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A B S T R A C T

Using Japan as a proxy for a developed nation, we investigated the role of existing and nascent technologies in
curbing carbon emissions. We simulated possible pathways to meeting 2030 and 2050 emission targets within
the Japanese electricity supply sector using a single-region model in The Integrated MARKAL-EFOM System
(TIMES). Critically, our simulations incorporate novel technologies like hydrogen electrolysers, carbon capture,
photochemical water splitting, and emerging photovoltaic cells, assess long-term impacts up to the year
2100, and include life-cycle emissions and learning curves for parameters such as investment cost, efficiency,
and emission coefficients. Results indicate that a 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 in achieving emission reduction targets.
1. Introduction

In order to mitigate climate change and to improve environmental
outcomes, many nations are actively seeking to reduce carbon emis-
sions, and have formalised this goal through the Paris Agreements [1].
The largest contribution to global greenhouse gas (GHG) emissions,
some 73%, comes from energy consumption in the transportation, elec-
tricity and heat, buildings, manufacturing, and construction sectors [2].
Energy use in buildings in particular generates 17.5% of all emis-
sions [3]. However, there is significant uncertainty surrounding these
carbon-neutral energy transitions regarding the economically optimal
shares and deployment rates of clean energy sources and their long-
term impact on the energy system. The emergence of novel technologies
like high-efficiency utility-scale CCS (henceforth referred to as CCS)
and hydrogen power also raises questions about their role in GHG
mitigation and the sensitivity of the energy transition to uncertainties
in these technologies’ investment cost, efficiency, and carbon footprint.

We are probing these questions by simulating cost-optimised energy
transitions in the electricity supply sector with rigid carbon constraints
using a suite of existing and emerging electricity generation and stor-
age technologies. We use Japan as a proxy for a developed nation
committed to addressing climate change. However, the results have
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global significance. Like many other developed nations, Japan has
been rapidly deploying renewables, and in the wake of the Fukushima
Daiichi accident, it shut down its nuclear reactors [4] and increased
its reliance on coal [5]. However, now Japan is reinvigorating its
nuclear power sector, as evidenced by the restart of some of its nuclear
reactors [6]. Additionally, Japan is actively developing plans to deploy
hydrogen power under the Basic Hydrogen Strategy [7] and has shown
interest in utilising CCS [8]. Therefore, due to Japan’s similarity to
other developed nations and its willingness to consider a variety of
commercial and pre-commercial low-carbon technologies, simulating
likely transition pathways for decarbonisation of the Japanese electric-
ity sector could inform global energy policy. Our simulations provide
these insights by delineating potential transition scenarios that consider
multiple combinations of a variety of technological options, and our
sensitivity analyses identify key novel technologies and their most
significant parameters.

The context of the Japanese transition strategy also captures the
priorities, subtle limitations, and lack of specificity in other developed
nations’ energy transition plans. Although influenced by the Paris
Agreements, Japanese energy policy is governed chiefly by the Basic
Energy Plan [7], which outlines national policy towards a new energy
system for the years 2030 and 2050 cognisant of limited indigenous
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resources, the impact of the Fukushima incident, and external pres-
sures on energy supplies [9]. The plan reaffirms Japanese benchmarks
for evaluating the energy system, first and foremost, within the con-
text of energy security, followed by economic efficiency, safety, and
the environment (summarised as ‘3E+S’; ibid). Although the Japanese
3E+S goals and the Paris Agreement targets have some parallels, the
plan does not detail how the 2050 emission reduction target of 80%
is to be met. Matsuo et al. have suggested that electrification of a
number of sectors will be required to achieve the ambitious 2050
target, underpinned by low-carbon technologies [10]. For the power
sector to achieve such a target, near-zero emissions are required, and
early action utilising existing technologies is preferable to delayed
action utilising future technologies [11]. The strategies currently under
consideration include reinvigorating nuclear power, deploying CCS to
fossil fuel power plants, and ushering in a hydrogen economy based
on renewable energy-based electrolysis [10,11] as well as hydrogen
imports from abroad [7].

This research aims to investigate the likely suite of electricity gen-
eration and storage technologies, as well as their feasibility in meeting
Japan’s carbon reduction goals, while being cognisant of energy pol-
icy, resource limitations, demand growth, emerging technologies, and
economic constraints using the The Integrated MARKAL-EFOM System
(TIMES) framework. Our dynamic simulations of transition scenarios,
which focus on minimising the cost of the transition while satisfying
CO2 emission constraints, suggest potential economically feasible de-
carbonisation pathways that meet the increasing near-term electricity
demand. Additionally, we assess the significance of key economic pa-
rameters of emerging technologies 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 car-
bon 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: reduce GHG emissions by 26% compared to 2013 levels by
2030, and reduce overall GHG emissions by 80% or more by 2050,
through the ‘‘development and diffusion of low-carbon technologies
and transition to a low-carbon socio-economic structure’’ [1]. Aware of
these targets, many researchers have evaluated Japan’s future energy
system using a variety of modelling approaches, which we review
below. 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 [12]. Recognising the benefits that renewable
energy will play in reducing carbon emissions, and the issues of inter-
mittency of renewables, Li et al. explored the role of hydrogen as a
storage medium through power-to-gas approaches in Kyushu, Japan.
Their study identified that power-to-gas 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 [13]. Cognisant 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 [14].
Considering Japan’s economic conditions and demographic trends, such
as moderate GDP growth and rapid population ageing, 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% con-
tribution from nuclear, or without nuclear, under a renewable growth
scenario [15]. However, these trends and energy system changes will
likely be insufficient to meet the more ambitious 2050 targets.
2

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 [16]. A
seminal work by Sugiyama et al. harmonises a number of modelling ap-
proaches for Japan’s long-term (up to 2050) climate change mitigation
options, utilising national and global general and partial equilibrium
models [17]. 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 [17–20]. Many studies consider hydrogen a
critical part of Japan’s low-carbon energy transition, as it can im-
prove energy security, it can be produced from multiple sources, and
lacks emissions from fuel combustion [21]. Global modelling efforts
consider the incorporation of long-distance international transport of
hydrogen with end uses dominated by passenger and freight fuel cell
vehicles 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 towards
2050 [22]. From a policy standpoint, Japan has committed to achieving
a hydrogen society, with the primary goal of cost parity of hydrogen
with competing fuels, which requires a three-fold reduction in cost
by 2030 and further reductions into the future [23]. Under the Basic
Hydrogen Strategy, the Japanese government aims to realise low cost
hydrogen use in power generation, mobility, and industry, develop
international supply chains to ensure stable supply, expand renewable
deployment, revitalise regional areas, and develop hydrogen related
technologies [7]. The strategy aims to account for both economic and
geopolitical impacts and the need to prioritise research and devel-
opment to overcome the economic and technical challenges [23]. 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 the Fukushima nuclear accident [24].

The model and the approach proposed in this research uniquely
build on the modelling consensus outlined in the literature review and
expand the consideration of technologies by including emerging near-
term alternatives, and potentially disruptive technologies post-2050.
This work leverages the dynamic simulation capabilities of TIMES [25]
by incorporating learning curves for parameters such as investment
and operation and maintenance (O&M) costs, efficiency, and emission
coefficients. Our model incorporates not only direct emissions, but also
lifecycle emissions of all conventional and emerging technologies, the
latter of which is an often neglected externality. This enables a more
meaningful analysis of the global warming potential of emerging tech-
nologies, as life-cycle emissions become significant when considering
deep emission reductions of the order of 80% from current levels. By
modelling 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 tech-
nologies which could underpin the successful achievement of carbon
reduction. Our sensitivity analysis is another novel aspect of our re-
search, in that it elicits important technologies and their key parameters
while remaining grounded in the context of the carbon constraints and
the initial conditions that are reflective of many developed nations that
aim to reduce their emissions.
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Table 1
Electricity demand increase over the simulation time frame. The demand for 2017–2030
is obtained from [5], the rest of the curve is based on estimated population growth
trends.

Year Annual demand
increase

2017–2030 1.7%
2031–2050 1.0%
2051–2070 0.5%
2070–2100 0.0%

Table 2
Emission constraints.

Year Emission limit Base
year

Reduction
from base year

2030 438 Mt CO2-eq. 2013 26%
2050 75 Mt CO2-eq. 1990 80%
2100 75 Mt CO2-eq. 2050 0%

3. Methodology

3.1. TIMES model description

TIMES models dynamic energy systems and simulates transition
scenarios as a mixed-integer linear optimisation problem that is subject
to a primary objective function and additional constraints [25]. The
generation, refinement, supply, storage, and trade of energy commodi-
ties are modelled across multiple sectors and multiple regions using a
wide variety of in-built commodity and process types. Emissions can
be associated with energy commodities or processes as an emission
coefficient per unit commodity produced or consumed.

We outline salient features of our model in this section, while the
data used for our simulations are in Appendix A. The relevant input
files can be accessed online [26]. 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), emis-
sion constraints on the electricity-generation sector based on Japan’s
INDC (Table 2), and feasible nameplate capacity deployment limits
(Table A.9). Miscellaneous assumptions are summarised in Table A.11.
In summary, 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.

While Japanese electricity demand is expected to grow in the
near future [5], long-term electricity demand in Japan is expected to
plateau, or even decrease, due to Japan’s ageing population. How-
ever, precisely quantifying this rate of decrease is challenging, as this
reduction in population will likely be accompanied by increased elec-
trification of transportation and industrial sectors. Hence, post-2030,
we have assumed a demand curve based on increased electrification
driving increasing demand, which eventually plateaus due to the afore-
mentioned expected demographic changes. The model captures the
initial condition of the post-Fukushima Japanese electricity supply
system using historical data The Energy Data and Modelling Centre’s
data from 2013 to 2016 [27]. 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.
Using TIMES day–night and seasonal time periods [25], the daily and
seasonal variability of renewables is incorporated. The availability of
renewables varies during these time periods based on the annually
averaged capacity factors of renewables in Japan [27,28].

We account for the carbon cost of each technology using an emission
coefficient that incorporates both direct emissions and life cycle emis-
sions averaged over the entire operating lifetime for each technology.
The emission coefficient data and their sources are listed in Table A.8.
The emission coefficients vary dynamically for technologies that have
3

Table 3
Electricity supply transition scenario definition based on enabled technologies.

Scenario Emerging
tech.

New
nuclear

Nascent
tech.

1 No No No
2 No Yes No
3 Yes No No
4 Yes Yes No
5 Yes No Yes

projections available in literature, and are linearly interpolated be-
tween available data points until the last available projection, beyond
which they are held constant. For hydrogen fuel cells and electrolysers,
emission coefficients vary in magnitude across different technologies
but the learning curves follow similar trajectories due to the similarity
of technologies [29,30]. The lifecycle emissions for photochemical
water splitting (PWS) are unknown, hence we have assumed them to
be the same as that of SOECs as both are lab-scale technologies with
similar deployment time-frames, and PWS must have similar or lower
life-cycle emissions as SOEC to be competitive.

To explore possible pathways to curbing GHG emissions, we simu-
lated five transition scenarios of varying likelihoods, with different sets
of technologies enabled for deployment, as described in Table 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 sepa-
rately), and utility-scale lithium-ion battery storage. New deployments
of oil-fuelled power plants are disabled due to the declining use of
oil for electricity generation in accordance with Japan’s goal of en-
ergy security and independence, as per the Basic Energy Plan. The
second set of technologies considered includes emerging carbon-neutral
technologies that are already commercialised or close to commerciali-
sation, 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 (AECs), PEMECs, PEMFCs, and SOFCs
were incorporated based on their technological potential. Along with
these two technology groups, we also explore the potential impact
of nuclear energy. Nuclear power has significant advantages over re-
newables including long operational lifetimes, extremely low life-cycle
emissions, and high capacity factors. However, nuclear power faces
extremely low public acceptance in Japan after the Fukushima-Daiichi
accident, therefore its future in Japan is highly uncertain. Hence,
transition scenarios with and without new nuclear 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 is assessed in an additional
scenario. In this scenario, the potential commercialisation of SOEC and
PWS post-2050 is explored in the absence of new nuclear power.

Exogenous variables such as economic data, emission coefficients,
nameplate capacity limits, and growth rates are detailed in Tables A.8,
A.9 and A.10 respectively. Prices and projections for fossil fuels and
nuclear fuel are incorporated [31–33]. Learning curves for costs and
life-cycle emissions are compiled from existing data (Table A.8) based
on expected scaling of manufacturing, availability of manufacturing
materials, and the use of clean energy for manufacturing energy system
components. These learning curves are modelled as piecewise linear
functions interpolated between the available data points, with the
curve plateauing at the latest value for a given parameter, as detailed
in Table A.8. Capacity limits of renewables and PWS are based on
their land-use requirements. The maximum annual capacity growth
rates for existing technologies are held constant. The growth rate of
nuclear power is based on historic trends and current pressure vessel
manufacturing limitations [6]. The reactor size assumed in this study

is 1165 MWe, based on Watts-Bar Unit 2 [34]. Due to a projected
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.

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

Technology
Parameter

Sampled
Distribution

Distribution
Mean

Distribution
Range

PWS Investment Cost Gaussian 3088 $/kW ±20%.
SOEC Investment Cost Gaussian 1388 $/kW ±20%.
PEMEC Investment Cost Gaussian 3800 $/kW ±20%.
SOFC Investment Cost Gaussian 7399 $/kW ±20%.
PEMFC Investment Cost Gaussian 7399 $/kW ±20%.
CCS Gas Investment
Cost

Gaussian 2626 $/kW ±20%.

CCS Coal Investment
Cost

Gaussian 5252 $/kW ±20%.

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.

increase in the share of renewables, 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 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 commercialised or close to
commercialisation, will benefit immensely from the already stream-
lined solar photovoltaic manufacturing and supply chain. Therefore,
they could be deployed as rapidly as conventional solar photovoltaic
cells.

All hydrogen storage devices are operated with a maximum avail-
ability 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 [29]. For hydrogen electrolysers and
fuel cells, life-cycle emissions from just the stack are considered (see
Table A.8), as balance-of-plant 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 [35–38].

3.2. Sensitivity analysis

While the aforementioned scenarios identify potential pathways
that are likely 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 anal-
yse the sensitivity of the share of each of these technologies in the
electricity-generation mix and of the system transition cost with respect
to these variables.

While there is significant uncertainty in the investment cost of
nuclear power plants [39], it varies for individual plants and not for
4

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 [39]
due to its low life cycle emissions. Consequently, we eliminated nuclear
power’s investment cost as a candidate for sensitivity analysis. Further-
more, 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.8) was varied,
but the 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.

4. Results

4.1. Transition scenarios

The transition simulations’ results are shown in Figs. 1–5, and
summarised in Table 5 (see Table 3 for scenario definitions). Note that
the years 2013–2016 represent the initial condition modelled using his-
torical data [27], and the simulation results begin from 2017 onwards.
The results of each scenario 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 technolo-
gies. The third plot details the sources of direct and averaged life-cycle
emissions from each source.

In Scenario 1 (Fig. 1), the model is able to meet 2030 emission goals
but fails to achieve 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 restarted by 2022 at full operating capacity. With
renewable energy as the only option for decarbonisation, significant

investments in solar, onshore wind, offshore wind (both fixed-bottom
Table 5
Summary of decarbonisation simulations’ results.
Scenario Enabled

Technologies
Meets 2030
emission goals

Meets 2050
emission goals

Emissions between
2050–2100

Cost (USD)

1 Conventional tech., no new nuclear Yes No +25 Mt 3.51 trillion.
2 Conventional tech., with new nuclear Yes Yes −12 Mt 2.66 trillion.
3 Emerging tech., no new nuclear Yes Yes No change 3.19 trillion.
4 Emerging tech., with new nuclear Yes Yes −32 Mt 2.80 trillion.
5 Nascent tech., no new nuclear Yes Yes No change 3.18 trillion.
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Fig. 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.
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%), onshore wind (22%), fixed-bottom
offshore wind (22%), and floating offshore wind (12%). The total cost
of this transition is 3.51 trillion USD.

With the availability of new nuclear reactors in Scenario 2 (Fig. 2),
both 2030 and 2050 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 de-
ployed during this transition reduces dramatically. This, combined with
the load-following capabilities of natural gas plants and nuclear reac-
tors, 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 (Fig. 3),
the model is able to meet both the 2030 and 2050 emission reduction
goals, but no further decarbonisation 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
5

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 and 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 CO2 being captured, which is well within the estimated 156 Gt CO2
reservoir limit for Japan [40]. 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 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
(Fig. 4) results in rapid decarbonisation. Both 2030 and 2050 emission
targets are met, and an additional emissions reduction of 32 Mt occurs
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Fig. 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.
by 2100. The deployment of 50 MW nuclear obviates the need to invest
in offshore wind, lithium-ion storage, and CCS. Hydrogen plays a sig-
nificant 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 (Fig. 5) closely resemble those of the
third scenario (Fig. 3). However, SOECs rapidly replace a large fraction
of ageing PEMECs, starting from 2055. Some PEMECs 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 emerg-
ing 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.

4.2. Sensitivity analysis

Results from our sensitivity analysis are partially presented in Figs. 6
and 7, whereas the complete results are in the appendix (Figs. B.9–
B.13). The overall transition cost is strongly correlated with the invest-
ment cost of SOFCs (Fig. 7). This follows from the large share of SOFCs,
6

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 of electricity generation technologies (Fig. 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 Fig. 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 (Fig. B.13). PWS
plays a minor role in generating 0–20 TWh of hydrogen over the
entire simulation’s time-period (Fig. B.9), as 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 found
to be strongly correlated with its investment cost, with $3300/kW
the approximate threshold at which this technology ceases to be cost-
competitive (Fig. B.9). PWS deployment is also weakly correlated with
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Fig. 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.
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 coefficient 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 (Fig. 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 (Fig. B.11) de-
ployment 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 and 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
7

(Figs. 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
and 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.

The scenario with the maximum 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
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Fig. 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.
sector by restarting existing plants and, if politically feasible, construct-
ing 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, prioritising 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 cell technology utilised must also be
8

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.

Lithium-ion batteries are the preferred storage medium in the ab-
sence of hydrogen. However, as the base case scenarios indicate, ex-
tremely 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 man-
ganese reserves are limited [37,38,41], 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).

After nuclear, hydrogen power emerges as the second most effective
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
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Fig. 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.
Fig. 6. Sensitivity analysis for overall transition cost vs. solid oxide fuel cell capital
costs.
9

replaces them with inferior PEMFCs or PEMECs, respectively, to recre-
ate similar energy mixes. Key technologies that aid in decarbonisation
in our simulations are SOFCs and PEMECs. Steam reforming, with or
without CCS, does not get utilised in our simulations due to its high
emission coefficient. At the lower end of the technology readiness scale,
SOECs 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 it is not cost-competitive with electrolysis. From the
sensitivity analysis results, the investment cost of SOFCs emerges as a
critical parameter. Therefore it is vital to reduce fuel cell investment
costs to make deep emission reduction economically feasible. Low
response times and high availability of 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.
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Fig. 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.

CCS plays a small role in our base case scenarios as a transitional
technology. Despite being cheaper than hydrogen, its share is found
to be largely insensitive to its investment costs as evidenced 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. This could be achieved by increased electrification of the
industrial sector and the use of hydrogen to produce steel.

Our policy-agnostic analysis relies on optimal solutions and scenar-
ios. However, policy makers in Japan are considering two alternatives
as to the long-term nature of the low-carbon energy system. One
approach could prioritise nuclear energy and reap the benefits of
inexpensive, low-carbon energy if consensus from the public for its
long-term deployment and use can be achieved. Another low carbon
energy pathway proposed by our results is a transition towards a hy-
drogen economy, utilising hydrogen as a storage medium to engender
significant deployment of renewable energy. The hydrogen pathway
also provides more energy security. As social opposition to nuclear
power is a prominent issue in Japan, the deployment of a parallel
nuclear and hydrogen-based energy system is unlikely. Nonetheless,
10
Table A.6
Data for defining the initial condition across all simulations.

Technology LCOE [44]
(USD/kWh)

Emission
coefficients [5]
(gCO2-eq. /kWh)

Year of total
retirement

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

Table A.7
Initial condition for CO2 emissions compared with data from the Carbon Brief [45].

Year Model emissions Actual emissions Error
(Mt CO2-eq.) (Mt CO2-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%

Fig. A.8. Electricity generation between 2013 and 2016 that defines the initial
condition across all simulations.

our results indicate that these two approaches are not mutually exclu-
sive. The cost of 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 cost-effective compromise. An approach reliant on a mature
technology like nuclear also improves the likelihood of Japan meeting
its 2050 emission goals, as the timely success of the Japanese hydrogen
plan is far from certain especially considering the more ambitious
carbon reduction goals recently announced by METI [42,43]. At the
very least, as is the case for CCS and fossil fuels, nuclear power
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 cognisant of these eco-
nomic, environmental, and social aspects of energy systems is required
to deliver a low-cost, low-carbon energy future for Japan which is
socially acceptable.

6. Conclusion

We simulated five transition scenarios which assess potential path-
ways to meeting 2030 and 2050 emission targets within the Japanese
electricity supply system and their long-term impact up to 2100. Our
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Table A.8
Economic data for modelled technologies.

Technology Capital Fixed Variable Lifespan Capacity factor/ Emission Year
cost OM OM efficiency coefficient available
(MUSD/GW) (MUSD/GW) (MUSD/GWh) (Years) (gCO2-eq/kWh)

USC [46,47] 3661 40.41 0.045 40 CF=0.55 820 2017
LNG[46,47] 1079 14 0.0025 30 CF=0.55 490 2017
Nuclear [46–48] 6317 121.13 2.36 60 CF=0.6–0.95 12 2017
Li-ion storage [35,36,49] 1876 (2017) 10 0.3 10 Eff=0.86 151(2017) 2017

1446 (2025) 87(2050)
Solar [46,47] 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
[40,46,47,50–52] 2406(2050) CF=0.35(2050) 7 (2040)
Offshore wind(Fixed) 7772(2017) 341 0 25 CF=0.3(2017) 25(2017) 2017
[40,46,47,50–52] 3381(2050) CF=0.40(2050) 11(2050)
Offshore wind(Floating) 12897(2017) 423 0 25 CF=0.35(2017) 25(2017) 2017
[40,46,47,50–52] 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
[46,47] 1422(2050)
USC-CCS(90%) 5252(2023) 59 0.078 40 CF=0.27-0.32(2017) 236.5 2023
[46,47] 4091(2050)
Emerging Solar 4600(2017) 15.19 0 25 Eff=0.22(2017) 22(2017) 2017
[53,54] 600(2050) Eff=0.3(2030) 13(2040)
AEC 1500(2022) 8 0.0004 11(CF=0.9) Eff=0.7 1.29 2022
[29,55–57] 850(2030)
PEMEC 3500(2022) 8 0.0004 7 (2022)(CF=0.9) Eff=0.75(2022) 8.7(2022) 2022
[29,58–63] 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
[29,62,64] 1000(2050) 7 (2050) 1.08(2050)

400(2070) 11 (2070) 0.72(2070)
Gas reforming 763 6.21 0.04 30 Eff=0.7 356.6 2022
[29,65,66]
Gas reforming-CCS(70%) 1200 8 0.065 30 Eff=0.56 179 2022
[29,66,67]
PEMFC [29,68,69] 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 [29,68,70,71] 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 [30] 14706 236.5 0 20(CF=0.9) Eff=0.15(2050) Unknown 2050
Table A.9
Nameplate capacity deployment limits.

Technology Net Capacity Limit (GW)

Photovoltaic [72] 332
Onshore wind [40,51] 180
Offshore wind (fixed) [40,51] 130
Offshore wind (floating) [40,51] 260
Nuclear 50 (Scenarios 3 & 4)

100 (Scenario 2)
PWS [30] 100 (Scenario 5)

Table A.10
Nameplate capacity growth rates.

Technology Maximum annual growth rate

Nuclear (2027 onwards) +5 reactors
Solar and emerging solar [28] 40%
Onshore wind [28] 25%
Offshore wind(Fixed) [28] 20%
Offshore wind(Floating) [28] 20%
Li-ion storage 30%
Natural gas 50%
USC 50%
All emerging technologies 40% (Years 1-5)

60% (Years 6-10)
40% (Years 11-15)
30% (Years 16-)

transition scenarios prove that meeting emission goals without new
nuclear or new low-emission technologies is infeasible, and such an
11
Table A.11
Miscellaneous model parameters and assumptions.

Parameter Value

Currency MUSD 2015
Activity unit GWh
Discount rate 5%
Transmission efficiency 90%
Li-ion discharge time [49] 4h
Li-ion E/P ratio [49] 4
Li-ion depth-of-discharge [49] 80%
Li-ion lifetime cycles [49] 3500

endeavour is likely to be an expensive failure. These results also demon-
strate that emission goals can be met by either investing heavily in
nuclear, investing heavily in hydrogen, or using a combination of both.
Scenarios that incorporate nuclear are the most cost-effective, and using
a combination 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 decarbonisation outcomes
since the commercialisation and deployment of hydrogen in time to

meet 2030 and 2050 emission goals is uncertain.
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Fig. B.9. Sensitivity analysis of Photochemical Water Splitting. Red dots indicate points that are zero values, while blue dots indicate non-zero values.

Fig. B.10. Sensitivity analysis of hydrogen generation technologies SOEC and PEMEC.

Fig. B.11. Sensitivity analysis of electricity generation technologies SOFC and CCS gas.
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Fig. B.12. Sensitivity analysis of the model’s overall transition cost between 2013 and 2100 with respect to selected model parameters.
Fig. B.13. Sensitivity analysis results for PEMFC and CCS coal.
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 assess-
ment of the entire Japanese energy system when exploring energy
transition pathways. The assessment of synergistic utilisation of hy-
drogen 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. Any new technologies that develop in the future and
promise rapid decarbonisation should also be incorporated in such
work. 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.
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