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ARTICLE INFO ABSTRACT

Keywords: Electric trains (ETs) and hydrogen trains (HTs) offer an opportunity for both Japan and the UK to meet their
UK national targets as part of the Paris Agreement. Although ETs and HTs are considered zero emission at the point
Japan of use, their true environmental impact is dependent upon non-tailpipe emissions from fuel/energy production
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public transport

and vehicle manufacture, maintenance and disposal. To assess and compare the carbon dioxide emissions pro-
duced from ETs and HTs in Japan and the UK from 2020 and 2050, the operating emissions of these trains were
projected. Results compared ET and HT emissions with diesel fuelled trains (DFTSs) to better assess which fuel
type was the most environmentally friendly. Emissions per train, cumulative emissions and total energy
required for ETs and HTs were compared.

Results indicated that even with technological improvements, DD DFTs produced the highest level of emis-
sions in both countries, followed by HTs. Although ETs produced the lowest level of emissions, it is likely that a
mix of both ETs and HTs will be required to meet passenger demand and for travel within rural areas. As Japan
has already transitioned towards ETs, future policy focus should be placed on decarbonisation of their energy
sector and a shift away from fossil fuels in favour of renewable energy, otherwise environmental benefits of ETs
will be diminished. As the UK is decarbonising its electricity network, focus needs to be placed on electrifying

the majority of the rail network and running the rest on hydrogen to decarbonise rail transport.

Introduction

The 2015 Paris Agreement aims to limit global warming to well
below 2 °C above pre-industrial temperatures and to pursue efforts
to limit temperatures to 1.5 °C above pre-industrial levels (Rogelj
et al., 2016). As part of this agreement, both Japan and the UK have
set their own nationally determined contributions (NDCs), with Japan
aiming to reduce their greenhouse gas (GHG) emissions by 80% com-
pared to the 1990 baseline levels by 2050 (Ashina et al., 2012). The
UK has set a more stringent target aiming for net zero GHG emissions
by 2050 (equivalent of 95% compared to 1990 base line) (O’Beirne
et al., 2020). For these international and national targets to be met,
both countries need to focus on reducing transport emissions, as these
contributed to 18% of Japan’s national GHG emissions total and 28%
of the UK’s in 2017 (CCC, 2018; Watabe et al., 2019). Personal road

transport emits more carbon dioxide (CO-) on average than other land
transport modes, i.e. bus and rail (Shiraki et al., 2020), therefore shift-
ing towards a higher share of public and mass transit will be essential
(Chaturvedi and Kim, 2015; Hensher, 2007).

Rail-based passenger transport is an important element in the pub-
lic transport sector in many countries and cities (Chaturvedi and Kim,
2015). Globally, rail is considered to be one of the more environmen-
tally clean means of transportation per capita, despite producing
~3.6% of global transport emissions and consuming ~2.1% of global
transport energy consumption (Ghaviha et al.,, 2017; Hayashiya,
2017). Rail emits comparatively lower emissions per capita. For exam-
ple, in the UK, the projected grams of CO5 produced per kilometre per
person by regional diesel fuelled trains (DFTs) was one sixth of private
conventionally fuelled vehicles (CFVs) at 100%, 75%, 50% and 25%
capacity (assuming 100% capacity equates to 447 train passengers
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and four car passengers) (Logan et al., 2020a). Rail is one of the few
transport types to have decreased CO, emission trends as global CO,
emissions have increased (Ghaviha et al., 2017; IEA, 2017).

By encouraging and improving low carbon rail, including electric
trains (ETs) and hydrogen trains (HTs), both Japan and the UK are
likely to see a reduction in GHG emissions across the rail network.
The aim of this paper is to assess the CO, emissions produced from die-
sel fuelled trains (DFTs), ETs and HTs in Japan and the UK between
2017 and 2050. For the purposes of this study, only passenger trans-
port is investigated. The methods used within this paper focus on
the tailpipe emissions of passenger rail within both countries. This
novel comparison of projected rail emissions will enable a better
understanding of the influence of the electricity generation mix in both
Japan and the UK. We are not aware of previous studies utilising
national generation data sets for an international comparison focusing
on Japan and the UK. Furthermore, cumulative rail emissions and
transport emissions per person per kilometre travelled will also be
investigated to better understand which method of rail travel is the
least carbon intensive as both countries work towards the Paris
Agreement.

This comparison between Japan and the UK was chosen as both
countries have different railway histories and electricity networks
which will allow us to gain a better understanding of how the energy
sector needs to be adjusted to establish low carbon rail into the trans-
port and energy networks, whilst decreasing GHG emissions. For an
overview of current and future electrified rail in Japan see Oura
et al., (1998) and for the UK see Smithers (2020). Compared both
countries have very different methods to meet their targets. Japan
has been considered a global forerunner by integrating high speed rail
and encouraging consumer uptake through a fast, low carbon and effi-
cient service for long distance journeys, reducing the need to fly. Alter-
natively, the UK continues to use DFTs, which will be phased out from
2040, but the UK rail system has a low user uptake over longer jour-
neys. With this comparison, relevant recommendations for policymak-
ers can be made to assess how both countries can reduce their
transport emissions in order to meet their emission reduction
objectives.

Although both countries face a similar demographic in terms of an
ageing population, differences in projected population size changes
over the next thirty years need to be considered when designing the
transport network. Japan faces a decreasing population size, which
may reduce the demand for public transport. Rail travel represents
the dominant transport choice with 30% of people travelling by rail
within metropolitan areas in Tokyo, approximately the same as cars
(Abe and Kato, 2017). Overall, Japanese use of rail accounts for up
to 72% passenger distance travelled (Statistica, 2020). Whilst this
may change as the percentage of the working population fluctuates,
this highlights the need for a decarbonised rail network. On the other
hand, the UK’s population is currently almost half that of Japan at
~67.3 million in 2020 and is expected to increase to ~76 million in
2050 (Byers et al., 2014; ONS, 2017). Therefore, a reliable transport
network is essential. Furthermore, Japan has a land area that covers
364,560 km? whereas UK area covers 248,532 km?, however Japan’s
rail network is much more developed and relied upon for longer dis-
tance travel. Higher usage may be attributed to the introduction of
the Aviation Fuel Tax in Japan, something the UK has not yet imposed,
though differences may also be due to Japan’s significantly more
extensive rail infrastructure providing greater convenience (Gonzalez
and Hosoda, 2016). However, there has been limited decreases in air
travel (Liu et al., 2019). As the UK’s land area is 1.5 times smaller than
Japan, integrating a low carbon rail service that is comparatively
lower cost and convenient may encourage uptake of more sustainable
transport options.

Whilst trains offer a cleaner transport method, the benefits of
switching to higher train usage will be partially negated if trains are
not powered by hydrogen and/or electricity generated from low
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carbon (e.g. renewable or nuclear) resources. Both Japan and the UK
are focussing on transforming their electricity generation mix with
country specific energy transitions. Japan has low electricity genera-
tion diversification and is heavily dependent upon limited resources
of fossil fuel imports which have increased in prevalence since local
nuclear power generation disruptions due to the 2011 Fukushima
nuclear accident. The UK has a much more diverse energy mix with
~33% of electricity generated from renewables (including wind, solar
and tidal) and an additional 21% from nuclear energy generation
(BEIS, 2019a). The UK currently generates ~39.5% of energy genera-
tion from natural gas, with unabated coal being phased out from
2025 (BEIS, 2019a; 2018a). Government policies regarding generation
mix should focus on low greenhouse gas emission electricity sources to
ensure transitioning to alternative transport power is not simply shift-
ing emissions elsewhere.

Both countries in this study began to introduce and invest in elec-
tric rail for different reasons and during different time frames. Japan
began to introduce electric rail lines in the 1940s and 1950s to carry
domestic freight after World War II, replacing steam trains
(Yamamoto, 1993). Transitioning to electrified rail allowed Japan to
consume less coal and alleviate the coal shortages. Policy introduced
at the time supported this through hydroelectric generation to power
ETs. ETs A majority of electricity was to be hydroelectrically generated
with thermoelectric power as a secondary source (Yamamoto, 1993).
Alternatively, the UK utilised steam trains until the 1970s due to coal
availability, unlike in Japan. However steam trains were replaced lar-
gely by diesel trains throughout the country. London was the exception
where almost a third of rail was electrified from the 1890s spreading
through to the south coast by the 1930s. With the steady migration
to DFTs and the availability of North Sea oil, the urgency in the UK
to transition to electric rail has been slow. However to meet the UKs
new emission reduction targets as part of the Paris Agreement, this
transition will be needed.

The Japanese rail system is a major means of passenger transport
and is provided by six passenger Japanese Railway (JR) companies,
responsible for providing 20,117 million kilometres in 2016
(Mizutani and Fukuda, 2020). An additional train line called JR-
Freight, responsible for the transportation of freight, travelled 35.5
million kilometres across 2016 (Mizutani and Fukuda, 2020). The
remaining network is controlled by other private railway companies
(16), semi-major companies (5), public authorities (11), small-to-
moderate private railway companies (1 28); there are also some mono-
rails, new transit systems and cable railways (33) (Kurosaki and
Economics, 2017). As of March 2003, 55% of Japan’s conventional rail
line was electrified with 100% of the high speed Shinkansen electric
(Kobayashi, 2005). In 1964, Japan introduced the world’s first high
speed railway (HSR), the Japanese Tokaido Shinkansen, which use
multiple electric units offering fast acceleration, deceleration and
whilst also reducing track damage due to the lighter weight of electric
HSR trains. In 2019, it was announced that the JR-East planned to test
trains using hydrogen fuel cells from 2021. Hydrogen fuel cell trains
were previously explored in Japan in 2001 by Japan’s Railway Techni-
cal Research Institute, however plans were stopped due to problems
related to fuel cell fuel performance (Haseli et al., 2008). Hydrogen fuel
cell trains are not a new concept with developments by Steinberg and
Scott (1984) comparing fuel and energy consumption of rail locomotives
using hydrogen and other modes of propulsion against conventional
diesel-electric locomotives and other trains (Haseli et al., 2008). This
study showed alternative powered rail had some advantages but was reli-
ant on the relevant infrastructure being in place.

On the other hand, the UK’s rail infrastructure is run by a public
company called Network Rail (NR) which is answerable to the UK
Government, with trains, smaller stations and routes operated by 16
franchises run by private companies (although two have been taken
back under Government control). Abolition of the franchising system
was announced in September 2020 (Macola, 2020). In 2018, the UK
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Government announced plans to phase out ‘diesel-only’ trains (which
currently account for ~29% of locomotives) on Britain’s railways by
2040, however as only 37% of the current rail tracks are electrified,
significant investment and changes may need to be made before this
phasing out can be successful. A current proposal is for ‘bi-mode’ trains
which allow train traction units to switch between electrified and non-
electrified tracks and these are being tested on the Great Western and
InterCity Eastern Coast Routes. Alternatively, hydrogen rail traction is
currently being tested in the UK, with the first hydrogen fuel cell trains
projected to run by 2022. Therefore, reliable emission projections are
important for policy makers to better understand the potential emis-
sions before widespread integration of alternatively fuelled trains
occurs (Logan et al., 2020a).

Japanese rail networks

The railway network in Japan plays a central role in society by
extensively covering most major islands and provides services for mass
high speed travel between major cities and for commuter transport in
metropolitan areas (Lam and Tai, 2020). In 2017, Japan had the third
highest number of passenger kilometres travelled globally that year
with almost 440 million passenger kilometres recorded. Although
the market share of railways has been decreasing over time, the rail-
way sector still accounts for 29% of the transport market in terms of
passenger kilometres (Kurosaki, 2018).

Prior to the Tokyo Olympics in 1964, Japan introduced its first high
speed train (also known as Shinkansen) connecting Tokyo to Osaka.
This reduced travel time by two and a half hours over the 513 km jour-
ney (Bracaglia et al., 2020; Liu et al., 2019). With the public’s positive
response to the rail service, there was a significant expansion between
the 1970s and 1990s, with relatively minor expansions occurring after
this. Japan has a relatively mature advanced rail network connecting
all major cities (Liu et al., 2019). Furthermore only 1% of trains are
still expected to run entirely on diesel fuel in 2040, therefore decar-
bonisation of electricity supply will be critical to decarbonise rail
transport (ERIA, 2019).

Japan’s energy targets and electricity generation

Japanese railways consumed ~17.7 TWh of electric energy in 2013,
the equivalent of 1.9% of total electric energy supply in Japan, and this
has the potential to produce significant levels of emissions when
energy generation is primarily from non-renewables (Hayashiya,
2017). This has led to many railway companies within Japan aiming
to reduce their energy consumption to meet emission targets. Among
solutions to reduce energy consumption is to enhance utilisation of
energy and focus on decarbonised electricity for train use.

The reduction of GHG emissions is a major environmental chal-
lenge for Japan. In 2016, Japan generated 1.325 GtCOxe of GHG emis-
sions, contributing to ~3.5% of global GHG emissions (Watabe et al.,
2019). After the Fukushima tragedy in 2011, Japan has adjusted their
long-term climate and energy policies and retracted their previous goal
of 25% emissions reduction from the 1990 levels by 2020 (Sugiyama
etal., 2019). In 2015, the Japanese Government submitted its NDC tar-
get to reduce the country’s GHG emissions by 26% by 2030 from 2013
levels. Japan has also formulated its long-term energy policy and aims
to reduce GHG emissions by 80% by 2050 whilst pursing global warm-
ing countermeasures and economic growth at the same time
(Sugiyama et al., 2019).

Historically, Japan has been considered an energy resource poor
country. It is the fifth largest global energy consumer, importing
~94% of primary energy supply in the form of fossil fuels (METI,
2017; Vivoda, 2012). In particular, oil-based fuels which account for
~98% of vehicle fuels, of which ~87% comes from the Middle East
(METI, 2017). With such high dependence and demand for energy
imports and a previous reliance on nuclear power, energy security
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has been made a priority by the Japanese Government, particularly
as a result of the two oil crises in 1973 and 1979 (Vivoda, 2012).
Before Fukushima, nuclear energy accounted for ~25% of Japan’s elec-
tricity generation, before decreasing to 0% in 2014. Nuclear energy
has since increased slowly to 0.9% by 2015 with five nuclear power
stations in Japan allowed to operate by September 2017. After Fukush-
ima, gas and other fossil fuel fired power plants fulfilled an estimated
electricity supply deficit of ~30% (IEA, 2016) that would have been
supplied by nuclear power plants. In this period, energy security has
once again become the centre of attention for Japanese policy makers
and the general public (Hayashi and Hughes, 2013; Vivoda, 2012).
Considering relative costs, availability of thermal electricity technol-
ogy and availability of fuels, Japan turned to importing fossil fuels, pri-
marily liquefied natural gas (LNG), coal and oil (IEA, 2016). This
increased CO, emissions from power generation to ~110 Mt, more
than 20% between 2010 and 2013 (IEA, 2016).

Future electricity generation in Japan has previously been con-
strained by three sources of path dependency (Vivoda, 2012). Firstly,
public opinion due to the tsunami induced Fukushima disaster. Sec-
ondly, energy policy making capacity centred around the Ministry of
Economy, Trade and Industry (METI) and the powerful utilities and
nuclear industry that are pro-nuclear (Vivoda, 2012). Finally, the rel-
ative energy prices and other structural constraints which make
nuclear energy and fossil fuels the most economically feasible energy
choices (Vivoda, 2012). Therefore, for a successful transition towards
a decarbonised electricity network and a shift away from fossil fuels
and imports, Japan’s energy policy needs to focus on several strategies.
Firstly, strengthening energy security by diversifying the energy gener-
ation network through the introduction of alternative low carbon
resources including solar, wind and tidal energy (Logan et al.,
2020c). Secondly, implementing energy conservation and renewable
energy policies that consider environmental concerns alongside
growth, and finally balancing public opinion against a stable electric-
ity supply, perceived safety and reduced costs.

To achieve this, under the 2002 Basic Act on Energy Policy, Japan
has set updated ‘Strategic Energy Plans’ (SEPs) every three to four
years from 2007 taking into account changes in the energy environ-
ment inside and outside of Japan (Kucharski and Unesaki, 2017).
For example, under the third SEP, Japan set a target of reducing emis-
sions by 6% between 2008 and 2012 compared to 1990 levels under
the first commitment period of the Kyoto Protocol (UNFCCC, 2008).
However, this plan was heavily dependent on nuclear energy with
an anticipated increase in nuclear power share in the electricity supply
to increase from 30% to 50% (IEA, 2016). After Fukushima, under the
fourth SEP, this was revised due to uncertainties around nuclear power
generation to reduce emissions by 3.8% by 2020 compared to 2005
levels. The fifth SEP aims to decrease electricity generated from fossil
fuels from 65% before 2011 to 56% in 2030, adopting further energy
saving measures to improve the electricity generation efficiency by
35% and promote hydrogen/energy storage and decentralised electric-
ity systems.

Table 1 demonstrates the projected electricity generation in Japan
until 2050, taking into consideration the adjusted SEP targets (IEEJ,
2018). It can be seen that Japan is attempting to decrease dependence
on fossil fuels and move towards a more sustainable future. Although
there has been a dramatic decrease in nuclear energy generation since
2010, a considerable effort needs to be made to decarbonise the rest of
the electricity sector as ~83% of electricity generated came from coal,
oil and natural gas in 2015 compared to projections of ~47% by 2050
(IEEJ, 2018).

As part of Japan’s fourth SEP from 2014, the METI issued a Strate-
gic Road Map for Hydrogen and Fuel Cells in 2014, which was later
revised in 2016. This roadmap describes the goals in each step of
hydrogen production, transportation, and storage, and the necessary
steps to achieve them through technological challenges and secure
economic efficiency (Matsuo et al., 2018; METI, 2017). In phase one,
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Table 1
Projected Energy Generation in Japan Between 2015 and 2050 (Source: IEEJ, 2018).
2015 2030 2040 2050
(TWh) (%) (TWh) (%) (TWh) (%) (TWh) (%)
Coal 343.0 279.0 239.0 197.0
(33.2) (25.3) (21.8) (18.3)
0il 103.0 49.0 28.0 97
(10) (4.4) (2.6) 0.9
Natural Gas 410.0 313.0 315.0 302.0
(39.7) (28.4) (28.7) (28.1)
Nuclear 9.4 224.0 215.0 215.0
(0.9) (20.3) (19.6) (20)
Hydro 85.0 92.0 94.0 94.0
(8.2) (8.3) (8.6) (8.8)
Solar PV 36.0 72.0 107.0 131.0
(3.5) (6.5) 9.8) (12.2)
Wind 5.2 18.0 31.0 43.0
(0.5) (1.6) (2.8) @
Biomass and Waste 41.0 55.0 67.0 82.0
) (5) (6.1) (7.6)
Total 1,032.6 1,102 1,096 1,073.7
(100) (10) (10) (10)

the roadmap aims to expand hydrogen use through the expansion of
fixed fuel cells and fuel cell vehicles and become a world leader in this
technology. Under phase two, they aim to have a full-fledged introduc-
tion of hydrogen power generation and establish a large-scale hydro-
gen supply by the second half of the 2020s. Finally, the third phase
will be to establish a CO, free hydrogen supply system on a total basis
by around 2040 either through the use of carbon capture and storage
(CCS) or to produce hydrogen from renewable resources (METI, 2017).
The introduction of CCS would allow emissions to be reduced during
the transition to low carbon energy generation. CCS is the process
where CO, is captured and compressed from a large stationary source,
i.e. a coal power station, before it is injected into a suitable geological
formation for long-term isolation from the atmosphere (Gorke et al.,
2018). The first commercial CCS project to be fully implemented in
Europe was Sleipner in Norway. Since its installation in 1996, this pro-
ject has captured one million metric tonnes of CO, per year from gas
production at the Sleipner West Field and has stored these emissions
within a geological formation 1,000 m below the seabed (Karimi
et al., 2012).

The UK’s rail network

The UK’s rail network is often perceived as a ‘green’ mode of trans-
port as compared to the rest of the transport network it only con-
tributed to 2% of total transport emissions, with the equivalent of ~2
MtCO,e produced in 2016 (DfT, 2019). NR owns and operates the
UK’s national railway infrastructure as a public body of the UK Govern-
ment. The network carries ~4.4 million passengers every day on
~22,000 passenger trains and ~11% of the UK’s freight (Power et al.,
2016). NR operates a total of ~31,000 km of track (including passenger
and non-passenger routes), ~30,000 bridges and viaducts as well as
thousands of tunnels, signals, and level crossings (ORR, 2017; Wang
et al., 2020; Williams Rail Review, 2019). However, most train ser-
vices are provided by private operators (Bowman, 2015).

Without improvements to the current rail rolling stock, track and
platforms, emissions from rail could remain static. To meet emission
reduction targets, the UK Government announced in 2018 that
diesel-only trains will be phased out by 2040, in favour of alternatively
fuelled trains (DEFRA, 2019; Royston et al., 2019). In recent years,
electrification of trains and rail infrastructure in the UK has fallen
behind many countries with only ~37.9% of passenger railway track
electrified, the equivalent of ~6,012 km of ~15,847 km in 2018/19.
Therefore, significant upgrading and electrification of the current rail
infrastructure will need to be made to meet future travel demand and
to reduce GHG emissions from rail.

Urban rail travel plays a key role in many of the UK’s major cities
by providing public transport services within metropolitan areas
(Gonzalez-Gil et al., 2015). Urban rail is regarded as an ideal solution
to increase mobility due to the superior capacity, safety, reliability and
environmental performance of the rail service when compared to the
private car. However, in terms of environmental emissions, urban rail
may lose its competitive edge if it does not reduce its energy usage
whilst maintaining or enhancing its service quality and capacity
(Gonzalez-Gil et al., 2014).

To encourage long distance travel, rail needs to remain appealing
for consumers in terms of cost and convenience. Introducing high
speed rail (such as High Speed 2 (HS2)), brings improvements in track
and signalling infrastructure. This in turn enables greater enhance-
ments in efficiency and decreased travel time. HS2 would allow pas-
sengers to travel from Birmingham and London (~160 km), currently
~one hour and 21 min, in ~52 min. The UK Government estimates
HS2, once complete, will carry up to ~26,000 passengers / hour. To
ensure success, cost to the consumer is important (Lalive et al.,
2018). There are current plans for further expansions for the HS2 to
be implemented with the High Speed 3 (HS3) making improvements
to the west-east link from Liverpool in the west to Hull and Newcastle
in the east (NIC, 2016). In addition to this, additional plans for a High
Speed 4 (HS4) rail link between London to the south west towards
Somerset and Devon and Cornwall were announced in 2020.

The UK’s energy security and electricity generation

For rail in the UK, there has only recently been an increase in the
energy used, both in terms of diesel and electricity. In 2004, rail travel
consumed two kilo tonnes oil equivalent (ktoe), which increased 18-
fold to 21 ktoe by 2018. To ensure the UK remains on course to
achieve its emissions reduction target of net zero by 2050, the Com-
mittee on Climate Change (CCC), an independent advisory board to
the UK Government, sets five yearly carbon budgets which currently
run from 2008 until 2032. The first two carbon budgets ran between
2008 and 2012 and 2013 to 2017 and were achieved with emission
reductions of 25% and 31% across their time frames. The UK is cur-
rently in the third carbon budget (2018 to 2022) of 2,544 MtCO,e
and on target to outperform this budget (Priestley, 2019). The fourth
carbon budget (2023 to 2027) and the fifth carbon budget (2028 to
2032) are 1,950 MtCO,e and 1,725 MtCO,e respectively (Priestley,
2019). The UK Government current projections indicate there will
be shortfalls within these carbon budgets, and therefore new policies
and proposals in the Clean Growth Strategy (2018) are being imple-
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mented, with the objective of creating future policy and regulation
amendments as the scale of shortfalls becomes clear (BEIS, 2017).

In comparison to Japan, the UK remains a much more energy
secure environment due to the diversity of the electricity generation
mix since the 1970s and geographical position making it unlikely for
natural disasters to affect generation. Although the UK does rely on
some fossil fuel use, this has been decreasing rapidly over a ten-year
period from 124 TWh in 2008 to 17 TWh by 2018 with all coal power
stations to be phased out by 2025 (BEIS, 2018a). During this transi-
tion, gas generation infrastructure for electricity generation is
expected to provide dispatchable power when renewable energy tech-
nologies cannot meet demand. Additionally, the UK still has intercon-
nectors between France and the Netherlands to encourage peak
sharing between different time zones and to reduce loading on the
UK’s National Grid network. To allow further emissions reduction,
storage technology should be developed along with the planned
increase in renewable energy generation. However, to maintain energy
security when solar and wind are not available, dispatchable combined
cycle gas turbine (CCGT) power is retained until energy storage is
available which is not zero carbon, and installation of CCS should also
be considered in the UK for these emissions.

As part of their emissions reduction targets, and while UK law
remains a mirror of European Energy Directive (2018/2001/EU), the
UK is committed to generate at least 32% of energy from renewable
electricity by 2030, with a sub-target of a minimum of 14% of renew-
able electricity to be generated for the transport sector. Table 2 high-
lights the predicted electricity generation mix based on current
policies between 2020 and 2050. The UK Government is committed
to achieving this target in the most cost-effective way and expects a
shift towards renewable energy with an increase of ~16% from 2020
by 2035 (BEIS, 2019a).

Currently, hydrogen enters the energy generation mix mostly in
stand-alone applications as there is no national transmission and distri-
bution network (Fu et al, 2019). The UK Government recently
announced a £90 million hydrogen technology fund focussed on sup-
porting low carbon hydrogen production across the energy system,
whilst encouraging the private sector to invest in its scaleup and
deployment (BEIS, 2020). £70 million will include the production of
two of Europe’s first ever large-scale production plants with a develop-
ing technology to harness offshore wind to power electrolysis and pro-
duce hydrogen (BEIS, 2020). The remaining investment will be used to
fund projects aimed at cutting household emissions and fossil fuel use.
Therefore, although not already in place, technology for hydrogen fuel
has been considered and infrastructure is currently under construction.

Methodology

To develop scenarios estimating the CO, emissions produced by
three differently fuelled trains (DFTs, ETs, HTs) in Japan and the
UK, data was obtained from a range of local authority, regional and
national databases including the UK Government, National Grid, The
Institute Of Energy Economics and METI before being extrapolated
to allow projections between 2020 and 2050 (BEIS, 2018b; Ito et al.,
2006; National Grid, 2018). This paper does not directly consider
the embedded carbon costs of these trains including their construction,
decommissioning and the battery costs. An overview of the data used
can be seen in Appendix A.

Furthermore, it is important to highlight that this is an overview of
all rail types within both countries. In Japan, commuter trains are
often classified as metros rather than trains and not often classified
within the statistics. UK commuter trains are often included in train
statistics although their scheduling and stop frequency make them sim-
ilar to metro services. Within the UK, the only cities that have a metro
are London and Glasgow which are not considered part of the rail net-
work included in this study. This difference between the reporting
characteristics of the data used within this study may affect the direct
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comparability of our outputs. However, the variability is a relatively
small proportion of the dataset and is not expected to affect the overall
conclusions of this study.

Japan case setting

The estimation of the total number of trains and distance travelled
in Japan were based on the projected population changes between
2017 and 2050. During this time frame the Japanese population is
expected to decrease by 8.7% from 126.4 million in 2020 to 115.5 mil-
lion in 2050 (Appendix B). The population change between 2019 and
2020 was used to extrapolate forward the number of trains in use and
distance travelled to 2050. This was chosen over the mean growth rate
between 1999 and 2020 (the period which data was available for) as
Japan’s population size is decreasing, so whilst the 2020 growth rate
is lower than the mean it is considered to be a more likely approxima-
tion of the true population sizes (Appendix C).

For the number of trains, the population size was combined with
data taken from the EU-Japan Centre for Industrial Cooperation
between 1999 and 2015 to calculate the number of people per train
per year by population size. As this trend was approximately horizon-
tal, expected population size was divided by the mean people per train
for each year up to 2020. The number of trains thus decreased from
21,538 in 2020 to 19,681 in 2050 (Appendix A).

To estimate the total distance travelled by trains between 2020 and
2050, the total distance travelled by all trains between 1999 and 2015
was sourced from the Handbook of Japan's & World Energy & Eco-
nomic Statistics by The Energy and Data and Modelling Centre
(EDMC, 2017). The yearly increase rate of the average distance per
train was calculated using the mean rate of average distance increase
per train between 1999 and 2015, as it was approximately linear, and
used to project distance travelled up to 2050. As described above, the
number of trains was calculated in relation to population size and
therefore the distance values used in this study are indirectly related
to population size. This shows an increase in distance from 8.80x10°
km in 2020 to 1.05x10'° km in 2050 (Appendix A).

To estimate the carbon intensity for electricity generation for both
ET and HTs, the electricity generation mix between 2020 and 2050
was calculated using Japan’s 2050 Low Carbon Navigator (IGES,
2010). These values focussed on electricity generated in Japan assum-
ing an 80% reduction in GHG emissions and therefore is the most com-
parable to the UK’s two degree scenario (Appendix C).

UK case setting

For the UK, the Transport Energy and Air Pollution Model (TEAM-
UK) was used to estimate the projected number of trains and distance
travelled between 2020 and 2050. This is an updated version of the UK
Transport Carbon Model (UKTCM) (Brand et al., 2012, 2019, 2020).
TEAM-UK is a disaggregated, bottom-up modelling framework of the
UK transport-energy-environment system, built around a set of exo-
genous scenarios of socio-economic, socio-technical and political
developments (Brand et al., 2019). Projections from TEAM-UK for
trains came in four types: light, regional (i.e. commuter), national
and high speed, which were combined to give an overview of the rail
system in the UK (Brand and Anable, 2019).

Using TEAM-UK, between 2020 and 2050 the total number of
trains is expected to remain relatively constant increasing by 0.9%
from 6,394 trains to 6,454 trains. The total distance travelled by these
trains’ increases by 10.5% from 533,311,266 km to 589,249,435 km.
Best case scenario data was used for the carbon intensity of electricity
generation. This was obtained from the National Grid two degrees sce-
nario (National Grid, 2018). The scenario reflects the UK adhering to
the global ambition to restrict global temperature rise to below the 2 °
C above pre-industrial levels, as set out in the Paris Agreement. This sce-
nario provides large-scale solutions with consumers expected to choose
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Projected UK electricity generation mix based on current policy between 2020and 2035 (). Source: BEIS 2019a

The UK Electricity Generation Mix (TWh) (%)

2020 2025 2030 2035
Coal 1(0) 0 (0) 0 (0) 0 (0)
Coal and natural gas CCS 0 (0) 0 (0) 0 (0) 0 (0)
0il 0 (0) 0 (0) 0 (0) 0 (0)
Natural gas 100.5 (34) 73.5 (26) 74.8 (25) 51.6 (17)
Nuclear 59.2 (20) 40.5 (14) 63.7 (21) 57.6 (19)
Other Thermal 0 (0) 0 (0) 0 (0) 0 (0)
Renewables 134.7 (45) 170.4 (59) 159.4 (53) 182.9 (61)
Storage 3.2 (1) 3.6 (1) 5.0 (2) 7.8 (3)
Total electricity supplied (gross) 298.6 (100) 288.0 (100) 303.0 (100) 300.0 (100)

electric and hydrogen (H,) technologies for heat and transport options to
meet the 2050 targets. This scenario was chosen as it will allow policy-
makers to better understand the maximum level of emissions that could
be emitted for the UK to meet their global and national agreements.

Estimating operating emissions from diesel fuelled trains

To estimate the total CO5 emissions produced for DFTs in Japan
and the UK, Equation 1 was used:
Equation 1

Emissionstygins = N * D % C

Where, N = total number of trains, D = distance travelled (kilome-
tres), T = train by fuel type (in this case DFTs) and C = grams of car-
bon dioxide per kilometre travelled by train (gCO» km™1). Data units
are converted into MtCO..

For the UK, 2,870 gCO, km ™! was used which was a conservative
approach for the grams of CO, produced every kilometre travelled (C)
(Pridmore, 2009). To take into consideration technological improve-
ments of diesel trains, 10 gCO, km™' was deducted every ten-year
time step. Emissions per distance data was not available in the litera-
ture for Japan, therefore the total level of emissions produced was cal-
culated by multiplying the litres of diesel per kilometre (26.40 L
km™1) by the level of carbon produced per kilogram of diesel fuel
(2.63 kgCOy,), this gave an overall value of 6,954 gCO, km™?! (Sims
et al., 2006). It is important to note that currently only 1% of trains
within Japan are diesel so this assumption may not represent the aver-
age size and weight of all trains (ERIA, 2019). The differences between
UK and Japan efficiency values are largely thought to be due to aver-
age carriage numbers,this is accounted for in the number of trains and
population related estimates.

Electric and hydrogen train emissions

To estimate the total level of emissions produced from a full rolling
stock of electric and hydrogen passenger trains in Japan and the UK,
Equation 2 was used:

Equation 2

Emissionsy = (((N * D) x (Gy x Pr)) «xI) % CI

Where, G = annual train energy consumption (kWhkm ™ 1H,P = cor-
rectional factor for fuel cell efficiencies dependent upon source of
power, I = correctional factor for grid and generation inefficiencies
and CI = carbon intensity of electricity generation (gCO, kWh™1),
T = power train type (electric or hydrogen). Data units are converted
to MtCOZ.

For both Japan and the UK, G represents the energy consumption
per kilometre by the given train power source, with the average elec-
tric train energy consumption (G) ranging between 3.5 and 5.5 kWh
km ™! (Gattusoa and Restuccia, 2014). Implementing a worst case sce-
nario approach, the maximum annual train energy consumption was
chosen at 5.5 kWh km ™! for both countries. These values were taken
from an energy consumption modelling paper (Jong and Chang, 2005)

as no country specific data is available. The method described here is
likely sensitive to this parameter depending on country as energy con-
sumption values are influenced by the mass of trains and the route
speed and topographical profiles.

For Japan, HTs were given a value of 7.1 kWh km™'. This value
was chosen as it is the wheel-to-wheel value for fuel cell electric trains
by 2030 for east Asia (ERIA, 2019). For HTs, the consumption value
for the UK was 10 kWh km ™! (Progressive Energy Ltd, 2019). This
value was likely higher as there are limited HTs currently in use in Eur-
ope. Although this value may decrease over time resulting in trains
becoming more energy efficient, HTs are still considered a relatively
new technology and there is limited literature on future hydrogen con-
sumption values. This difference in the level of emissions produced per
train per year between countries is influenced by the longer distances
travelled and that trains within Japan tend to have a larger number of
carriages compared to UK trains.

For both countries, electric power transmission and distribution
losses (I) (as a percentage of output) was estimated from The World
Bank. This gave the UK a value of 1.08 and Japan a value of 1.04
(The World Bank, 2018).

Hydrogen was assumed to be produced from electrolysis, as this is
the method that can most readily utilise a variety of renewable energy
inputs. For HTs, the grid inefficiency of 1.08 for the UK and 1.04 for
Japan was multiplied by an additional 1.72 inefficiency factor account-
ing for hydrogen generation electricity requirements, assuming H, was
generated from electrolysis. For every 1 GJ of H, to be produced, 479
kWh of electricity needs to be generated from the energy source (specific
sources or general market can be used in the estimation) (Fernandez-
Dacosta et al., 2019). The 1 GJ of H, was converted to kWh by dividing
this by 3,600, implying 277 kWh equivalent of H, had been produced
(Fernandez-Dacosta et al., 2019). This therefore gave an inefficiency
correction factor of 1.72 and an overall inefficiency value (I) of 1.79
for Japan and 1.86 for the UK. Although power distribution losses are
expected to improve through technological improvements, limited
information quantifying this is currently available. This has resulted in
current and future years being run with the same correctional factor
for both Japan and the UK, therefore energy required, and emissions
produced by electric trains in 2050 may be overestimated.

Results

The results of this analysis compares the emission levels of DFTs,
ETs and HTs for Japan (Section 3.1) and the UK (Section 3.2). Sec-
tion 3.3 compares the results for DFTs, ETs and HTs in both countries,
focussing on the required energy and subsequent emissions per train
together with the cumulative emission over the time frame.

Emissions from diesel fuelled, electric and hydrogen trains in Japan

Fig. 1 demonstrates the projected CO, emissions if all trains were
either 100% DFTs, 100% ETs or 100% HTs in Japan between 2020
and 2050.
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Fig. 1. (A) Projects the total carbon dioxide emissions from diesel fuelled trains, hydrogen trains and electric trains in Japan between 2020 and 2050 in five-year
increments. (B) Projects the kilograms of carbon dioxide per kilometre travelled by train type for Japan between 2020 and 2050 in five-year increments.

Results from Fig. 1(A) indicate that 100% DFTs within this period
exhibit the largest increase in the level of emissions by 18% from 61.2
MtCO, to 72.3 MtCO, within the time frame. This remains a hypothet-
ical scenario as only ~1% of trains within Japan are diesel. Whilst the
likelihood of large-scale DFTs is very low, it is interesting to note that
due to the high carbon intensity of Japan’s energy generation, emissions
from HTs are not dissimilar than if all trains were DFTs. If all rail was
diesel, results indicate that even with technological advances in terms
of the gCO, km™?, emissions increased. Under Fig. 1(B), results indi-
cated that 100% DFTs produced the highest level of emissions at 7.0
kgCO, km ™! in 2020 decreasing by 1.4% to 6.9 kgCO, km ™! by 2050.

Under Fig. 1(A), HTs emissions increase by 8% from 59.3 MtCO, to
64.0 MtCO, between 2020 and 2050. Furthermore, under Fig. 1(B),
results indicated that 100% HTs saw the largest decrease in emissions
produced per kilometre travelled, decreasing by 9% from 6.7 kgCO,
km ™! in 2020 to 6.1 kgCO, km ™! by 2050. Along with an increase
in distance travelled, this is a result of a high kilowatt hours per kilo-
metre due to the additional energy required for additional stages in Hy
generation. Furthermore, there was also additional energy lost during
generation which likely contributed to higher levels of emissions.

If 100% of trains were electric during the time frame, under Fig. 1
(A), using the two degree equivalent electricity generation scenario to
meet the Paris Agreement, emissions are still expected to increase by
8% from 26.7 MtCO, to 28.8 MtCO, within the thirty-year time frame.
This increase in emissions is likely due to the increase in projected dis-
tance travelled per train, which was highlighted under Fig. 1(B), as emis-
sions show a 6.7% decrease from 3.0 kgCO, km ™! to 2.8 kgCO, km ™!
within the time frame. In addition, results highlight that if the remaining
1% of non-electric trains were converted to H,, the reduction in emis-
sions would be minimal. Therefore, if Japan wants to successfully meet
their Paris Agreement targets, in spite of the almost total electrification
of the rail system, it needs to decarbonise the train electricity supply.

Emissions from electric and hydrogen trains in the UK

Fig. 2 highlights the projected CO, emissions from 100% DFTs,
100% ETs and 100% HTs in the UK between 2020 and 2050 and the
grams of CO, per kilometre travelled for each train type. Results from
Fig. 2(A) highlight that with 100% DFTs emissions are expected to
increase by 8.5% from 1.5 MtCO, to 1.7 MtCO,. Results from Fig. 2
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Fig. 2. (A) Projects the total carbon dioxide emissions from diesel fuelled trains, hydrogen trains and electric trains in the UK between 2020 and 2050 in five-year
increments. (B) Projects the kilograms of carbon dioxide per kilometre travelled by train type in the UK between 2020 and 2050 in five-year increments.

(B) indicate that emissions per kilometre travelled by DFTs decreased
by 3.4% from 2.9 kgCO, km ™! in 2020 to 2.8 kgCO, km ™! by 2050.
Therefore, this overall increase in emission levels indicates technolog-
ical advances will not offset the increase in the number of trains and
the distanced travelled by trains in terms of emissions.

For 100% HTs, under Fig. 2(A) emissions decreased by 85% from
1.44 MtCO, to 0.22 MtCO, non-linearly across the time frame. Under
Fig. 2(A) results indicated that 100% HTs saw a decrease in emissions
produced per kilometre travelled, decreasing by 85% from 2.7 kgCO,
km ™! in 2020 to 0.4 kgCO, km ™! by 2050.

Although 100% ETs did not see the largest decrease in emissions,
they produced the overall lowest level of emissions. Under Fig. 2(A),
emissions decreased by 85% from 0.46 MtCO, in 2020 to 0.07 MtCO,
by 2050. Under Fig. 2(B), emissions per kilometre travelled saw the
largest decreased by 89% from 0.9 kgCO, km ™' to 0.1 kgCO, km ™!
within the time frame.

This decrease in the level of emissions from both HTs and ETs is
due to the rapid decarbonisation of electricity generation. It also

demonstrates the impact of electricity generation decarbonisation on
transport decarbonisation.

Comparison of train emissions

Results in Sections 3.1 and 3.2 highlight that the level of emissions
from all rail types in Japan are expected to increase, whereas for the
UK, only the expected emissions from 100% DFTs will increase. For both
countries it was clear that 100% HTs produced the second lowest level of
emissions followed by ETs producing the lowest level of emissions. To
getamore direct comparison between countries, we analysed the energy
required per train, emissions per train and the cumulative emissions of
DFTs, ETs and HTs for both countries between 2020 and 2050.

Energy required per train Japan and the UK

Table 3 highlights the level of emissions produced per train for
100% DFTs, HTs and ETs for Japan and the UK between 2020 and
2050.
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Carbon dioxide emissions produced per train in Japan and the UK between 2020 and 2050.

Japan (tCO, per train per year)

The UK (tCO, per train per year)

Diesel Fuelled Trains Electric Trains

Hydrogen Trains

Diesel Fuelled Trains Electric Trains Hydrogen Trains

2020 2,840.6 1,238.3 2,751.4 239.4 71.9 225.1
2025 2,965.2 1,251.8 2,781.3 243.3 46.8 146.7
2030 3,095.4 1,263.9 2,808.3 245.8 24.4 76.4
2035 3,231.2 1,310.6 2,912.1 247.5 15.3 48.0
2040 3,373.0 1,359.0 3,019.4 250.0 10.3 32.4
2045 3,521.0 1,410.4 3,133.8 253.6 10.5 32.8
2050 3,675.5 1,453.0 3,252.3 256.6 10.7 33.6
For Japan, results indicate that for all train fuel types, the level of Table 4

emissions produced per train per year increased. The largest increase
was for DFTs which saw an increase of 29% over the time frame
increasing from 2,840.6 tCO, per train per year to 3,675.5 tCO, per
train per year. HTs produced the second largest increase by 18% whilst
ETs increased by 17% between 2020 and 2050.

For the UK, DFTs increased by 7.2% from 239.4 tCO, per train per
year to 256.6 tCO;, per train per year. Both HTs and ETs decreased the
level of emissions produced per train by 85% and 85.1% respectively
over the thirty-year time frame. This decrease in the level of emissions
is due to the decarbonisation of energy generation as although there is
likely to be an increase in the number of trains and distance travelled,
emission reductions outweigh predicted usage increases.

The emissions per train per year in Japan increased within the time
frame for all train types. Although there is an expected decrease in the
total number of trains, due to a decrease in population size, there is an
expected increase in distance travelled by 2,511,920,000 km over the
30-year time frame. This increase in the distance travelled is likely due
to the extensive rail network already in place. As the UK begins to shift
towards low carbon public transport, the total number of trains and
the distance travelled is likely to increase. However, due to technolog-
ical advances and a rapid decarbonisation of electricity generation, the
level of emissions from all train types is likely to decrease over the
time frame.

The differences in emission levels between these two countries
could largely be influenced by the differences between UK and Japan’s
average carriage numbers, which has been accounted for in the num-
ber of trains and population related estimates. Furthermore, as DFTs
only represent a small proportion of trains, with ~1% of trains
expected to be DFTs by 2040 (ERIA, 2019), the emission levels would
be expected to be higher as most Japanese trains have multiple train
carriages (Shinkansen trains have ~16 carriages (Hood, 2006)). In
comparison, the UK normally has around seven carriages per train
which often leads to overcrowding and higher emission levels. How-
ever, the Railway Delivery Group has revealed an increase of a further
1,300 carriages by 2021 to reduce overcrowding (Global Railway
Review, 2018). Therefore, emission levels would be expected to be
higher for Japan as there is a higher number of carriages
comparatively.

Cumulative emissions from diesel fuelled, electric and hydrogen trains in
Japan and the UK

Assuming a linear relationship between the five-year intervals,
cumulative emissions under all three scenarios were estimated based
on the five-year time step data available as seen in Table 4.

The cumulative emissions of DFTs was higher than ETs and HTs in
both Japan and the UK. Both ETs and HTs are expected to see techno-
logical advances so other factors including the projected number of
trains and distance travelled can influence cumulative emission levels
(see Appendix A). Japan is expected to emit 2,150.5 MtCO, between
2020 and 2050, which would be a worst case scenario as only a limited
number of trains in Japan are currently fuelled by diesel. For the UK,

Comparison of cumulative emissions of 100% diesel fuelled, electric trains and
hydrogen trains in Japan and the UK between 2020 and 2050.

Japan (MtCO,) The UK (MtCO,)

Diesel Fuelled Trains 2,150.5 49.5
Electric Trains 879.7 5.0
Hydrogen Trains 1,954.6 15.8

49.5 MtCO, is expected to be emitted within the time frame, which is
due to the increased travel distance and number of trains.

Cumulative emissions highlighted that ETs in both countries
produced the lowest level of emissions between 2020 and 2050. It is
projected that for 100% ETs, Japan would emit 879.7 MtCO, over
the 30-year period. This level of emissions is due to the electricity
generation mix remaining relatively carbon intensive over the time
frame. Within the same time frame the UK is expected to emit 5 MtCO,
which is due to the UK being projected to transition to almost no fossil
fuel generation within the time frame.

HTs produced the second highest level of cumulative emissions for
both countries, emitting 1,954.6 MtCO, and 15.8 MtCO, in Japan and
the UK respectively. This is due to the additional stages in H, genera-
tion leading to potential energy losses, the influence of the energy gen-
eration mixes as well as the projected number of trains and distance
travelled.

However, realistically, since only ~1% of trains are DFTs in Japan it
is more likely that there will be a mixture of ETs and HTs in Japan
going forward to 2050. Assuming a split of 50:50 ETs and HTs, it could
be assumed that cumulative emissions for Japan could be 1,417.2
MtCO,. This number is likely to be lower as ETs are favoured in Japan.
Alternatively, in the UK, there is a greater share of DFTs than low car-
bon alternatives, therefore cumulative emission levels are likely to
remain higher, even with new policy phasing out diesel-only trains
by 2040. Therefore a 50:50 split of ETs and HTs in the UK would be
a best case scenario at this stage with cumulative emissions of 10.4
MtCO,, a value much likely higher as ETs are phased into the train
network.

Energy generation for fully electric and hydrogen trains in Japan and the
UK

Table 5 highlights the projected energy required if all trains were
either electric or H, in Japan and the UK between 2020 and 2050.
Within this time frame, both countries experience an increase in
energy demand for both ETs and HTs. Overall, results indicate that
for both countries, more energy would be required to be generated
for HTs. This is due to the additional steps required to generate Ho.

In Japan, ETs would need an energy generation increase of 24.9%
from 514.7 GWh to 642.7 GWh within the time frame. HTs would need
an energy generation 24.9% increase from 2020 to 2050 from 664.4
GWh to 829.7 GWh. In the UK, ETs would need an energy generation
increase of 10.4% from 31.7 GWh to 35.0 GWh within the time frame.
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Projected energy required to fuel electric and hydrogen trains in Japan and the UK between 2020 and 2050.

Japan (GWh)

Electric Trains

Hydrogen Trains

UK (GWh)

Electric Trains Hydrogen Trains

2020 514.7 664.4
2025 536.0 692.0
2030 557.4 719.5
2035 578.7 747.0
2040 600.0 774.6
2045 621.4 802.1
2050 642.7 829.7

31.7 57.6
32.4 58.9
32.9 59.9
33.3 60.6
33.8 61.5
34.5 62.7
35.0 63.6

HTs would need an increase energy generation of 10.4% from 57.6
GWh to 63.6 GWh.

Taking into consideration the current state of train electrification in
Japan, an additional 5.1 GWh of energy for ETs would be required in
2020 to power the 1% of trains that are not currently expected to be
electric by 2040. By 2050, an additional 1.3 GWh of electricity would
be required to meet this demand. For HTs, an additional 6.6 GWh of
electricity would be required in 2020, with an additional 1.7 GWh
by 2050 to meet the 1% demand.

Discussion

Results from this analysis indicate that between 2020 and 2050, in
both countries, DFTs produced the highest level of emissions even with
technological advances. Overall ETs produced the lowest total and
cumulative level of emissions in both countries, followed by HTs. This
study indicates that both countries need to take a different approach to
reduce their rail emissions. As Japan has already electrified a majority
of their rail lines, decarbonising of the electricity generation mix is
required to see a reduction in emissions. Alternatively, the UK has
focussed on decarbonising electricity generation but has been slow
with electric uptake and has only recently brought in plans to ban
the sale of diesel-only trains to 2040, while the rail network is not cur-
rently advanced in terms of electric rail lines to support ETs. As trains
have a life expectancy of ~20 years, any trains commissioned in 2040
could still be in use by 2060 which could be problematic when trying
to meet Paris Agreement targets (Zenith et al., 2019). From the 1970s,
trains in the UK were designed as a cost-effective solution to meet
demands, however almost thirty years later some are still being used.
This highlights a key difference between Japan and the UK, as Japan
has spent significant money investing into their rail network and has
an almost entirely electric rail network unlike the UK. Therefore
although Japan produces higher levels of emissions than the UK, emis-
sion levels are significantly lower than if Japan had continued to use
DFTs. If the UK wants to reduce emissions, significant investment
needs to be made to decarbonise the trains themselves through the
introduction of ETs as well as low carbon energy generation
investments.

In this analysis, we have focused on the rail sectors in Japan and
the UK because the UK is advanced in decarbonising their energy sec-
tor but slow at transitioning their rail network to electric, whereas
Japan is in the opposite situation. This contrast highlights the need
in both countries to improve the rail network if both countries are
going to meet their national targets as part of the Paris Agreement.
Moreover, analysing the impact for passenger rail travel indicates that
both countries need to reduce emissions significantly further, with the
need for further research to also consider freight as both passenger and
freight demands continue to grow (Li, 2019). Freight transport is a
complex network and is interrelated with production, trade, and con-
sumption activities, and involves more stakeholders than passenger
transportation (Li and Zhang, 2020). Rail freight remains more envi-
ronmentally friendly than road freight therefore transfer from road
to rail can reduce emission levels, however the extent of this reduction
requires additional research (Lin et al., 2017).

10

Decarbonisation of electricity generation

The UK has begun transitioning towards a higher percentage of
renewable electricity generation technology within its electricity mix
and is on track to eradicate coal before 2025. The UK has a relatively
secure and diverse energy mix but will also have to overcome obstacles
to meet net zero emissions by 2050. For example, Scotland produced
~42.8% of their energy from nuclear power stations in 2016, however,
(The Scottish Government, 2017) has decided to phase out the use of
nuclear energy after the remaining power stations are decommissioned
in 2025 and 2030. Even with a focus on renewable energy, Scotland’s
GHG emissions increased in 2018 compared to 2017, as one nuclear
reactor was offline for an extended period of time which resulted in
Peterhead gas plant being used for a sustained period of time. There-
fore, this energy gap will need to be filled from low carbon energy gen-
eration to ensure energy demand is met. The installation of additional
renewable energy generation will be required UK wide to be able to
meet the additional energy demands, however one issue the UK will
face is where to locate the land intensive renewable solar and wind
infrastructure. There is limited land available and it may have to rely
on imports and dispatchable gas generation during times of peak
demand or low renewable availability. However, for imports, knowl-
edge of where and how the electricity is generated, and in what coun-
try, is required to quantify the emissions intensity of the imported
electricity. Only by having a system in place that either does not rely
on imports or ensures that electricity imported is generated from
renewable or nuclear energy will low emissions be guaranteed.

The introduction of more widespread CCS could be implemented to
limit the GHG emissions produced from fossil fuels during this shift to
renewables. This process has already been introduced in Japan in 2016
in a demonstration project called Tomakomai. This project captured
0.1 Mt/year of CO from an oil refinery (Tanaka et al., 2014). Although
this is small scale, increased utilisation of CCS alongside their gas-fired
and other fossil-fuelled power stations will help to negate emissions
produced and allow Japan to work towards their Paris Agreement tar-
gets. However, although this CCS project has been introduced success-
fully costs remain high and Japan has limited domestic potential for
geological storage, except for those in underground aquifers
(Akimoto et al., 2007; Matsuo et al., 2018). Therefore, even if cost is
significantly reduced, widespread introduction of CCS in Japan will
be limited by the availability of underground aquifers for storage.

Alternatively, the UK remains one of the best locations for CCS
implementation as there are appropriate carbon storage sites (depleted
oil and gas reservoirs and saline aquifers) with appropriate offshore
infrastructure (BEIS, 2019b). The ACORN project at the St Fergus
Gas Terminal in Scotland is installing a CCS system at minimal capital
costs to capture, transport and storage CO, produced by the gas termi-
nal and a H, methane reforming plant by ~2023 (Alcalde et al., 2019).
The H, will be injected into the gas grid. The ACORN project will reuse
current infrastructure, including existing oil and gas pipelines which
are now redundant, prior to decommissioning, to minimise environ-
mental and financial costs (Cooper and Hammond, 2018). It has been
projected that the ACORN project is expected to capture ~200,000 ton-
nes of CO, per year once up and running from 2022 (Pale Blue Dot,
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2017). Through Japan and the UK’s separate initiatives, both examples
highlight the importance of low carbon energy generation and the
potential of small scale demonstrations to kick start the CCS industry
to reduce emissions from fossil fuels.

Electric rail

ETs produced the lowest level of CO, emissions in both countries.
However, in regional areas, electrifying rail lines may require either
replacing existing lines causing disruptions or installing overhead lines
to supply electricity as battery powered trains are not considered
viable due to added weight. Fig. 1(B) and 2(B) indicate that overall
distance travelled is a primary driver of total emissions. This highlights
that a key target for policy makers when considering transport policies
is to focus on reducing total passenger kilometres. The total population
mileage is greater reduced by using mass transit systems as passenger
capacities are higher and therefore require less transport units than
private transport (i.e. the average regional train in the UK caries 447
people, which would require the equivalent of 112 private cars assum-
ing four people per car (Brand et al., 2019; Logan et al., 2020b). This
requires a large infrastructure investment and disruption to services
during installation particularly on single line track sections. Within a
rural setting, HTs may be a better option as they avoid the electricity
supply installation cost and are able to travel long distances between
fuelling. In addition sites for H, generation may be located in remoter
rural settings close to renewable power generation. Maximising early
transitions to low carbon rail where appropriate is necessary for the
UK to meet it emission targets.

Even with predominantly electrified rail, to ensure that emissions
remain as low as possible and for both counties to meet their Paris
Agreement targets, both countries will need to decarbonise their elec-
tricity generation mix. Results highlight that under the best case sce-
nario, renewable or nuclear electricity generation will need to
become a priority, as when both countries had a higher share of
renewables and nuclear, emission levels were lower. Without decar-
bonising electricity generation, the environmental benefits of low car-
bon rail will be diminished. Since the Fukushima incident in 2011,
Japan has shifted away from nuclear energy and has been importing
more fossil fuels, as this energy gap is considered difficult to meet from
renewables alone (Aruga, 2020). For Japanese low carbon rail to have
a significant impact on emission reductions, further investment and
integration of renewable electricity generation within Japan needs to
be made. With targets set under the fifth SEP and the Strategic Road-
map for Hydrogen and Fuel Cells, Japan will phase out fossil fuels
towards 2050 to meet their emission reduction goals. Through this
expansion, energy insecurity will also decrease as their electricity
mix will also be diversified, thus reducing potential blackouts.
Although the cost of renewables has decreased, especially for solar
PV and wind, a major barrier is the variability and intermittency of
energy generation, therefore if coupled with other renewables such
as wind, storing energy for peak times will be important (Matsuo
et al., 2018).

Hydrogen rail

If both countries were to introduce HTs, H, would need to be gen-
erated from electrolysis if emissions are to be less substantially less
than the predictions for DFTs (Logan et al., 2020b). Considering real-
istic development, H, generated through electrolysis is limited to small
scale operations and is not always possible or economical. Therefore,
one solution is to generate H, through steam methane reform using
natural gas or coal gasification with CCS. Combining this process with
CCS will help reduce GHG emissions produced through larger scale H,
projects. For example, to support the H, market in Japan, Woodside
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Petroleum plan to use their North West Liquefied Natural Gas plant
off the coast of Western Australia to convert gas into liquid H, with
CCS and export this to Japan. This process would result in Australia
producing the H, as the production process requires a significant
amount of energy. However, the plant itself is currently fuelled by
gas and is currently making the switch towards solar energy and bat-
teries in order to ensure these environmental benefits are not dimin-
ished by the H, generation process. This process will require
significant infrastructure investment on both ends of this process.

Although H, generation currently emits varying level of emissions
dependent on the method of generation, this is not to say that electrol-
ysis will not be developed in the future, with the potential to scale up
through investment and reduce these emission levels. However, like
most technologies, the infrastructure will take time to develop given
the capital costs needed and it will only be low carbon with abundant
renewable or nuclear energy used for the process. This is more likely to
happen in the UK than Japan with current generation trends in both
countries. Japan is currently struggling to decarbonise its electricity
after nuclear power was shut down after the tsunami, whereas even
at 25% wind generation penetration, the UK frequently has excess
wind power that is 'switched off to avoid overloading the network.
By the end of 2019, there were ~177 hydrogen fuelling stations in Eur-
ope and ~114 in Japan with further plans for expansion (LBST, 2020).
Despite an increase in the number of H, fuelling stations, demand
remains low and it is not always economically feasible to build
large-scale H, fuelling stations.

By adapting existing H, storage systems, associated costs could be
kept at a minimum for rail travel (Chan et al., 2013). However, large-
scale material-based H, storage has basic technological challenges that
still need to be overcome, and further scientific research is required
before extensive commercial deployment can be fully utilised
(Chanchetti et al., 2020). With this said, to reduce variable and inter-
mittent renewable energy sources, converting electricity to H, repre-
sents a viable pathway to reduce the impacts of renewable electricity
on the electricity grid (Gallardo et al., 2020; Lew et al., 2010).

In recent years, Japan has been pushing a H, economy with the
introduction of Japan’s Hydrogen and Fuel Cell Roadmap (Khan
et al, 2021). This strategy aims for an annual production of
~300,000 tonnes of H, by 2030, at a cost of $0.28/Nm°® and from
$0.19/Nm> thereafter. Longer term, this strategy aims to produce
between 5 and 10 million tonnes of hydrogen by ~2050 (Trencher
et al., 2020). In 2019, the Fuel Cell and Hydrogen Energy Association
(FCHEA) highlighted the projects that Japan had been undertaking
concerning H, fuel cell development (Thomas et al., 2020). Their
report demonstrated that these fuel cells can act as a power source
for several modes of transport, which will allow Japan to diversify
and strengthen their national energy infrastructure (Thomas et al.,
2020). This has the potential to promote HTs as a novel alternative
to ETs in the future. However, Japan’s Hydrogen and Fuel Cell Road-
map does not focus on transport alone, with the need for H, outside
the transport sectors including heat and industry to ensure demands
are fully met (Chehade et al., 2019; Gallardo et al., 2020; Schiebahn
et al., 2015; Trencher et al., 2020).

Challenges for widespread integration of low carbon rail

The relative cost of rail travel remains high (in the UK) driven by
the increased capital expenditure (CAPEX) cost of upgrading rail net-
works, traction and rolling stock, which has been long delayed, and
high operating costs of outdated equipment. This has discouraged rail
travel in the UK. However, if the operating costs can be reduced and
reliability increased by new equipment, lower fares may encourage
rail use. HTs are currently ~50% more expensive than DFTs, however
their projected operating costs are dependent on potentially lower-fuel



K.G. Logan et al.

costs associated with cheaper H, production and on fuel cells improv-
ing efficiency as is currently the trend (Hart et al., 2016; Staffell et al.,
2019). The current cost of a new hydrogen refuelling station is ~JPY
350 million (~EUR 2.8 million), which is much higher than the cost
for an oil fuel station of JPY 100 million (~EUR 800,000) (Jensterle
et al., 2019). This also does not take into consideration where H, will
be stored before the HTs will be fuelled. This has left a ‘chicken and
egg’ problem as Japan’s uncertainty about H, demand has a negative
effect on infrastructure investment and in turn the availability of refu-
elling stations which is fundamental in securing HT uptake, however
with only one percent of Japanese railways requiring conversion to
either ET or HT this is a small issue. In the UK however, with a large
part of the rail network to be decarbonised, the trade-off between elec-
trifying lines and the availability of distributed H, from abundant
renewable electricity will be an important consideration in the tech-
nology and investment choice. In addition, although there is a higher
start-up investment cost for both ETs and HTs over DFTs, long-term
lower running costs and environmental benefits will produce an over-
all economic benefit.

Japan’s rail service is known globally for its fast, safe, reliable,
punctual and affordable service and it remains an attractive transport
option for business and pleasure travel (Bugalia et al., 2019; Sato et al.,
2018). If there are disruptions to train schedules for example from
accidents, natural disasters, engine troubles etc. a series of modifica-
tions to the train schedule are made and passengers are kept up to date
(Sato et al., 2018). This reputation of rail travel has been built up over
the past several decades which has resulted in this method of transport
being widely used in Japan. Japan has actively tried to encourage tour-
ists to travel by rail instead of personal vehicle by allowing them to
purchase discounted train passes on specific trains between most
major cities for specific time frames (for example, seven days, 14 days
or one month passes etc.). Although this is a short period of time,
repeated use of a service like this may encourage individuals to use
public transport when they return to their home country. Furthermore,
Japanese users are able to use a 'top-up' smart card with over 30 rail-
way operators accepting smart cards in various regions in Japan (sim-
ilar to London’s Oyster Card), increasing the convenience for
customers (Kusakabe et al., 2010). This also has the added benefits
of train providers collecting transactional data to better understand
how passengers use public transport which can be used to improve cur-
rent routes and to ensure passenger demands are met with enough
train frequency (Kusakabe et al., 2010). In November 2016, this
resulted in ~1,237 km of rail lines being closed as they could not be
sustained only through the revenues of the business and demand
was not high enough (Kurosaki and Alexandersson, 2018).

Train services in the UK are not kept to the same standards as Japan
and are often late or delayed or travellers face overcrowding on both
platforms and on the train during peak travel times, with 55% of pas-
sengers in 2020 eligible to claim compensation for a delay (an increase
of 10% from the previous year) (DfT, 2020). Of this compensation, the
proportion of passengers claiming compensation for a delay of 30 min
of more increased by 46% in 2020 (DfT, 2020). Whereas in Japan, the
average delay for JR-East remained between 0.3 and 0.5 min per train
between 1999 and 2006 (Bugalia et al., 2019; Oliveira et al., 2019). In
the UK, delays to service and the low costs of other alternative trans-
port methods, such as low cost internal flights or driving, often make
trains the least attractive option. Therefore, if the UK wants to encour-
age greater rail use (and assuming sufficient rolling stock can be made
available) adapting to Japanese standards of a fast, reliable and lower
cost rail service is advisable. With the introduction of HS2, although
individuals may be able to get to their destinations quicker and easier
from city centre to city centre, if the cost to the consumer is not com-
petitive with other modes, it may not be the most attractive option.
Therefore, travellers may need to decide whether cost or convenience
may be the bigger influence when deciding what transport option to
take with travel demand management initiatives needing introducted
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to actively encourage sustainable travel options (Lalive et al., 2018;
Logan et al., 2020d).

Limitations of this study

For the purposes of this analysis, we have focused on the tailpipe
emissions of rail, however, decision making bodies have begun to look
at life cycle analysis (LCA) methodologies for critical inputs related to
transport fuels (Chester and Horvath, 2009). However, LCAs are gen-
erally limited in use with comparisons to other countries hindered
due to data restrictions. Therefore, for the purposes of this research,
an operating emissions model was used. This methodology considered
fewer variables with a more focussed approach which has the potential
to be used for comparison on a broader range of countries. The model
allows for easy substitution of other train fuel types, directly into the
model, with different train type percentages, number of trains and dis-
tances travelled easy to adjust. Although the model quantitatively
underrepresents the true costs and subsequent total emission targets
being met, consistent values are used for analysis within the model
for both Japan and the UK. This approach enables rapid broad scale
comparisons which can easily identify the more preferential scenarios
with finer scale emission sources required after broad approaches have
been identified. Therefore, countries have the ability to learn from one
another as low carbon energy generation and transport systems are
integrated into their respective transport networks. To reduce trans-
port emissions both electrification and decarbonising of the electricity
network is required, whilst simultaneously encouraging a shift towards
mass transit rather than individual travel. For example, China has
encouraged a transition from planes towards ETs, in particular high
speed trains as air transportation emits between 100 and 130 gCO»-
e/PKT at full occupancy, implying a significant potential for GHG mit-
igation (Chang et al., 2019). However, the dominant coal-fired
electrical power generation system in China threatens the environmen-
tal benefits of rail transportation as this has similar emissions to coal
fired steam traction.

Moreover, within this study it is assumed that as number of trains
and distance travelled is responsive to population size, the grams of
CO,, per kilometre for Japanese rail had to be estimated as no real data
projections were available. Additionally, as ~99% of rail in Japan is
electrified the estimation of emissions from DFTs and HTs is hypothet-
ical and were included for comparison purposes. With both countries
aiming to decarbonise to meet the Paris Agreement requirements,
the outlining of both providing and powering trains to match the pub-
lic demand will be an important step. Until those policies and targets
are set, detailed modelling based on finer scale carbon intensity or
market share of ET integration rates is not possible.

Although an economic analysis to determine the feasibility of intro-
ducing low carbon rail in Japan and the UK is out with the scope of this
paper, the economics of decarbonising transport has been discussed in
numerous studies (Nocera and Cavallaro, 2016; Shafiei et al., 2017;
Shimada et al., 2007). This shift to low carbon rail has already begun
in Japan where most rail lines are electric. Alternatively in the UK,
there will be significant investment required to upgrade current tech-
nology, however these upgrades are not just driven by goals for carbon
emissions, but by economic and safety factors. For example, the oper-
ational lifespan of rolling stock is more than 20 years, therefore, new
trains entering service in 2020 will still be in service by 2040, long
after the net zero target (Logan et al., 2020b). Also, there is the poten-
tial for additional associated costs through carbon taxes to dissuade
emissions. The costs of investment and policies surrounding ETs and
HTs in both countries are unknown. We acknowledge that initial finan-
cial implications and GHG emissions of ET and HT infrastructure,
including train carriages will be high, but with the anticipated reduc-
tion in emissions from hydrogen technology compared to fossil fuel
technology these emissions will amortize over time with net overall
benefits being substantial within legislative time frames. Energy inten-
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sive technologies, like rail has seen a global increased growth of 4%
per year, therefore, in numerous countries this remains an economi-
cally viable option, although not to the same scale as Japan’s low emis-
sion rail system (Iyer et al., 2015). Moreover, the power generation
sector has a key role in the overall adjustment towards a less carbon
intensive economy (Saveyn et al., 2012).

Our results highlight that reducing Japan and the UK's GHG emis-
sions produced from transport cannot simply rely on renewables and
energy efficiency. Scientific literature has described other methods
to quantify the CO, economic costs such as Avoidance Costs (Kuik
et al., 2008) or market-based schemes (Nocera and Tonin, 2014), sim-
ilar to those introduced in the UK. The UK has introduced a carbon
cost through renewable obligation certificates, whilst simultaneously
incentivising low carbon energy generation through feed-in tariffs
(FITs) and Contract for Difference (CfDs) schemes. The money gener-
ated from these schemes can then be used to subsidise additional
renewable energy construction, replacing fossil fuels, and allowing
renewable energy to become more affordable (Fan et al., 2018;
Leiren et al., 2020; Logan et al., 2020b). Japan utilises a similar strat-
egy under a domestic carbon pricing policy. For example, in Tokyo
producers pay for the carbon costs for the right to emit (Zhou et al.,
2013).

Nocera and Tonin (2014) highlighted that the economic estima-
tions associated with transport emissions are important as this has
the ability to reduce uncertainty in terms of marginal social costs of
carbon. This is due to the relative abundance of CO, emission esti-
mates from transport that are available. By reducing uncertainty
within models, policymakers are more likely to be able to implement
policy that has a successful impact. Nocera and Tonin's (2014) top-
down approach allows for the evaluation of carbon emissions to better
understand methods to implement transport policy analysis to identify
potential risks. This allows for a reduction in uncertainty in carbon
emission evaluation by monitoring their effects. Alternatively, a
bottom-up approach should allow an estimation of the impacts of
the transport system that cause CO, emissions by ensuring travel
demand, modal share and elasticity can be estimated with some relia-
bility (Libardo and Nocera, 2008). Efficient planning of technical and
policy measures could also be implemented to meet transport emission
reductions and estimate future investments for new technologies.

However, in many situations, it may be difficult to deal with this
uncertainty through probabilistic risk assessments, due to incomplete
data sources (Sasidharan et al., 2020; 2017). Therefore, the model
used within this paper provides a simplistic approach that considers
fewer variables with more assessable results that can be used to com-
pare a broader range of countries for comparison. This model allows
for easy substitution of other transport types, directly into the model,
since the number of transport types and distances travelled are easy to
manipulate man.

In addition, this research highlights the current and expected rail
transport use from previous analysis and did not consider the impact
that the COVID-19 pandemic could have on the rail network or the
emissions produced from the transport sector. Additional analysis will
need to consider how to encourage the use of public transport, whilst
ensuring individuals feel safe as many will try to reduce their personal
risk and opt for personal vehicles (Chiaramonti and Maniatis, 2020).
This has the potential to negatively impact the environment as the
emissions produced per person per kilometre travelled remain higher
for both private internal combustion engine vehicles and electric vehi-
cles than public transport (Logan et al., 2020b; 2020a).

Conclusions
Results from this study indicate that ETs produced lower levels of

operating emissions than both HTs and DFTs in both countries. How-
ever, both countries will need to take a different approach if they are
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going to meet the Paris Agreement objectives. As Japan has already
electrified a significant proportion of rail lines and trains the focus
needs to be on decarbonising the electricity generation mix and tran-
sitioning away from fossil fuels. During this transition, the introduc-
tion of CCS will allow existing emissions to be minimalised. For the
UK, focus has already been placed on decarbonising the energy gener-
ation mix with fossil fuels being phased out and emissions decreasing
with the introduction of CCS, so the emphasis should be placed on
switching towards predominantly electric trains and H, for the
remainder.

For both countries it is likely that a mix of ETs and HTs may be
required to accommodate future travel demand patterns, including
operational challenges relating to long distances. Furthermore, pro-
moting increased usage of public transport will need to remain a prior-
ity in both countries, with cost and convenience remaining an
appealing and enticing factor. Japan’s rail network is known for its
reliable, punctual and affordable service, however ageing infrastruc-
ture will need to be replaced to keep up with demands. On the other
hand, if the UK wants to encourage rail uptake over use of personal
vehicles, reducing overcrowding will allow a more efficient service
as trains are less likely to be delayed, which in turn improves their con-
venience. With decarbonised energy and a shift towards ETs, both
countries could see a significant decrease in rail emissions.
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