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a b s t r a c t

The Great East Japan Earthquake (GEJE) in March 2011 greatly changed the spatial pattern of energy
use in Fukushima Prefecture. The previously nuclear-reliant energy policy has transformed, with energy
now generated mainly by fossil fuels and renewable sources. The spatio-temporal variation of fossil
fuel use and the major causes of these changes have not previously been fully clarified.

This study quantified the annual fossil fuel use in eight user sectors at high spatial resolution using
a bottom-up approach. The total fossil fuel use in Fukushima is estimated to have increased by about
91,233 TJ from 2010 to 2015, despite decreases in most socioeconomic indicators. The increase was
mainly attributed to changes in electricity generation (104,521 TJ). The three sectors with the greatest
decrease in energy use were road transportation (-7159 TJ), industrial and commercial (-3608 TJ),
and residential (-2334 TJ). Spatial analysis using high-resolution maps identified areas of increased
energy use mainly in central, southeastern, and northeastern Fukushima and confirmed some local
variations in energy use by sector. It showed that decreasing energy use in the area within 20 km of
the Fukushima Daiichi Nuclear Power Station resulted in increased use in areas located >20 km from
the power station. Sensitivity analysis clarified the relations among factors underlying each sector’s
changing energy use before and after the GEJE. For instance, consider the electricity generation sector:
reduced energy use was caused by decreased energy use intensity (-23,299 TJ) and the increased use
of biomass (-4848 TJ), whereas increases were caused by rising utilization efficiency (102,410 TJ) and
increased electricity generation capacity (35,988 TJ), which led to a large overall increase for this
sector (104,521 TJ). However, road transportation’s negative energy use change (-7159 TJ) arose owing
to decreased traffic volumes (-7573 TJ) and decreased energy use intensity (-7177 TJ), despite some
positive energy use changes caused by the increased proportion of large vehicles (3684 TJ) and changes
in mean travel speed (1381 TJ). The approach used in this study will be helpful for policy makers to
evaluate spatio-temporal variations and develop policies to reduce energy use in response to unusual
local events.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Great East Japan Earthquake (GEJE) of March 2011 trig-
ered a devastating tsunami, which damaged the Fukushima Dai-
chi Nuclear Power Station (FDNPS) (Eisler, 2012). The disaster’s
ocioeconomic and environmental impacts went beyond Japan.
lobal public acceptance of nuclear energy saw a marked decline
Kim et al., 2013). Global concerns about energy security led to
ncreased investment in liquefied natural gas projects around the
orld (Hayashi and Hughes, 2013).

Abbreviations: GEJE, Great East Japan Earthquake; FDNPS, Fukushima
Daiichi Nuclear Power Station; CO2 , Carbon dioxide
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This incident was a turning point for Japan’s overall energy
policy. In 2010, the year before the GEJE, nuclear energy ac-
counted for about 25.1% of Japan’s electricity generation; this
dropped to 1.5% in 2012 (Agency for Natural Resources and En-
ergy, 2020). The replacement of Japan’s nuclear power plants
made the country more dependent on imports of fossil fuels
(Taghizadeh-Hesary et al., 2017; Aruga, 2020). Renewable energy
is clean with low carbon dioxide (CO2) emissions, especially con-
sidering whole life cycle circulation (Chuah et al., 2015). It is
strongly promoted as an alternative to fossil fuels to mitigate
their associated escalating greenhouse gas and pollutant emis-
sions (Chuah et al., 2017). Kharecha and Sato (2019) reported that
CO2 emissions by fossil fuel electricity generation increased after

the GEJE until 2013, but decreased thereafter as Japan increased
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Fig. 1. The location of the FDNPS and Fukushima Prefecture in Japan.. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
renewable energy production and lowered total energy use. En-
ergy use within Fukushima Prefecture also changed greatly since
the earthquake, with the number of renewable energy facilities
and their total capacity significantly increasing (Cong and Gomi,
2020). How did fossil fuel use change as a result of the GEJE?
Answering this question requires quantification of energy use
in the years before and after the GEJE and clarifying its spatial
distributions.

Some areas are still designated as special areas for decon-
amination owing to the high-level radioactive contamination
rom the FDNPS disaster (Ministry of the Environment, 2020).
he displacement of the original residents and workers to other
reas of the city or outside Fukushima has reduced local energy
se. Concurrently, efforts to decontaminate soils and to recon-
truct damaged areas have significantly increased local energy
se. These local activities in response to the GEJE seem to have
ffected energy use in multiple sectors. Why did energy use
hange in response to the GEJE? Answering this question requires
ualitative and quantitative analysis of the changes related to
ach sector.
Top-down (downscale) approaches are often used to assess

nergy use or greenhouse gas emissions at a high spatial reso-
ution by allocating totals to a high-resolution mesh level (sur-
ogates/proxies associated with energy use activity). Lerner et al.
1988) developed a global high-resolution database of methane
missions from animals by using animal population distribution
s a spatial proxy. Andres et al. (1996) made a global high-
esolution database of CO2 emissions from fossil fuel use and ce-
ent manufacture by allocating emissions into a population dis-

ribution map. In (Ghosh et al., 2010; Oda and Maksyutov, 2011)
1160
authors allocated global CO2 emissions into a high-resolution
mesh based on night light maps supplemented with other
databases. On the other hand, bottom-up approaches are mainly
used to map totals for a single sector. Heiple and Sailor (2008)
mapped the hourly energy use from residential and commercial
sectors at the level of individual tax lot or parcel in Houston,
TX, by using building energy simulations and spatial data. Res-
idential energy end use (Min et al., 2010) and household carbon
footprints (Jones and Kammen, 2014) in the United States have
been modeled at zip code level based on energy use intensity
and spatial data. Nelson et al. (2012) optimized least-cost expan-
sions of generation, storage, and transmission capacity for North
America using data with high temporal and spatial resolution
and estimated power sector emission reductions by 2030 under
various policy and cost scenarios. Morris et al. (2012) presented
a system that estimated average traffic fuel economy, CO2, and
other pollutant emissions by combining high-resolution real-time
traffic data with instantaneous emission models. Gately et al.
(2015) developed a high-resolution inventory of annual on-road
CO2 emissions for the United States based on roadway-level traf-
fic data. Given that top-down studies include larger uncertainties
in capturing the spatial patterns of activities (Gately and Hutyra,
2017), a bottom-up approach is chosen here to capture the spatial
changes of local energy use. Understanding the fluctuations in
energy use across the spatial distribution of these localized activ-
ities requires quantification of regional energy use at a spatially
explicit level. Rather than using traditional municipality-level
studies, assessing energy use at high resolution (e.g., for an
individual industrial facility, road, or city block) could help clarify
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Fig. 2. Conceptual framework of spatial analysis of energy use by user type in Fukushima Prefecture before and after the GEJE.
F

reas with the highest potential for energy use reduction and so
nform process-based reduction policies.

Unlike previous high-resolution studies, this study aims to not
nly track local energy use for multiple sectors at high spatial res-
lution but also to evaluate the impacts of factors causing changes
o inform detailed mitigation policies. To help policymakers de-
rease energy use, the major factors influencing changes in en-
rgy use of each sector have to be clarified. Many factors affect
ach sector’s energy use and the changes in use as a result of
he GEJE. When considering the impact of a certain factor that
hanged due to the earthquake, the other factors must be kept
onstant before and after the GEJE. Sensitivity analysis is applied
ere to measure the extent to which results are affected by
hanges in methods, models, values of unmeasured variables, or
ssumptions (Schneeweiss, 2006).
To answer the above two questions, this study first quantifies

ossil fuel use in Fukushima Prefecture by sector at a local scale
y a bottom-up approach to track the spatio-temporal variation of
nergy use at multiple resolutions before and after the GEJE and
o conduct a sensitivity analysis of the major factors influencing
hose changes. This case study could also help policymakers in
ther nations conduct spatio-temporal analysis of regional en-
rgy use, explicitly observe changes of energy use due to special
vents, determine the major factors underlying those changes,
nd make process-based mitigation policies.

. Methodology

.1. Study area and framework for quantifying fossil fuel changes in
esponse to the GEJE

Fukushima Prefecture is the third largest in Japan. Its 13,783.9
m2 area had a population of 1,859,220 in 2019 (Fukushima
refecture, 2019). The purple dot in Fig. 1 shows the FDNPS in
he east of the prefecture (blue area).
 p

1161
This work focused on quantifying fossil fuel (‘energy’ here-
inafter) use in the prefecture before and after the GEJE, and used
the modeling framework described in Fig. 2. Our multi-resolution
energy modeling calculated energy use on an individual user basis
in a bottom-up manner, rather than using aggregating efforts.
Energy use was spatially distributed as verified latitude and lon-
gitude coordinates (mainly for point users) and spatially explicit
geolocation data (for linear and area users).

The total energy use before the GEJE was calculated for 2010
using the best available locally collected data. Those after the GEJE
were estimated for 2015. Sectors using energy included electricity
generation, civil aviation, waterborne navigation, waste incinera-
tion, road transportation, residential, industry and commerce, and
agricultural machinery. Table 1 summarizes energy-using sectors,
spatial information, activity data, and energy use intensities used
here. To ensure the accuracy of estimates, the activity, spatial
data, and energy use intensity data are always for the same year,
and the same data sources and calculation approaches are used
for the corresponding years.

2.2. Point users

Point users of energy include sites of electricity generation,
civil aviation, waterborne navigation, and waste incineration (Ta-
ble 1). For electricity generation, the energy use by power plants
in Fukushima before and after the GEJE was calculated as follows:

Epp =

12∑
m

∑
i

Pi × hm × Rm ×
em
Wm

, (1)

where Epp is the annual energy use (MJ) by power plants in
ukushima in 2010 or 2015; Pi is the electricity generation ca-
acity (kW) of power plant i in each year; h is the hours (h)
m
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able 1
patial data used for identifying energy users and other data used for quantifying energy use for each sector in Fukushima.
Sector User type Spatial information Activity data Energy use intensity

Electricity
generation

Point Center points of chimneys of
power plants (latitude,
longitude)

Capacity and generation types of fossil-fuel
power generation and running ratios of
power plants in 2010 and 2015

Energy use intensities of
fossil-fuel power generation in
2010 and 2015

Civil aviation Point Representative points of
runways at airports (latitude,
longitude)

Monthly flight numbers in 2010 and 2015,
aircraft types, engine types, number of
engines

Energy use intensity of aircraft
by engine type

Waterborne
navigation

Point Representative points of
buildings at ports (latitude,
longitude)

Load factors, fuel use time, and monthly
trips by vessels in 2010 and 2015

Energy intensities of vessels by
type and mode

Waste
incineration

Point Center points of chimneys at
waste incineration plants
(latitude, longitude)

Combustion agent use rate and municipal
solid waste combustion amount in 2010
and 2015

Energy intensities of
combustion agents by
incineration type in 2010 and
2015

Road
transportation

Line Gridded total road length (km)
by road-width category from
road density mesh

Traffic conditions in 2010 and 2015, road
lengths from road density mesh 2010, and
administrative map of Fukushima in 2010
and 2015

Energy intensities of vehicles
by travel speed, type, and
models for 2010 and 2015

Industrial and
commercial

Area Area (km2) and number of
workers in economic census
areas

Regional energy use in 2010 and 2015 and
mesh of census areas on worker numbers
in 2009 and 2014

Energy intensities of workers
by industry category in 2010
and 2015

Residential Area Area (km2) and number of
households in population
census areas

Mesh of census areas for household
numbers in 2010 and 2015

Energy intensities of
households by building type
and occupancy in 2010 and
2015

Agricultural
machinery use

Area Area of cultivated lands by
crop type in agricultural
census areas (ha)

Mesh of census areas for cultivated land in
2015 by crop type

Energy intensity of farmland
by crop type
b
e
i
f
w
t
o
w
w

operating at full power in month m; Rm is the mean utilization
fficiency (%) of fossil-fueled power plants in month m of each
ear; em is the total energy use (MJ) by fossil-fueled power plants
n Tohoku region in month m of each year; Wm is the total elec-
ricity generated (kWh) in monthm of each year. The capacities of
ower plants in Fukushima were those listed on the websites of
he operating companies and a database (Electrical Japan, 2017).
he monthly utilization efficiency, total energy used for electricity
eneration (including the related kinds of coal, oil, and gas fuels),
nd the total amount of electricity generated are reported by
ower plant operators and published by the government of Japan
ach year (Agency for Natural Resources and Energy, 2016a).
Civil aviation energy use included passenger and cargo aircraft

uring landing and take-off (LTO) at airports and helipads. Their
nergy use before and after the GEJE was calculated as follows:

ah =

∑
i,a

Ni,a × Fa × H, (2)

here Eah is the annual energy use (MJ) by all aircraft in 2010
r 2015; Ni,a is the number of annual departures and arrivals
f type a aircraft in each year at site i; Fa is the energy use
ntensity of type a aircraft (kg LTO−1); H is the energy coefficient
f the aircraft fuel (jet fuel; MJ kg−1). Information on aircraft
ype (Flugzeuginfo, 2017) and monthly flight records of all aircraft
n both years were collected from relevant websites (Fukushima
refecture, 2020; Doctor-Heli, 2020). The energy use intensity
ata were from relevant databases for airplanes (European Union
viation Safety Agency, 2017) and helicopter emissions (Federal
ffice of Civil Aviation, 2013).
Energy used in waterborne navigation included that by vessels

uring round trips to ports in Fukushima. The energy use before
nd after the GEJE was calculated as follows:

v =

∑
i,j,p,q

NVi,j × hj,p,q × Fj,p,q × Lj,p,q × H, (3)

where Ev is the annual energy use (MJ) by vessels during round

trips to ports in 2010 or 2015; NVi,j is the annual number of

1162
vessels of type j (merchant, car ferries, evacuated, fishing, or
other) traveling to port i in each year; hj,p,q is the operating
hours (h) by engine type q (main engine, auxiliary engine, of
assistance boiler) in type j vessels in mode p (traveling, mooring,
or loading and unloading) to or at port; Fj,p,q is the fuel use
intensity (kg h−1) by vessel type, engine mode, and engine type;
Lj,p,q is the load factor (%) by vessel type, engine mode, and engine
type; H is the energy coefficient of the vessels’ fuel (heavy oil A,
diesel oil; MJ kg−1). Statistical data on vessels in ports provided
information on vessels’ annual trips (Statistics Japan, 2020a). The
related parameters for vessels in different modes were extracted
from technical reports (Ocean Policy Research Institute, 2007;
Ministry of the Environment, 2018). The mean traveling distance
was assumed to be 1 km in traveling mode to derive the operating
hours.

Energy use in waste incineration included that in the form
of combustion agents (‘‘city gas’’ comprising liquid petroleum
gas and natural gas). Its amount before and after the GEJE was
calculated as follows:

Eip =

∑
i

AWi ×
b
c

× H, (4)

where Eip is the annual energy use (MJ) of the combustion agent
(city gas) during waste combustion at incineration plants in 2010
or 2015; AWi is the total amount of waste (t) incinerated annually
at plant i; H is the energy coefficient of fuel (city gas; MJ kg−1);
is the volume (m3) of combustion agent used at waste incin-
ration plants in Tokyo each year; c is the amount of waste (t)
ncinerated in Tokyo each year. The amounts of waste incinerated
or both years were extracted from reports on municipal solid
aste (Ministry of the Environment, 2017). Due to lack of data,
he annual usage of combustion agents and the related amounts
f waste incinerated in Tokyo (Clean Authority of Tokyo, 2020)
ere used to derive the use rate of a combustion agent, which
as substituted for waste combusted in Fukushima.
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Fig. 3. Sensitivity of gas sales per household (MJ household−1 month−1) to monthly average temperature (◦C) across seven cities in Fukushima Prefecture.
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.3. Linear energy users

Linear energy users comprised vehicles on roads. Data came
rom traffic censuses compiled by the Ministry of Land, Infras-
ructure, Transport and Tourism for each prefecture every five
ears, with the latest being in 2015. The census data include road
nformation (name, width, length, number of lanes, and classifi-
ation for each road segment), hourly and daily traffic volumes,
nd 12-h mean daytime vehicle speeds for small vehicles (light
assenger cars, regular passenger cars, light trucks, and small
reight cars) and large vehicles (buses, regular trucks, and special-
se vehicles). Their energy use before and after the GEJE was
alculated as follows:

c =

59∑
s

∑
i,o,t

Vi,o,s,t,v × li,o,s × d × Ft,v × H, (5)

where Ec is the annual energy use (MJ) by vehicles on roads
in 2010 or 2015; Vi,o,s,t,v is the daily traffic volume (number
of vehicles) and speed v of type t vehicles on roads of width
ategory o from grid (cell) i belonging to municipality s in each
ear; li,o,s is the gridded total length of roads (km) of width-
ategory o in grid i belonging to municipality s; d is the number
f days in each year; Ft,v is the fuel use intensity of type t vehicles

at speed v (liter km−1 vehicle−1); H is the energy coefficient of
vehicle fuel (gasoline, diesel oil; MJ liter−1).

Traffic volumes and travel speeds were taken from the Traffic
Censuses of 2010 and 2015 (Ministry of Land, Infrastructure,
Transport and Tourism, 2017). The energy use intensity by vehicle
type and travel speed were extracted from experimental results
on emission factors for different models of vehicles on the road
(Dohi et al., 2012). Data for 2005–2009 models were used in the
calculation for 2010, and data for 2011–2014 models were used
for the 2015 calculation. Due to a lack of road data for 2015,
the 2010 road density mesh was used for both years. To count
the energy use by vehicle on roads, the mean traffic volume and
travel speed observed from the traffic censuses of 2010 and 2015
were substituted for all roads in the same municipality by the
six road-width categories. Using Formula (5), we counted and
mapped the energy use from roads on 9268 cells for both years.
1163
2.4. Area energy users

Energy use by the residential, industrial and commercial, and
agricultural sectors was modeled as occurring across certain ar-
eas. Residential energy use before and after the GEJE was calcu-
lated as follows:

Eh =

12∑
m

∑
b,f ,i

NHb,f ,i × Ib,f ,m, (6)

where Eh is the annual energy use (MJ) by households from
population census areas in 2010 or 2015; NHb,f ,i is the number
of households with occupancy f (four categories: 1, 2, 3, or ≥4
ersons) living in building type b in grid i in each year; Ib,f ,m is the
nergy use intensity (MJ household−1 month−1) of households by
ccupancy and building type in month m of each year.
The number of households in each grid (30 arcsec in lati-

ude, 45 arcsec longitude, equivalent to approximately 1 × 1 km
esolution) are extracted from the population census (Statistics
apan, 2017). The monthly energy use intensity for Tohoku region
ncluding city gas, liquid petroleum gas, and kerosene were sum-
arized from a nationwide survey of household energy use and
missions (Statistics Japan, 2016). Based on the monthly temper-
ture (Japan Meteorological Agency, 2020) and quantitative gas
ales reported by local gas companies, temperature sensitivities
ere derived for seven cities in 2015 (Fig. 3). The regional values
ere adjusted for seven sub-regional areas in Fukushima Prefec-
ure before and after the GEJE based on monthly temperatures in
ach year. Formula (6) calculated residential energy use for 6867
rid areas in the 2010 census and 5338 grid areas in the 2015
ensus. There were fewer residential grids in 2015 than in 2010
ue to emigration to other areas and prefectures.
Industrial and commercial energy use included that consumed

y workers. Totals before and after the GEJE were calculated as
ollows:

ic =

18∑
k

∑
i

Ci,k ×
ek
wk

, (7)

where Eic is the annual energy use (MJ) in 2010 or 2015 by work-
ers; Ci,k is the number of workers in category k (see definitions by
Ministry of Internal Affairs and Communications, 2013) in grid i
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n each year; ek is the total annual energy use (MJ) by category in
ach category; and wk is the total number of workers by category
n each year.

The numbers of workers in each grid were extracted from the
conomic census (Statistics Japan, 2017). Energy use intensities
including all kinds of coal, oil, and gas fuels) for 18 categories
ere derived from the annual total energy use of each category
Agency for Natural Resources and Energy, 2017) and the total
umber of workers (Statistics Japan, 2017). Formula (7) was used
o calculate the energy use from 5094 economic census grid areas
n 2010 and from 4630 grid areas in 2015.

Agricultural machines used energy during crop planting. Their
nergy use before and after the GEJE was calculated as follows:

am =

∑
Ai,c × Fc × H, (8)
i,c r

1164
here Eam is the machines’ annual energy use (MJ) for planting
rops on farmland in all census areas in 2010 or 2015; Ai,c is the
rea (ha) planted with crop c in grid i in each year; Fc is the
uel use intensity for crop type c (liter ha−1); H is the energy
oefficient of machine-used fuel (gasoline, diesel oil, kerosene,
nd heavy oil A; MJ liter−1). The grid areas planted with each crop
ere obtained from the agricultural and forestry census (Statistics

apan, 2017). Energy use intensities were derived from a technical
eport (National Institute for Agro-Environmental Sciences, 2003)
nd an academic paper (Shimizu and Yuyama, 2007).
Formula (8) was used to calculate energy use in 7649 grid

reas in the 2010 census and in 6764 grids in 2015.

.5. Data integration

The calculations and mapping of energy use by each sec-
or were integrated using ArcGIS v. 10.4. The original multi-
esolution maps were converted to a mesh (30 arcsec in latitude,
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Fig. 5. Sensitivity analysis results for factors affecting energy use gap (2015 values– 2010 values) by sector. The right y-axis refers to residential, industrial and
ommercial, on-road transportation, and electricity generation sectors (unit: PJ). Negative values imply negative impacts on energy use gap. Note: contributing factors
or waste incineration: w1 (decreased usage rate of combustion agent), w2 (increased incineration amount); civil aviation: c1 (decreased number of departures),
2 (changed aircraft types); agricultural machine use: a1 (decreased total planted area), a2 (changed crop mix); waterborne navigation: s1 (decreased number of
rips), s2 (increased proportion of international trips), s3 (increased mean gross tonnage per vessel to each port by vessel type), s4 (changed proportions of vessel
ypes); residential: r1 (decreased total number of households by building and occupancy type in seven subregions), r2 (decreased percentage of multi-occupancy
ouseholds), r3 (decreased energy use intensity); industrial & commercial: i1 (decreased total number of workers), i2 (changed percentages of workers by category),
3 (changed energy use intensity by category); on-road transportation: o1 (decreased total traffic volume), o2 (decreased energy use intensity), o3 (changed mean
ravel speed by municipality), o4 (increased proportion of large vehicles (totals)); electricity generation: e1 (decreased energy use intensity), e2 (increased use of
iomass), e3 (increased electricity generation capacity), e4 (increased utilization efficiency). Labels ending in ‘‘a’’ indicate overall change owing to all contributing
actors.
5 arcsec longitude, approximately 1 × 1 km resolution) for
onvenience in data visualization and analysis.

. Results and discussion

.1. Changes in energy by sector and causative factors

Table 2 lists the energy use of eight sectors in Fukushima
efore and after the GEJE. Energy used for electricity generation
ncreased the most (104,521 TJ) after the GEJE. During the study
eriod, the total generating capacity of all five of the prefecture’s
team power plants increased from 9481 MW in 2010 (Fig. 4A)
o 10,331 MW in 2015 (Fig. 4B), the annual mean utilization effi-
iency increased from 43.6% in 2010 to 57.5% in 2015, the number
f biomass co-firing power plants increased from 1 in 2010 to
in 2015, and the mean energy use intensity decreased from
3,451 in 2010 to 12,149 MJ MWh−1 in 2015. Sensitivity analysis

can evaluate the impact that changes to each of these factors
has on energy use (Schneeweiss, 2006); the difference in energy
use between 2010 and 2015 was found by adjusting each factor
independently between its values for each year. For example,
assuming that the electricity generation capacity in 2010 changed
to its 2015 value with the other factors remaining unchanged, the
new energy use in 2015 was calculated and the change in energy
use (Fig. 5 and Appendix A) resulting from this change alone
(2015 value – 2010 value) was derived. Here, we call this change
in energy use the energy use gap. Fig. 5 shows a positive energy
use gap for electricity generation, which was mainly attributed
1165
to increased utilization efficiency, despite a change in energy
intensity causing a significant negative energy use gap. These
results imply that reducing the energy use intensity of electricity
generation and increasing the biomass co-firing capacity could
reduce the amount of fossil fuels used by power plants.

Energy used by civil aviation decreased slightly from 150 TJ
in 2010 to 115 TJ in 2015. The number of departures from
Fukushima Airport fell from 4879 in 2010 to 3840 in 2015,
while helipad departures increased from 811 in 2010 to 843 in
2015. The types of aircraft changed due to the suspension of
international flights at Fukushima Airport after the GEJE. The
factor analysis results in Fig. 5 show that the negative energy use
gap for civil aviation arose mainly due to the changed number of
departures. Overall, decreased traffic by a changed mix of aircraft
types reduced energy use in the civil aviation sector.

Energy use in waterborne navigation increased slightly by
about 46 TJ from 2010 to 2015. Vessels’ total gross tonnage
increased from 18,942,706 to 22,443,330 t, while the number of
calls to ports decreased from 14,284 to 8824 during the study
period. The percentage share of the number of trips to ports by
merchant, evacuated, and other vessels (with higher energy use
intensity) increased, while that by fishing vessels (with lower
energy use intensity) decreased due to restrictions on fishing.
The percentage of vessels traveling internationally (with higher
energy use intensity) increased. Factor analysis found that the
positive energy use gap for waterborne navigation was mainly
caused by the changed types of vessels visiting ports, despite
a decrease in the total number of voyages having a negative
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Fig. 6. Energy use for road transportation by road density mesh (resolution,
∼1 × 1 km) in (A) 2010 and (B) 2015 (same color scale as (A)). (C) Gap in energy
se between 2015 and 2010 overlaid with municipality boundaries (municipality
odes in square brackets). The three municipalities with the largest positive gaps
re labeled, along with those with the largest negative gaps. Unit: TJ km−2 yr−1 ..
For interpretation of the references to color in this figure legend, the reader is
eferred to the web version of this article.)

ontribution to the energy use gap. Overall, increased traffic of
ertain types of vessel was mostly responsible for the positive
nergy use gap. Decreasing the number of voyages, the proportion
f voyages by vessels with high energy use intensity, and the
ean gross tonnage per vessel could reduce energy use.
Waste incineration used slightly less energy (4 TJ) in 2015 than

n 2010. While the number of incinerators decreased, the total
 u

1166
mount incinerated increased from 602,457 to 640,614 t. The us-
ge of combustion agent decreased from 72.5 to 61.3 MJ per tonne
aste. Fig. 5 shows that the negative energy use gap was mainly
ttributable to the changed use rate of combustion agent, despite
he increased amount of waste incinerated having a positive
ontribution to the energy use gap. Overall, decreasing the use
ate of combustion agents could reduce the energy used for waste
ncineration.

Energy used for road transportation decreased between 2010
nd 2015 by more than that for any other sector (by 7159 TJ,
able 2). Fig. 6A, B shows the spatial distributions of the energy
n both years. There were mixed contributions to the energy use
ap: energy use decreased mainly from northwestern to south-
astern areas (green cells in Fig. 6C), while it increased mainly
n northeastern and southwestern areas (red and orange cells in
ig. 6C). Based on statistics for environmental remediation (Min-
stry of the Environment, 2020), about 16,538 trips by 10-tonne
rucks were needed to transport about 45,939 m3 polluted soil
rom 43 temporary storage sites to two intermediate storage sites
n 2015. The construction of new buildings in 2015 was about
ouble that in 2011 (Statistics Japan, 2020b). The traffic cen-
us confirmed that the percentage of large vehicles (with larger
nergy use intensity) increased in most municipalities. These
ata indirectly imply that transportation associated with environ-
ental remediation and reconstruction increased traffic energy
se. The three municipalities with the most-negative energy use
aps (Aizuwakamatsu City [municipality code: 7202]; Iwaki City
7204]; Inawashiro Town [7408]) showed significant negative
ontributions from the daily numbers of small and large vehicles
n most of the road-width categories, except category 5 (Fig. 7).
n the other hand, significant increases in the daily number of
ehicles and decreased speeds were found in the three munici-
alities with the most-positive energy use gaps (Fukushima City
7201]; Soma City [7209]; Iitate Village [7564]). Fig. 5 shows that
he decreased traffic volume and the changed model of vehicles
decreased energy use intensity) caused a significant negative
nergy use gap. Overall, promoting new vehicle models to de-
rease energy use intensity and decreasing the percentage of large
ehicles could help to reduce energy use.
Residential energy use decreased by about 2334 TJ from 2010

o 2015 (Table 2). Fig. 8 shows that the number of areas without
esidential energy use increased since the GEJE, mainly in eastern
reas near the designated sites for decontamination (Ministry of
he Environment, 2020). During this period, the number of house-
olds decreased by about 61,767 (Table 2 and Fig. 9). In particular,
he number of multiple-occupancy households decreased; the
hanging numbers of occupants in both detached and collective
uildings were consistent with the changes of energy use. The
ercentage of households with three or more occupants (with
arger energy use intensity) in both building types decreased in
his period. Fig. 5 shows that the negative residential energy use
ap arose mainly due to the decreased total number of house-
olds in all seven subregions. The results imply that decreasing
he total number of households and reducing the percentage of
ouseholds (particularly detached buildings) with higher energy
se intensities could mitigate energy use.
Industrial and commercial energy use decreased by about

608 TJ from 2010 to 2015 (Table 2). Similar to the residential
ector, the areas with high energy use changed little (Fig. 10),
xcept those within 20 km of the FDNPS (designated areas for
econtamination). During this period, the number of workers
ecreased from 943,465 to 803,372 (Table 2). The proportions of
orkers in manufacturing, auto power generation, transport and
ostal activities, wholesale and retail trade, and living-related and
ersonal services and amusement services (with larger energy

se intensity) decreased the most as inhabitants moved to other
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Fig. 7. Changes in traffic (A) volume of small vehicles, (B) volume of large vehicles, and (C) vehicle speed (km h−1) between 2010 and 2015 by road-width category
or the municipalities with the three most-positive (municipality codes: 7564, 7209, and 7201) and three most-negative energy use variations (municipality codes:
408, 7402, and 7402). The gap was found by subtracting the 2010 data from those for 2015. Road-width category 1 (r.w.c_1) corresponds to a road narrower than
m; r.w.c_2 corresponds to a road width of 3–5.5 m; r.w.c_3 to 5.5–13 m; r.w.c_4 to 13–19.5 m; r.w.c_5 to 19.5–25 m; r.w.c_6 to a road width of > 25 m.
able 2
omparison of energy use by sector in 2010 (before the GEJE) and 2015 (after the GEJE).
Sector Total fossil fuel use

before GEJE (TJ)
Number of sources
before GEJE

Total fossil fuel use
after GEJE (TJ)

Number of sources
after GEJE

Gap of fossil fuel use
(after–before) (TJ)

Electricity generation 437,757 5 power plants 542,277 5 power plants 104,521

Civil aviation 150 14 airports 115 14 airports −35

Waterborne
navigation

478 7 ports 524 7 ports 46

Waste incineration 45 24 incineration plants 41 21 incineration plants −4

Road transportation 94,699 9268 cells with
vehicles on roads

87,540 9268 cells with
vehicles on roads

−7 159

Residential 20,859 6867 cells with
791,362 households

18,525 5538 cells with
729,595 households

−2 334

Industrial &
commercial

107,092 5094 cells with
943,465 workers

103,484 4630 cells with
803,372 workers

−3 608

Agricultural machine
use

1 145 7649 cells had
machines used for
planting

951 6764 cells had
machines used for
planting

−195

Total 662,225 753,458 91,233
prefectures. The share of workers increased most for medical,
healthcare and welfare, miscellaneous services, and government
(with lower energy use intensity). Fig. 5 shows that the negative
industrial and commercial energy use gap arose mainly due to
changes in the total number of workers, despite their changing
energy use intensity having a positive contribution. The results
reflect that decreasing the total number of workers and reducing
the percentage of workers in categories with large energy use
intensities are effective in reducing this sector’s total energy use.

Energy use by agricultural machines decreased by about 195 TJ
rom 2010 to 2015; the planted area also decreased, by about
1167
12,741 m2. Fig. 11 shows the impact of the GEJE on the energy
use, with the number of areas with higher energy use (red grids)
decreasing and the number of areas without energy use increas-
ing, especially eastern areas near the designated areas for de-
contamination. Overall, areas planted with greenhouse tomatoes,
Japanese radishes, and Japanese mustard spinach (with higher
energy use intensity) decreased significantly in this period. Factor
analysis showed that the negative energy use gap was mainly
due to the decreased total planting area (Fig. 5). The results
reflect that decreasing the total planting area and decreasing the



R. Cong, K. Gomi, T. Togawa et al. Energy Reports 8 (2022) 1159–1173

p
i

p
1
u
m
s
w
a
c
h
a
d

Fig. 8. Map of residential energy use from fossil fuels in (A) 2010 and (B) 2015. Unit: TJ km−2 yr−1 .
ercentage of planting area for crops with higher energy use
ntensities could help to reduce energy use.

Changes to electricity generation produced a substantial im-
act on total energy use, which increased by about 91,233 TJ (or
3.8%) from 2010 to 2015. The total energy use and the energy
se gap following the GEJE for all users are summarized in a
esh (Fig. 12). The overall distribution of total energy use appears
imilar in both years, although 2015 (Fig. 12B) has more areas
ith high energy use than 2010 (Fig. 12A). Fig. 12C shows that
reas of significantly increased energy use are mainly located in
entral, southeastern, and northeastern Fukushima. On the other
and, areas of decreased use are within 20 km of the FDNPS
nd some inner areas. This reflects a trend of the GEJE and the
esignation of special areas for decontamination to have caused
1168
decreased energy use in areas around the FDNPS (within 20 km)
and increased use in further areas.

3.2. Reliability and limitations of the results

Table 3 compares the energy use by residential and road trans-
portation in 2010 and 2015 between this study and the energy
balance table reported by the government Agency for Natural
Resources and Energy (2017). The energy balance table estimated
energy use for road transportation based on recorded fuel pur-
chases per household and household number (Agency for Natural
Resources and Energy, 2016b), rather than our use of observed
traffic conditions (including vehicles from other prefectures). The
government estimated residential use using per household sales
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Fig. 9. Energy use gap (TJ) and changes in the numbers of households by
uilding type from 2010 to 2015. Building type C indicates households in
ollective buildings, and D means those in detached buildings. Household size
ndicates the number of residents in each household.

able 3
omparison of energy use estimate between this study and the energy balance
able.
Category Residential Road transportation

2010 This study 20,859 94,699
Energy balance table 35,870 18,812

2015 This study 18,525 87,540
Energy balance table 32,338 17,755

Gap This study −2 334 −7 159
Energy balance table −3 532 −1 057

data for city gas and household number for other fuels. Us-
ing resale fuel quantities and overestimated quantities of fuel
purchased per household made the government’s annual energy
estimation greater than ours by a significant magnitude. On the
other hand, both methods identified consistent negative trends
in energy use for these two sectors in this period, indicating that
our results were reasonable to some extent.

The assumptions and approximations used here entailed some
ncertainties. For example, the utilization efficiency of power
lants varies by plant and with time; however, our calculations
sed averaged monthly values for all plants. Our calculations
or waste incineration used the averaged use rate of combustion
gent (derived from incinerators in Tokyo) for all the incinerators
n Fukushima. Calculations for the industrial and commercial sec-
or used category-specific energy use intensity data at prefectural
evel for application at census-area level. This procedure enabled
he quantification of energy use at a high spatial resolution by
educing temporospatial specificity, which needs to be improved
n future work. Assuming uniform traffic conditions for a given
ype of road in each municipality, average traffic conditions were
ummarized from census data and substituted for all roads to es-
imate energy use. As the census mainly considered major roads,
raffic volumes and energy use in each year for other roads were
verestimated. Data for regional residential energy use intensity
n 2010 were not available; those were derived by adjusting
alues for 2015 using the differences in monthly temperature
etween 2010 and 2015. This was done assuming constant energy
se intensity by home appliances in both years, suggesting that
esidential energy use in 2010 was underestimated.

.3. Policy implications

Key data used in this study are available for all Japanese
refectures and are updated regularly, making the presented
ethod widely applicable. This analysis could help policymakers
1169
in other nations quantify spatiotemporal regional energy use,
clarify trends in and major causes of change in energy use due to
unique events or disasters, and improve mitigation policies in a
process-based manner. This study provides a detailed bottom-up
methodology for accessing local energy use by using spatially-
explicit data and measured/derived energy use intensity data. If
this approach is to be used in other locations, geolocated statisti-
cal data and spatio-temporally varying energy-use intensity data
will be needed.

Generally, it is not easy to clarify the major positive or neg-
ative causes of changes in energy use when multiple opposing
factors are acting. This study has shown that the present sen-
sitivity analysis could identify the major factors from multiple
factors acting in each sector. Therefore, it could help policymakers
understand situations of this kind.

This sensitivity analysis evaluated the impact of each factor,
including energy use activity and intensity data, identifying some
opportunities for mitigating energy use by controlling these fac-
tors. The process followed in quantifying process-based energy
use was explained using factors such as the utilization efficiency
of power plants, the mode of shipping vessels, the consumption
rate of incineration combustion agents, and the speeds of vehicles
on roads. The analysis reveals that improving rates of waste
recycling to decrease the amount of waste incineration and the
accompanying consumption of combustion agents could mitigate
energy use. Adjusting transportation schedules for a high loading
rate of vessels could reduce the number of journeys and energy
use. Controlling traffic flows to avoid congestion and ensuring
optimal travel speeds on roads could reduce energy use by traffic.
Adjusting industry categories, planted crop types, household size,
and building type to make them use less energy could also reduce
energy use in each sector.

4. Conclusions and future research

Following the GEJE (i.e., 2010 vs. 2015), total fossil fuel use
across eight sectors in Fukushima increased about 91,233 TJ, de-
spite most socioeconomic indicators showing decreasing trends.
The increase was mainly attributed to changes in the electricity
generation sector (104,521 TJ). Road transport (−7159 TJ), in-
dustrial and commercial (−3608 TJ), and residential (−2334 TJ)
nergy use all significantly decreased during this five-year pe-
iod. Shutting down nuclear power plants and the concurrently
ncreased reliance on power from fossil fuels resulted in increased
nergy use in electricity generation. The increased transportation
f goods for reconstruction resulted in greater energy use by
aterborne navigation. On the other hand, reductions in road
raffic, household occupancy, numbers of workers, farmland cul-
ivation, and facility users resulted in decreased energy use in
ther sectors. Spatial analysis identified areas of increased energy
se mainly in central, southeastern, and northeastern Fukushima.
his result suggests that decreased energy use within 20 km of
he FDNPS was linked with increased use in areas located farther
rom the power station. High spatial resolution maps confirmed
ome local variations in energy use by sector, which were linked
ith events in Fukushima; e.g., increased use of fossil fuel in
ower plants as nuclear plants were closed; the designation of
reas for decontamination with limits on residential, farming, and
ndustrial and commercial use; and the removal of polluted soils
rom and reconstruction in the contaminated areas.

Sensitivity analysis clarified why and how related factors in
ach sector changed the energy use before and after the GEJE. For
lectricity generation (energy use gap: 104,521 TJ), the main posi-
ive contribution was increased utilization efficiency (102,410 TJ),
hile decreases in energy intensity constituted a significant neg-
tive contribution to the energy use gap (−23,299 TJ). Civil avi-
tion’s negative energy use gap (−35 TJ) was mainly attributed
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o changed numbers of flight departures (−31 TJ). The positive
nergy use gap (46 TJ) for waterborne navigation was mainly
ue to changes in the vessel types using the prefecture’s ports
124 TJ), despite a reduced overall number of vessels having a
egative contribution (−78 TJ). Waste incineration’s negative en-
rgy use gap (−4 TJ) was mainly due to the changed usage rate of
ombustion agent (−7 TJ), despite the positive contribution ow-
ng to increased amounts incinerated (4 TJ). Road transportation’s
egative energy use gap (−7159 TJ) arose owing to decreased
raffic volumes (−7573 TJ) and different types of vehicles (with
ecreased energy use intensity: −7177 TJ). The negative residen-
ial energy use gap (−2334 TJ) was mainly due to a decrease
n the total number of households across the seven subregions
 o

1170
(−1657 TJ). The negative energy use gap for the industrial and
ommercial sector (−3608 TJ) was mainly caused by changes to
he total number of workers (−7913 TJ), despite a positive contri-
ution from changed energy use intensity (7074 TJ). Agricultural
achinery’s negative energy use gap (−195 TJ) was mainly due

o a decreased total planting area (−166 TJ).
This study used some data with inconsistent spatial or tem-

oral scale, which reduced the accuracy of the analysis results.
he spatial resolution of the statistical data limited the charac-
erization of specific details at the level of individual features:
.g., the different energy uses by specific road links/segments
nd the particular energy use patterns by individual industrial
r commercial buildings. Future work will attempt to improve
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Fig. 11. Energy use by agricultural machines in (A) 2010 and (B) 2015. Unit: TJ km−2 yr−1 .. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
the method’s accuracy and spatiotemporal resolution. Future de-
velopments include two potential directions. One is to support
local government policymaking related to energy use reduction:
e.g., prioritizing sectors and factors for controlling when there is
great potential for reduction and setting short-term goals for bal-
ancing renewable energy developments and reductions in fossil
fuel use. Another direction is to broaden the method’s appli-
cability by focusing on CO2 emissions: e.g., validating findings
with on-site or satellite observations after inverse processing and
developing high-resolution carbon budgets including CO2 sinks to
work toward zero carbon emissions.
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