d41586-018-05752-3

B. Simon, S. Ziemann, M. Weil, Potential metal requirement of active materials in lithium-ion
battery cells of electric vehicles and its impact on reserves: Focus on Europe, Resources,
Conservation and Recycling 104 (2015) 300-310. doi:10.1016/j.resconrec.2015.07.011.
URL http://wuw.sciencedirect.com/science/article/pii/S0921344915300458

26


https://www.fepc.or.jp/english/library/electricity_eview_japan/__icsFiles/afieldfile/2020/07/03/2019ERJ_full.pdf
https://www.fepc.or.jp/english/library/electricity_eview_japan/__icsFiles/afieldfile/2020/07/03/2019ERJ_full.pdf
https://www.fepc.or.jp/english/library/electricity_eview_japan/__icsFiles/afieldfile/2020/07/03/2019ERJ_full.pdf
https://edmc.ieej.or.jp/edmc_db/index_e.html
https://edmc.ieej.or.jp/edmc_db/index_e.html
https://edmc.ieej.or.jp/edmc_db/index_e.html
https://edmc.ieej.or.jp/edmc_db/index_e.html
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Mar/IRENA_RE_Capacity_Statistics_2020.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Mar/IRENA_RE_Capacity_Statistics_2020.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Mar/IRENA_RE_Capacity_Statistics_2020.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Mar/IRENA_RE_Capacity_Statistics_2020.pdf
http://pubdocs.worldbank.org/en/143081476804664222/CMO-October-2016-Full-Report.pdf
http://pubdocs.worldbank.org/en/143081476804664222/CMO-October-2016-Full-Report.pdf
http://pubdocs.worldbank.org/en/143081476804664222/CMO-October-2016-Full-Report.pdf
http://pubdocs.worldbank.org/en/143081476804664222/CMO-October-2016-Full-Report.pdf
https://www.iea.org/topics/world-energy-outlook
https://www.iea.org/topics/world-energy-outlook
https://pris.iaea.org/PRIS/CountryStatistics/CountryDetails.aspx?current=JP
https://pris.iaea.org/PRIS/CountryStatistics/CountryDetails.aspx?current=JP
https://pris.iaea.org/PRIS/CountryStatistics/CountryDetails.aspx?current=JP
https://pris.iaea.org/PRIS/CountryStatistics/CountryDetails.aspx?current=JP
http://www.sciencedirect.com/science/article/pii/S0196890415005282
http://www.sciencedirect.com/science/article/pii/S0196890415005282
http://www.sciencedirect.com/science/article/pii/S0196890415005282
http://dx.doi.org/10.1016/j.enconman.2015.05.063
http://www.sciencedirect.com/science/article/pii/S0196890415005282
https://www.nature.com/articles/d41586-018-05752-3
https://www.nature.com/articles/d41586-018-05752-3
https://www.nature.com/articles/d41586-018-05752-3
http://dx.doi.org/10.1038/d41586-018-05752-3
https://www.nature.com/articles/d41586-018-05752-3
http://www.sciencedirect.com/science/article/pii/S0921344915300458
http://www.sciencedirect.com/science/article/pii/S0921344915300458
http://www.sciencedirect.com/science/article/pii/S0921344915300458
http://dx.doi.org/10.1016/j.resconrec.2015.07.011
http://www.sciencedirect.com/science/article/pii/S0921344915300458

605

610

615

620

625

630

[35]

[36]

[37]

[38]

[39]

[40]

J. R. Lovering, A. Yip, T. Nordhaus, Historical construction costs of global nuclear power
reactors, Energy Policy 91 (2016) 371-382. doi:10.1016/j.enpol.2016.01.011.
URL http://www.sciencedirect.com/science/article/pii/S0301421516300106

Y. Kato (Ed.), Energy technology roadmaps of Japan: future energy systems based on feasible
technologies beyond 2030, Springer, Japan, 2016.

B. Scrosati, J. Hassoun, Y.-K. Sun, Lithium-ion batteries. A look into the future, Energy &
Environmental Science 4 (9) (2011) 3287-3295, publisher: The Royal Society of Chemistry.
doi:10.1039/C1EE01388B.

URL http://pubs.rsc.org/en/content/articlelanding/2011/ee/c1ee01388b

Lazard, Lazard’s Levelized Cost of Energy Analysis (“LCOE”) Version 10.0,
Financial Advisory and Asset Management 10.0, Lazard, New York, NY,
https://www.lazard.com/perspective/levelized-cost-of-energy-analysis-100/ (Dec. 2016).
URL https://wuw.lazard.com/media/438038/1levelized-cost-of-energy-v100.pdf

C. Brief, The Carbon Brief Profile: Japan, library Catalog: www.carbonbrief.org Section:
Country profiles (Jun. 2018).

URL https://wuw.carbonbrief.org/carbon-brief-profile-japan

EIA, Cost and Performance Characteristics of New Generating Technologies, Annual Energy
Outlook 2020, Tech. rep. (2020).
URL https://www.eia.gov/outlooks/aeo/assumptions/pdf/table_8.2.pdf

IPCC, Climate Change 2014 Mitigation of Climate Change: Working Group III Contribution
to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change, Cambridge
University Press, Cambridge, 2014. doi:10.1017/CB09781107415416.

URL http://ebooks.cambridge.org/ref/id/CB09781107415416

A. Lokhov, Load-following with nuclear power plants, NEA News (29) (2011) 3.

K. Mongird, V. V. Viswanathan, P. J. Balducci, M. J. E. Alam, V. Fotedar, V. S. Koritarov,
B. Hadjerioua, Energy Storage Technology and Cost Characterization Report, Tech. Rep.
PNNL-28866, 1573487 (Jul. 2019). doi:10.2172/1573487.

URL http://www.osti.gov/servlets/purl/1573487/

Govindji, James, Carvallo, Appraisal of the Offshore Wind Industry in Japan, Tech. rep.,
Carbon Trust (2012).

URL https://www.carbontrust.com/media/566323/ctc834-detailed-appraisal-of-the-offshore-wind-inc

pdf

27


http://www.sciencedirect.com/science/article/pii/S0301421516300106
http://www.sciencedirect.com/science/article/pii/S0301421516300106
http://www.sciencedirect.com/science/article/pii/S0301421516300106
http://dx.doi.org/10.1016/j.enpol.2016.01.011
http://www.sciencedirect.com/science/article/pii/S0301421516300106
http://pubs.rsc.org/en/content/articlelanding/2011/ee/c1ee01388b
http://dx.doi.org/10.1039/C1EE01388B
http://pubs.rsc.org/en/content/articlelanding/2011/ee/c1ee01388b
https://www.lazard.com/media/438038/levelized-cost-of-energy-v100.pdf
https://www.lazard.com/media/438038/levelized-cost-of-energy-v100.pdf
https://www.carbonbrief.org/carbon-brief-profile-japan
https://www.carbonbrief.org/carbon-brief-profile-japan
https://www.eia.gov/outlooks/aeo/assumptions/pdf/table_8.2.pdf
https://www.eia.gov/outlooks/aeo/assumptions/pdf/table_8.2.pdf
https://www.eia.gov/outlooks/aeo/assumptions/pdf/table_8.2.pdf
https://www.eia.gov/outlooks/aeo/assumptions/pdf/table_8.2.pdf
http://ebooks.cambridge.org/ref/id/CBO9781107415416
http://ebooks.cambridge.org/ref/id/CBO9781107415416
http://ebooks.cambridge.org/ref/id/CBO9781107415416
http://dx.doi.org/10.1017/CBO9781107415416
http://ebooks.cambridge.org/ref/id/CBO9781107415416
http://www.osti.gov/servlets/purl/1573487/
http://dx.doi.org/10.2172/1573487
http://www.osti.gov/servlets/purl/1573487/
https://www.carbontrust.com/media/566323/ctc834-detailed-appraisal-of-the-offshore-wind-industry-in-japan.pdf
https://www.carbontrust.com/media/566323/ctc834-detailed-appraisal-of-the-offshore-wind-industry-in-japan.pdf
https://www.carbontrust.com/media/566323/ctc834-detailed-appraisal-of-the-offshore-wind-industry-in-japan.pdf
https://www.carbontrust.com/media/566323/ctc834-detailed-appraisal-of-the-offshore-wind-industry-in-japan.pdf

635

640

645

650

655

660

665

[45]

(48]

[49]

I. Heger, Wind Energy in Japan, Tech. rep., EU Japan Centre for Industrial Cooperation
(2016).
URL https://www.eu-japan.eu/sites/default/files/publications/docs/

windenergyjapan_heger_minl6_1.pdf

A. Bonou, A. Laurent, S. I. Olsen, Life cycle assessment of onshore and offshore wind energy-
from theory to application, Applied Energy 180 (2016) 327-337. doi:10.1016/j.apenergy.
2016.07.058.

URL http://www.sciencedirect.com/science/article/pii/S0306261916309990

IRENA, Solar Photovoltaics: Renewable Energy Cost Analysis Series, Tech. rep., IRENA
(2012).
URL https://www.irena.org/documentdownloads/publications/re_technologies_

cost_analysis-solar_pv.pdf

J. Peng, L. Lu, H. Yang, Review on life cycle assessment of energy payback and greenhouse gas
emission of solar photovoltaic systems, Renewable and Sustainable Energy Reviews 19 (2013)
255-274. doi:10.1016/j.rser.2012.11.035.

URL http://www.sciencedirect.com/science/article/pii/S1364032112006478

R. Bhandari, C. A. Trudewind, P. Zapp, Life cycle assessment of hydrogen production via
electrolysis — a review, Journal of Cleaner Production 85 (2014) 151-163. doi:10.1016/j.
jclepro.2013.07.048.

URL http://www.sciencedirect.com/science/article/pii/S095965261300509X

E. Cetinkaya, I. Dincer, G. F. Naterer, Life cycle assessment of various hydrogen production
methods, International Journal of Hydrogen Energy 37 (3) (2012) 2071-2080. doi:10.1016/j.
ijhydene.2011.10.064.

URL http://www.sciencedirect.com/science/article/pii/S036031991102430X

J. Burkhardt, A. Patyk, P. Tanguy, C. Retzke, Hydrogen mobility from wind energy — A
life cycle assessment focusing on the fuel supply, Applied Energy 181 (2016) 54—64. doi:
10.1016/j.apenergy.2016.07.104.

URL http://www.sciencedirect.com/science/article/pii/S0306261916310492

K. Barei8, C. de la Rua, M. Mockl, T. Hamacher, Life cycle assessment of hydrogen from proton
exchange membrane water electrolysis in future energy systems, Applied Energy 237 (2019)
862-872. doi:10.1016/j.apenergy.2019.01.001.

URL http://www.sciencedirect.com/science/article/pii/S0306261919300017

M. Carmo, D. L. Fritz, J. Mergel, D. Stolten, A comprehensive review on PEM water electrolysis,
International Journal of Hydrogen Energy 38 (12) (2013) 4901-4934. doi:10.1016/j.1ijhydene.

28


https://www.eu-japan.eu/sites/default/files/publications/docs/windenergyjapan_heger_min16_1.pdf
https://www.eu-japan.eu/sites/default/files/publications/docs/windenergyjapan_heger_min16_1.pdf
https://www.eu-japan.eu/sites/default/files/publications/docs/windenergyjapan_heger_min16_1.pdf
https://www.eu-japan.eu/sites/default/files/publications/docs/windenergyjapan_heger_min16_1.pdf
http://www.sciencedirect.com/science/article/pii/S0306261916309990
http://www.sciencedirect.com/science/article/pii/S0306261916309990
http://www.sciencedirect.com/science/article/pii/S0306261916309990
http://dx.doi.org/10.1016/j.apenergy.2016.07.058
http://dx.doi.org/10.1016/j.apenergy.2016.07.058
http://dx.doi.org/10.1016/j.apenergy.2016.07.058
http://www.sciencedirect.com/science/article/pii/S0306261916309990
https://www.irena.org/documentdownloads/publications/re_technologies_cost_analysis-solar_pv.pdf
https://www.irena.org/documentdownloads/publications/re_technologies_cost_analysis-solar_pv.pdf
https://www.irena.org/documentdownloads/publications/re_technologies_cost_analysis-solar_pv.pdf
https://www.irena.org/documentdownloads/publications/re_technologies_cost_analysis-solar_pv.pdf
http://www.sciencedirect.com/science/article/pii/S1364032112006478
http://www.sciencedirect.com/science/article/pii/S1364032112006478
http://www.sciencedirect.com/science/article/pii/S1364032112006478
http://dx.doi.org/10.1016/j.rser.2012.11.035
http://www.sciencedirect.com/science/article/pii/S1364032112006478
http://www.sciencedirect.com/science/article/pii/S095965261300509X
http://www.sciencedirect.com/science/article/pii/S095965261300509X
http://www.sciencedirect.com/science/article/pii/S095965261300509X
http://dx.doi.org/10.1016/j.jclepro.2013.07.048
http://dx.doi.org/10.1016/j.jclepro.2013.07.048
http://dx.doi.org/10.1016/j.jclepro.2013.07.048
http://www.sciencedirect.com/science/article/pii/S095965261300509X
http://www.sciencedirect.com/science/article/pii/S036031991102430X
http://www.sciencedirect.com/science/article/pii/S036031991102430X
http://www.sciencedirect.com/science/article/pii/S036031991102430X
http://dx.doi.org/10.1016/j.ijhydene.2011.10.064
http://dx.doi.org/10.1016/j.ijhydene.2011.10.064
http://dx.doi.org/10.1016/j.ijhydene.2011.10.064
http://www.sciencedirect.com/science/article/pii/S036031991102430X
http://www.sciencedirect.com/science/article/pii/S0306261916310492
http://www.sciencedirect.com/science/article/pii/S0306261916310492
http://www.sciencedirect.com/science/article/pii/S0306261916310492
http://dx.doi.org/10.1016/j.apenergy.2016.07.104
http://dx.doi.org/10.1016/j.apenergy.2016.07.104
http://dx.doi.org/10.1016/j.apenergy.2016.07.104
http://www.sciencedirect.com/science/article/pii/S0306261916310492
http://www.sciencedirect.com/science/article/pii/S0306261919300017
http://www.sciencedirect.com/science/article/pii/S0306261919300017
http://www.sciencedirect.com/science/article/pii/S0306261919300017
http://dx.doi.org/10.1016/j.apenergy.2019.01.001
http://www.sciencedirect.com/science/article/pii/S0306261919300017
http://www.sciencedirect.com/science/article/pii/S0360319913002607
http://dx.doi.org/10.1016/j.ijhydene.2013.01.151
http://dx.doi.org/10.1016/j.ijhydene.2013.01.151
http://dx.doi.org/10.1016/j.ijhydene.2013.01.151

670

675

680

685

690

695

700

[54]

[55]

[58]

2013.01.151.
URL http://wuw.sciencedirect.com/science/article/pii/S0360319913002607

K. E. Ayers, E. B. Anderson, C. Capuano, B. Carter, L. Dalton, G. Hanlon, J. Manco,
M. Niedzwiecki, Research Advances towards Low Cost, High Efficiency PEM Electrolysis, ECS
Transactions 33 (1) (2010) 3, publisher: IOP Publishing. doi:10.1149/1.3484496.

URL https://iopscience.iop.org/article/10.1149/1.3484496/meta

S. Siracusano, V. Baglio, S. A. Grigoriev, L. Merlo, V. N. Fateev, A. S. Arico, The influence
of iridium chemical oxidation state on the performance and durability of oxygen evolution
catalysts in PEM electrolysis, Journal of Power Sources 366 (2017) 105-114. doi:10.1016/j.
jpowsour.2017.09.020.

URL http://www.sciencedirect.com/science/article/pii/S0378775317311795

O. Schmidt, A. Gambhir, I. Staffell, A. Hawkes, J. Nelson, S. Few, Future cost and performance
of water electrolysis: An expert elicitation study, International Journal of Hydrogen Energy
42 (52) (2017) 30470-30492. doi:10.1016/j.1ijhydene.2017.10.045.

URL http://www.sciencedirect.com/science/article/pii/S0360319917339435

A. T. Mayyas, M. F. Ruth, B. S. Pivovar, G. Bender, K. B. Wipke, Manufacturing Cost
Analysis for Proton Exchange Membrane Water Electrolyzers, Tech. Rep. NREL/TP-6A20-
72740, 1557965 (Aug. 2019). doi:10.2172/1557965.

URL http://www.osti.gov/servlets/purl/1557965/

S. Hifele, M. Hauck, J. Dailly, Life cycle assessment of the manufacture and operation of solid
oxide electrolyser components and stacks, International Journal of Hydrogen Energy 41 (31)
(2016) 13786-13796. doi:10.1016/j.ijhydene.2016.05.069

URL http://www.sciencedirect.com/science/article/pii/S036031991631535X

A. Mehmeti, A. Angelis-Dimakis, G. Arampatzis, S. J. McPhail, S. Ulgiati, Life Cycle Assessment
and Water Footprint of Hydrogen Production Methods: From Conventional to Emerging
Technologies, Environments 5 (2) (2018) 24, number: 2 Publisher: Multidisciplinary Digital
Publishing Institute. doi:10.3390/environments5020024.

URL https://wuw.mdpi.com/2076-3298/5/2/24

T. Keipi, H. Tolvanen, J. Konttinen, Economic analysis of hydrogen production by methane
thermal decomposition: Comparison to competing technologies, Energy Conversion and Man-
agement 159 (2018) 264-273. doi:10.1016/j.enconman.2017.12.063.

URL http://www.sciencedirect.com/science/article/pii/S0196890417312153

Cormos Ana-Maria, Szima Szabolcs, Fogarasi Szabolcs, Cormos Calin-Cristian, Economic

assessments of hydrogen production processes based on natural gas reforming with carbon

29


http://dx.doi.org/10.1016/j.ijhydene.2013.01.151
http://dx.doi.org/10.1016/j.ijhydene.2013.01.151
http://www.sciencedirect.com/science/article/pii/S0360319913002607
https://iopscience.iop.org/article/10.1149/1.3484496/meta
http://dx.doi.org/10.1149/1.3484496
https://iopscience.iop.org/article/10.1149/1.3484496/meta
http://www.sciencedirect.com/science/article/pii/S0378775317311795
http://www.sciencedirect.com/science/article/pii/S0378775317311795
http://www.sciencedirect.com/science/article/pii/S0378775317311795
http://www.sciencedirect.com/science/article/pii/S0378775317311795
http://www.sciencedirect.com/science/article/pii/S0378775317311795
http://dx.doi.org/10.1016/j.jpowsour.2017.09.020
http://dx.doi.org/10.1016/j.jpowsour.2017.09.020
http://dx.doi.org/10.1016/j.jpowsour.2017.09.020
http://www.sciencedirect.com/science/article/pii/S0378775317311795
http://www.sciencedirect.com/science/article/pii/S0360319917339435
http://www.sciencedirect.com/science/article/pii/S0360319917339435
http://www.sciencedirect.com/science/article/pii/S0360319917339435
http://dx.doi.org/10.1016/j.ijhydene.2017.10.045
http://www.sciencedirect.com/science/article/pii/S0360319917339435
http://www.osti.gov/servlets/purl/1557965/
http://www.osti.gov/servlets/purl/1557965/
http://www.osti.gov/servlets/purl/1557965/
http://dx.doi.org/10.2172/1557965
http://www.osti.gov/servlets/purl/1557965/
http://www.sciencedirect.com/science/article/pii/S036031991631535X
http://www.sciencedirect.com/science/article/pii/S036031991631535X
http://www.sciencedirect.com/science/article/pii/S036031991631535X
http://dx.doi.org/10.1016/j.ijhydene.2016.05.069
http://www.sciencedirect.com/science/article/pii/S036031991631535X
https://www.mdpi.com/2076-3298/5/2/24
https://www.mdpi.com/2076-3298/5/2/24
https://www.mdpi.com/2076-3298/5/2/24
https://www.mdpi.com/2076-3298/5/2/24
https://www.mdpi.com/2076-3298/5/2/24
http://dx.doi.org/10.3390/environments5020024
https://www.mdpi.com/2076-3298/5/2/24
http://www.sciencedirect.com/science/article/pii/S0196890417312153
http://www.sciencedirect.com/science/article/pii/S0196890417312153
http://www.sciencedirect.com/science/article/pii/S0196890417312153
http://dx.doi.org/10.1016/j.enconman.2017.12.063
http://www.sciencedirect.com/science/article/pii/S0196890417312153
http://doi.org/10.3303/CET1870206
http://doi.org/10.3303/CET1870206
http://doi.org/10.3303/CET1870206
http://doi.org/10.3303/CET1870206
http://doi.org/10.3303/CET1870206

705

710

715

720

725

[62]

[63]

[65]

[67]

capture, Chemical Engineering Transactions 70 (2018) 1231-1236. doi:10.3303/CET1870206.
URL http://doi.org/10.3303/CET1870206

A. Simons, C. Bauer, A life-cycle perspective on automotive fuel cells, Applied Energy 157
(2015) 884-896. doi:10.1016/j.apenergy.2015.02.049.
URL http://www.sciencedirect.com/science/article/pii/S0306261915002263

R. Kannan, K. C. Leong, R. Osman, H. K. Ho, Life cycle energy, emissions and cost inventory
of power generation technologies in Singapore, Renewable and Sustainable Energy Reviews
11 (4) (2007) 702-715. doi:10.1016/j.rser.2005.05.004.

URL http://www.sciencedirect.com/science/article/pii/S1364032105000572

E. Rillo, M. Gandiglio, A. Lanzini, S. Bobba, M. Santarelli, G. Blengini, Life Cycle Assessment
(LCA) of biogas-fed Solid Oxide Fuel Cell (SOFC) plant, Energy 126 (2017) 585-602. doi:
10.1016/j.energy.2017.03.041.

URL http://www.sciencedirect.com/science/article/pii/S0360544217304073

H. Tu, U. Stimming, Advances, aging mechanisms and lifetime in solid-oxide fuel cells, Journal
of Power Sources 127 (1) (2004) 284-293. doi:10.1016/j.jpowsour.2003.09.025.
URL http://www.sciencedirect.com/science/article/pii/S0378775303009625

B. A. Pinaud, J. D. Benck, L. C. Seitz, A. J. Forman, Z. Chen, T. G. Deutsch, B. D. James,
K. N. Baum, G. N. Baum, S. Ardo, H. Wang, E. Miller, T. F. Jaramillo, Technical and
economic feasibility of centralized facilities for solar hydrogen production via photocatalysis
and photoelectrochemistry, Energy & Environmental Science 6 (7) (2013) 1983. doi:10.1039/
c3ee40831k.

URL http://xlink.rsc.org/?D0I=c3ee40831k

ISEP, 5.3 Renewable Energy Introduction Potential | Renewable Energy White Paper, Tech.
rep., ISEP (2018).
URL https://wuw.isep.or.jp/jsr/2017report/chapter5/5-3

30


http://doi.org/10.3303/CET1870206
http://doi.org/10.3303/CET1870206
http://dx.doi.org/10.3303/CET1870206
http://doi.org/10.3303/CET1870206
http://www.sciencedirect.com/science/article/pii/S0306261915002263
http://dx.doi.org/10.1016/j.apenergy.2015.02.049
http://www.sciencedirect.com/science/article/pii/S0306261915002263
http://www.sciencedirect.com/science/article/pii/S1364032105000572
http://www.sciencedirect.com/science/article/pii/S1364032105000572
http://www.sciencedirect.com/science/article/pii/S1364032105000572
http://dx.doi.org/10.1016/j.rser.2005.05.004
http://www.sciencedirect.com/science/article/pii/S1364032105000572
http://www.sciencedirect.com/science/article/pii/S0360544217304073
http://www.sciencedirect.com/science/article/pii/S0360544217304073
http://www.sciencedirect.com/science/article/pii/S0360544217304073
http://dx.doi.org/10.1016/j.energy.2017.03.041
http://dx.doi.org/10.1016/j.energy.2017.03.041
http://dx.doi.org/10.1016/j.energy.2017.03.041
http://www.sciencedirect.com/science/article/pii/S0360544217304073
http://www.sciencedirect.com/science/article/pii/S0378775303009625
http://dx.doi.org/10.1016/j.jpowsour.2003.09.025
http://www.sciencedirect.com/science/article/pii/S0378775303009625
http://xlink.rsc.org/?DOI=c3ee40831k
http://xlink.rsc.org/?DOI=c3ee40831k
http://xlink.rsc.org/?DOI=c3ee40831k
http://xlink.rsc.org/?DOI=c3ee40831k
http://xlink.rsc.org/?DOI=c3ee40831k
http://dx.doi.org/10.1039/c3ee40831k
http://dx.doi.org/10.1039/c3ee40831k
http://dx.doi.org/10.1039/c3ee40831k
http://xlink.rsc.org/?DOI=c3ee40831k
https://www.isep.or.jp/jsr/2017report/chapter5/5-3
https://www.isep.or.jp/jsr/2017report/chapter5/5-3

Appendix A. Model data and assumptions

Table A.5: Data for defining the initial condition across all simulations.

Technology LCOE [38] Emission Year of total
(USD/kWh) coefficients  [23] retirement
(gC0O2-eq. /kWh)
Coal 0.06 943 2030
LNG 0.08 599 2030
Oil 0.39 738 2030
Nuclear 0.11 21 2069
Hydro 0.05 11 N.A.
Geothermal 0.12 13 N.A.
Wind 0.11 25 2040
Solar 0.15 37 2040
1,000,000
. Coal
. Oil
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800,000 :;/;:lrro
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Figure A.8: Electricity generation between 2013-2016 that defines the initial condition across all simulations.
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Table A.6: Initial condition for CO2 emissions compared with data from the Carbon Trust[39].

Year Model emissions Actual emissions Error
(Mt COgz-¢q.) (Mt COz-eq.)

2013 603.62 592.4 1.89 %

2014 582.27 572.6 1.69 %

2015 572.53 560.3 2.18 %

2016 565.94 552.8 2.38 %
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Table A.7: Economic data for modelled technologies.

Technology Capital Fixed Variable Lifespan Capacity factor/ Emission Year
cost o&M o&M efficiency coefficient | available
(MUSD/GW) | (MUSD/GW) | (MUSD/GWHh) (Years) (gCO2/kWh)
USC [40, 41] 3661 40.41 0.045 40 CF=0.55 820 2017
LNGI40, 41] 1079 14 0.0025 30 CF=0.55 490 2017
Nuclear [40-42] 6317 121.13 2.36 60 CF=0.6-0.95 12 2017
Li-ion storage [32, 43] 1876 (2017) 10 0.3 10 Eff=0.86 151(2017) 2017
1446 (2025) 87(2050)
Solar [40, 41] 1307(2017) 15.19 0 25 CF=0.14 37 2017
615(2050)
Onshore wind 3454(2017) 136.37 0 25 CF=0.25(2017) 20(2017) 2017
[36, 40, 41, 44-46) 2406(2050) CF=0.35(2050) 7 (2040)
Offshore wind(Fixed) T772(2017) 341 0 25 CF=0.3(2017) 25(2017) 2017
[36, 40, 41, 44-46] 3381(2050) CF=0.40(2050) 11(2050)
Offshore wind(Floating) 12897(2017) 423 0 25 CF=0.35(2017) 25(2017) 2017
[36, 40, 41, 44-46) 5610(2050) CF=0.45(2050) 11(2050)
LNG-CCS(90%) 2626(2022) 27.484 0.0494 30 CF=0.12-0.4(2017) 94 2022
[40, 41) 1422(2050)

USC-CCS(90%) 5252(2023) 59 0.078 40 CF=0.27-0.32(2017) 236.5 2023
[40, 41] 4091(2050)

Emerging Solar 4600(2017) 15.19 0 25 Eff=0.22(2017) 22(2017) 2017
[47, 48] 600(2050) Eff=0.3(2030) 13(2040)
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Table A.7: Economic data for modelled technologies.

Technology Capital Fixed Variable Lifespan Capacity factor/ Emission Year
cost o&M o&M efficiency coefficient | available
(MUSD/GW) | (MUSD/GW) | (MUSD/GWHh) (Years) (gCO2/kWh)
AEC 1500(2022) 8 0.0004 11(CF=0.9) Eff=0.7 1.29 2022
[30, 49-51] 850(2030)
PEMEC 3500(2022) 8 0.0004 7 (2022)(CF=0.9) Eff=0.75(2022) 8.7(2022) 2022
[30, 52-57] 1500(2030) 11(2050) Eff=0.82(2030) 0.456(2050)
400(2050)
SOEC 6000(2030) 8 0.0004 2 (2030)(CF=0.9) Eff=0.9 5.4(2030) 2030
[30, 56, 58] 1000(2050) 7 (2050) 1.08(2050)
400(2070) 11 (2070) 0.72(2070)
Gas reforming 763 6.21 0.04 30 Ef=0.7 356.6 2022
[30, 59, 60]
Gas reforming-CCS(70%) 1200 8 0.065 30 Eff=0.56 179 2022
[30, 60, 61]
PEMFC [30, 62, 63] 7399(2022) 30.65 0.59 7 (CF=0.9) Eff=0.49 1.087(2022) 2022
4000(2030) 0.65(2030)
3000(2035)
SOFC [30, 62, 64, 65] 7399(2030) 30.65 0.59 10 (CF=0.9) Eff=0.7 2.11(2030) 2030
4000(2035) 1.27(2040)
3000(2040)
PWS [66] 14706 236.5 0 20(CF=0.9) Eff=0.15(2050) Unknown 2050




Table A.8: Nameplate capacity deployment limits.

Technology Net Capacity Limit (GW)
Photovoltaic [67] 332
Onshore wind [36, 45] 180
Offshore wind (fixed) [36, 45] 130
Offshore wind (floating) [36, 45] 260
Nuclear 50 (Scenarios 3 & 4)
100 (Scenario 2)
PWS [66] 100 (Scenario 5)

Table A.9: Nameplate capacity growth rates.

Technology Maximum Annual Growth Rate
Nuclear (2027 onwards) +5 reactors

Solar and emerging solar [25] 40%

Onshore wind [25] 25%

Offshore wind(Fixed) [25] 20%

Offshore wind(Floating) [25] 20%

Li-ion storage 30%

Natural gas 50%

USsC 50%

All emerging technologies 40% (Years 1-5)

(
60% (Years 6-10)
40% (Years 11-15)
30% (Years 16-)
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Table A.10: Miscellaneous model parameters and assumptions.

Parameter Value
Currency MUSD 2015
Activity unit GWh
Discount rate 5%
Transmission efficiency 90 %

Li-ion discharge time [43] 4h

Li-ion E/P ratio [43] 4

Li-ion depth-of-discharge [43] 80%

Li-ion lifetime cycles [43] 3500
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Figure B.9: Sensitivity analysis of Photochemical Water Splitting. Red dots indicate points that are zero values,

while blue dots indicate non-zero values.
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Figure B.10: Sensitivity analysis of hydrogen generation technologies SOEC and PEMEC
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Figure B.11: Sensitivity analysis of electricity generation technologies SOFC and CCS gas.
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Figure B.12: Sensitivity analysis of the model’s overall transition cost between 2013-2100 with respect to selected

model parameters.
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Figure B.13: Sensitivity analysis results for PEMFC and CCS coal.
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