
Impacts of the 2011 Disaster on Food– 
Energy–Water Material Flows 
and Resource Use Efficiency 
in Yokohama City 

Liu Hanyu and Wanglin Yan 

Abstract With Yokohama City as the study area, this chapter uses input–output 
analysis to study impacts of the 2011 Tohoku earthquake and tsunami disaster on 
urban resource flows and inter-sectoral resource use efficiency. Quantifying resource 
flows among urban sectors, we assess resource use intensity for production. Input– 
output analysis of 2005 and 2011 data is used to consider self-sufficiency rates, 
distinguish resource sources geographically, and clarify impacts of production and 
consumption on local natural resource systems. Supply chain analysis is used to 
assess embodied energy use in the urban production layer to explore indirect impacts 
of sectoral resource consumption. The study found that in the production sector, the 
2011 disaster had huge impacts on Yokohama’s energy and water systems, with a 
significant decrease in resource use efficiency in the energy sector and a substantial 
increase in energy consumption in water and energy sectors. Supply path analysis 
showed strong production linkages between energy and water sectors, as well as 
energy and petrochemical basic product sectors. Demand in the water sector leads to 
more energy consumption in the energy sector, and further increases consumption of 
petrochemical basic products. Conversely, consumption in the household sector 
tends to be economical, resulting in a decline in total water and energy consumption. 
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1 Introduction 

The interdependencies inherent to food, water, and energy infrastructure systems 
make them highly susceptible to disasters, exposing infrastructure to crucial risk of 
failure (Dargin et al. 2020; Hameed et al. 2019), which in turn can lead to instability 
of physical provisioning systems. On March 11, 2011, a massive earthquake in the 
Pacific Ocean offshore of northeastern Japan damaged food, water, energy infra-
structure systems and had a profound impact on society. 

In terms of energy, infrastructure was severely damaged in the earthquake, 
nuclear and thermal power plant stoppages caused a significant drop in power supply 
capacity, resulting in power outages for nine million households in areas served by 
Tohoku Electric Power Company and Tokyo Electric Power Company (TEPCO). It 
took 3 months to fully restore power. Meanwhile, 16 companies in eight prefectures 
were forced to stop the supply of natural gas, and other parts of supply networks, 
such as oil refineries and oil supply stations were also damaged, resulting in a decline 
in energy supply capacity. This earthquake had a profound long-term impact on 
Japan’s energy system. 

As shown in Fig. 1, Japan’s first commercial nuclear power plant began operating 
in 1966, and by 2010, national nuclear power generation capacity reached 288.2 
billion kWh per year. However, due to the combined impacts of the 2011 Tohoku 
earthquake/tsunami and the subsequent accident at the TEPCO Fukushima Daiichi 
Nuclear Power Plant, the number of nuclear power plants out of service gradually 
increased, with the result that, and nuclear power generation plummeted to zero in

Fig. 1 Changes in electricity generated in Japan, by power source (1970 to 2019). (Data source: 
Bureau of Resources and Energy/Energy White Paper 2021)



2011. As a result of the shutdown of nuclear power plants, imports of oil and natural 
gas expanded, Japan’s energy self-sufficiency ratio fell from around 20% during the 
2000s to around 7% right after 2011 (IEA 2021). Coal generated electricity in 2014 
was flat from 2013 at 282.4 billion kWh, about 16 times higher than in 1973 (BEIS 
2020). Compared with nuclear power generation, thermal power generation pro-
duces more carbon emissions. Japan’s total carbon emissions in 2011 increased by 
4.4% compared with the previous year, while the energy conversion sector increased 
by 7.7% (Ministry of the Environment 2021).
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In terms of water, sudden disasters have affected water supplies in disaster-
stricken areas and increased pressure on water supply in the Kanto region. During 
Tohoku earthquake, at least 2.3 million households experienced a water supply cut 
off. Meanwhile, having faced a spate of extreme weather and weather-related 
disasters, Japan faces concerns about safety of the food supply. Besides impacts 
on agricultural production in disaster-affected areas, in the case of Fukushima, 
radioactive materials in the atmosphere adhered to vegetables through rainfall, and 
food production in the area was also affected by radioactive materials. 

In general, damage to infrastructure from earthquakes threatens the security of 
resource supplies, especially the food, energy, and water that sustain urban social 
and economic systems, which inevitably affects production activities of relevant 
sectors. On the other hand, because of the complex links between FEW infrastruc-
ture systems and other sectors in a city, attention should be paid to interactions 
between FEW sectors (Arthur et al. 2019; Liu et al. 2018) and track resource 
consumption in each sector. Several studies have analyzed the impact of earth-
quakes, including disruptions of supply chains, damage to infrastructure, impacts 
on regional economic development, etc.(Ghobarah et al. 2006; Koshimura et al. 
2014; Rose et al. 1997; Son et al. 2020). However, there have been few studies on the 
impact of earthquakes on resource flows in urban sectors, and most of the analyses 
on resource flows in urban sectors only stop at quantitative assessments without 
further evaluating changes in resource flows and their impacts. 

Therefore, in order to understand the impacts of the earthquake on resource flows, 
this chapter aims to assess the change of energy and water flows between urban 
sectors, as well as resource use efficiency, through input–output analysis. Also, 
resource flows between sectors closely related to the urban energy and water sectors 
are further explored through supply chain analysis. The results may provide hints on 
how to achieve urban sustainable development by improving sectoral resource 
consumption and resource use efficiency.



192 L. Hanyu and W. Yan

2 Method to Assess Disaster Impacts by Input–Output 
Analysis and Supply Chain Analysis 

Food, energy, and water are basic resources that residents rely on for survival. Also, 
the network characteristics of food, water, and energy make it easier for changes in 
one sector to affect other sectors, and this can include spreading risks in the event of 
a disaster. Research shows that the power industry is a key sector that spreads risks to 
other sectors (Haraguchi and Kim 2016). In a disaster, long-term damage to the 
infrastructure system may lead to changes in urban physical provisioning systems 
due to the inherently complex links between components of urban infrastructure 
(Dargin et al. 2020) and changes in resource supplies will impose the impacts on the 
amounts of resources used for production. At the same time, in the context of rapid 
economic development and expanding resource demand, improving resource use 
efficiency and ensuring the security of resource supply have become important tasks 
for the development of sustainable urban systems (Feng et al. 2019). Therefore, it is 
particularly important for industrial sectors in cities to improve their resource 
consumption patterns and use efficiency. 

Existing research has applied various methods to analyze the FEW nexus from 
different perspectives. While analyzing the flow of a single element, nexus analysis 
pays more attention to the flow and trade-off relationships between elements 
(Hussien et al. 2017). Material flow analysis and input–output analysis based on 
the perspective of production and consumption are used to track and quantify the 
flows of resources in urban systems. Different from other methods, combined with 
the inventory analysis (Wang et al. 2019), input–output analysis can track the 
resource flow relationships between various sectors in a city (Albrecht et al. 2018; 
Feng et al. 2019; Li et al. 2019), so as to clearly point out the impacts of each sector’s 
production and consumption on the FEW Nexus. The application of supply chain 
analysis can also clarify material flows between sectors involved in processes from 
production to consumption, so as to determine the key sectors that affect resource 
flows and focus on achieving energy conservation and emission reductions in key 
sectors (Owen et al. 2018). 

Input–output analysis is an economic quantitative analysis method that analyzes 
“inputs” and “outputs” together. “Inputs” refer to the consumption of various 
production factors in production processes, such as the consumption of material 
products, the use of labor, and the acceptance of different types of productive 
services. “Outputs” refer to the distribution and use of outputs of production, that 
is, the direction of the physical movement of material products or the objects 
receiving the service (Leontief 1951). Input–output analysis can be carried out by 
combining input–output tables and input–output mathematical models. 

Figure 2 depicts an input–output table, which shows the sources of inputs and the 
destinations of outputs of sectors in an economic system, reflecting in detail the 
interrelationships among the elements of the economic system. The column direction 
of the table indicates the consumption of inputs (elements) by sector, that is, the 
sources of the inputs. The row direction reflects the distribution and use of the



product, that is, the direction of the outputs. Intermediate inputs and intermediate 
output constitute area A, which is the core of the input–output table, reflecting the 
interconnections between intermediate sectors. Intermediate input refers to the input 
(purchase) of raw materials, etc. (goods and services) required for the production of 
goods and services from other sectors, while intermediate demand refers to the 
production (sale) of goods and services as raw materials, etc. for the production of 
other goods and services. The downward extension of intermediate inputs expands 
the input elements of material form to other forms, such as labor and fixed assets, 
constituting area C. The expansion of the intermediate sector to the right reflects that 
in addition to the expansion of intermediate products used in production, the demand 
of the final sector, such as household and business consumption, investment, and 
export, are separated from the production process of the year, constituting area 
B. The demands of the final sector refers to the consumption of produced goods 
and services as the final stage of transactions by households, governments, exports, 
etc. The entire input–output table is centered on area A, and combines column-wise 
inputs and row-wise outputs to describe the quantitative dependencies among sectors 
in the economic system. 
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Fig. 2 The general design of an input–output table 

Based on the input–output table, an input–output mathematical model can be 
established. The intermediate input and output sectors in Fig. 2 are divided into n 
sectors, whereby q12 in area A represents the quantity of products of sector 1 used by 
sector 2, y1 in area B represents the quantity of products provided by sector 1 for the 
final sector, and Q1 represents the total output of sector 1. From the horizontal line, 
area A represents the quantity of products consumed by each intermediate sector in a 
certain period, and area B represents the quantity of products consumed by the final 
sector. The sum of these two parts is equal to the total production Q of various 
products in a certain period of time. Therefore, we can establish the quantitative 
relation model Eq. (1).
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n 

j= 1 

qij þ yi =Qi i= 1, 2, . . . , nð Þ 1Þ 

The direct consumption coefficient εij is introduced, defined as the quantity of 
products provided by sector i to be consumed per unit of product production by 
sector j, which reflects the production technology structure and material use effi-
ciency of the sector, as shown in Eq. (2). 

εij = 
qij 
Qi 

i= 1, 2, . . . , nð Þ 2Þ 

Combining Eqs. (1–3) can be obtained, where I is the unit matrix, (I-ε) reflects the 
relationship between the input and output of the unit physical product, each column 
in the matrix shows what sector j produces per unit of product and needs to invest in 
other product quantities. 

Y= I- εð ÞQ ð3Þ 

Here we introduce the resource consumption coefficient θi, defined as the quantity of 
a resource that needs to be used per unit of output, as shown in Eq. (4), where Vi 
represents the energy and water use of sector i. 

θi = 
Vi 

Qi 
ð4Þ 

By combining Eqs. (3) and (4), we can track the flow of energy and water resources 
across urban sectors, as shown in Eq. (5), where Pf 

i is the vector of energy or water 
consumption triggered by the final sector. 

Pf 
i = θ I- εð Þ- 1 Yi ð5Þ 

In an open economic environment, the import of products and services also meets 
a part of the consumer demand within the city, which can be regarded as a leakage of 
the demand within the city. The resources consumed to meet this part of the demand 
come from outside the city, so by considering the self-sufficiency rate (1-M) of the 
sector, the consumption of local resources by local demand can be clarified, as seen 
in Eq. (6). 

Pf i = θ I- I-Mð Þεð Þ- 1ð Þ  I-Mð ÞYi½ ] 6Þ 

In Eq. (6), θ(I - (I - M)ε)-1 represents the resource consumption of sector i 
resulting from the production of one unit of final product by sector j. Therefore, the 
change of resource use efficiency of each sector can be observed through the change



of θ(I- (I-M)ε)-1 over time, which implies the resource consumption required for 
the unit output of the sector. 
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Based on the basic input–output analysis, (I- ε)-1 . is denoted as L, which can be 
expanded by Taylor’s series, as in Eq. (7). 

L= Iþ εþ ε2 þ ε3 þ . . .þ εn ð7Þ 

Combining Eq. (6) with Eq. (7) gives us the following equation: 

p= θIFþ θ I-Mð  ÞεFþ θ I-Mð Þε½ ]2 F þ θ I-Mð Þε½ ]3 Fþ . . .  
þ θ I-Mð Þε½ ]n F ð8Þ 

Equation (8) is the Taylor’s expansion, where θ[(I - M )ε]n F is a calculation of 
the resource use of each production layer along the supply chain. 

3 Study Area 

Yokohama City is an ordinance-designated city with a population of 3.7 million in 
Kanagawa Prefecture. This prefecture has great industrial potential since it has been 
designated as a national strategic special zone to “enhance the international compet-
itiveness of industry” and “promote the formation of international economic activ-
ity.” In the region, the government can promote industrial development through 
targeted deregulation, enabling Yokohama to promote effective regional revitaliza-
tion. Also, the city is popular for tourists thanks to its diverse tourism resources and 
facilities. Since Yokohama Station and Tokyo Station are only 30 min apart by rail, 
the city plays a role as a bedroom suburb of Tokyo as well. 

Yokohama has a land area of 437.56 sq. km, accounting for 0.12% of the 
country’s total area, although it supports 3% of the total Japanese population. As 
of 2013, Yokohama’s total population was still increasing, although some districts 
were declining, and this could inevitably increase pressure on the supply of regional 
resources. Also, the population is getting older, and the number of households over 
65 years of age is increasing, making them more vulnerable to earthquakes (Zhu and 
Sun 2017). Regarding changes in land use structure, the proportion of residential 
land, commercial land, and land used for public facilities in Yokohama as a whole 
has increased, while the proportion of industrial land, agricultural land, and wooded 
land has decreased due to an increase in the population. In particular, industries that 
require large-scale land use have been relocated in many cases in recent years, and 
the number of former sites becoming collective housing and large-scale shops is also 
increasing, which may affect local public infrastructure (Yokohama in 2015). 
Changes in Yokohama’s land use hint at changes in the city’s intermediate and the 
final sector. In the following, we take a detailed look at Yokohama’s sectoral



economy and resource consumption, and how they were affected by the 2011 Great 
East Japan Earthquake. 
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3.1 Yokohama’s Industrial and Economic Development 

Changes in city production value and share of Yokohama are given in Table 1. In  
2015, Yokohama’s production value accounted for 40.6% of the prefecture’s share 
and 2.6% of the national share. With the negative growth of Kanagawa and the 
national production value in 2011, Yokohama’s production value increased by 2.7% 
over 2005. In 2015, Yokohama’s production value increased by 14.6% compared to 
2011, which was much higher than the growth rate of Kanagawa and national 
production value. 

In terms of sectoral development in Yokohama, as shown in Fig. 3, the sector that 
continues to grow is services and information communications, with production 
value increasing from 4.5 trillion yen in 1990 to 9.9 trillion yen in 2015, an increase 
of 2.2 times. The manufacturing sector was the city’s second-largest in production 
value, after the service sector. The city’s production value for construction has been

Table 1 Changes of the gross product and share, Yokohama City. Units: Billion yen 

Year Yokohama Kanagawa Japan Share in Kanagawa Share in Japan 

1990 20,136.7 61,861.4 872,212.2 32.60% 2.30% 

1995 20,662.2 60,497.6 937,100.6 34.20% 2.20% 

2000 22,451.8 60,461.6 958,886.5 37.10% 2.30% 

2005 22,562.9 60,082.2 972,014.6 37.60% 2.30% 

2011 23,161.1 59,850.0 939,674.9 38.70% 2.50% 

2015 26,541.0 65,325.1 1,017,818.4 40.60% 2.60% 

Data source: Yokohama City Input–Output Report 2015 

Fig. 3 Change in the city production value of major sectors. (Data source: Yokohama City Input– 
Output Report 2015)



declining, and the commercial sector has been declining since 2000, but showed a 
recovery trend in 2015. Changes in the resource consumption of a sector and the 
resource flows between sectors are closely related to the output value of the urban 
sector. The ratio of the resource input and output value of a sector reflects the 
resource use efficiency of a sector. Due to correlations between sectors, a decline 
(or increase) in the resource use efficiency of give sector may indirectly lead to an 
increase (or decrease) in resources used by downstream sectors.
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3.2 Energy, Water, and Food Supply in Yokohama 

Figure 4 shows the changes in the self-sufficiency rate of the energy, water, and food 
sectors in Yokohama, where the self-sufficiency rate of the electricity, gas, and heat 
supply sectors remained at 100% in 2011. However, the petroleum and coal products 
sector has a low self-sufficiency rate of about 27%. The self-sufficiency rate of the 
water and waste treatment sector increased from 93% in 2005 to 99.99% in 2011, 
basically achieving self-sufficiency. The food sector has a low rate of self-
sufficiency, at 5% in 2011, an increase of 3% from 2005. The food and beverage 
industry’s self-sufficiency rate was 16% in 2011, down from 3% in 2005. 

As can be seen from Yokohama’s input–output table, the production of the 
power, gas, and heat supply sector is heavily dependent on the mining, petroleum, 
and coal products sectors. The low self-sufficiency rate in the mining sector and the 
petroleum and coal products sectors threatens the supply security of electricity, heat, 
and other energy resources to cities during disasters. 

Fig. 4 Changes in self-sufficiency in Yokohama’s energy, water, and food sectors. (Data source: 
Yokohama City Input–Output Report 2015)
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3.3 Impacts of the 2011 Great East Japan Earthquake 
on Yokohama 

The nuclear power plant accident caused by the earthquake in 2011 resulted in a 
significant reduction in power supply capacity. The proportion of thermal power 
generation increased, causing various problems such as increased greenhouse gases. 
Restrictions on electricity supply capacity put significant downward pressure on the 
supply side. Rolling power outages were used to limit the use of electricity in some 
areas, which had a great impact on the lives of citizens. 

Also, the government asked large and small consumers and households to reduce 
their peak electricity consumption by approximately 15%. According to estimates, a 
1% reduction in electricity supply would have a negative impact of approximately 
0.9% on production across the sector. However, the impact on the manufacturing 
sector would be more pronounced than on the non-manufacturing sector. Within the 
manufacturing sector, Japan’s major export industries, such as electronics, machin-
ery, and equipment, transport machinery and steel, would be more affected 
(Koike 2012). On the other hand, the Tohoku region is an important part of not 
only domestic but also international supply chains. Ibaraki and Chiba prefectures, 
neighboring the Tohoku region, are the source of a large supply of products, 
including communication machinery and related equipment, computers and related 
equipment, general machinery, and industrial electrical equipment. Impacts on those 
industries would have other impacts through the supply chain, including Yokohama. 

Since the earthquake, Kanagawa Prefecture, where Yokohama is located, has 
been committed to transition from centralized to distributed power sources 
(Kanagawa Prefecture Industrial and Labor Bureau 2020). To this end, Yokohama 
has declared its intention to realize community building with uninterrupted basic 
services in the event of disasters through energy decentralization and independence 
from the perspective of global warming countermeasures (Yokohama City 2013). 

As Japan’s second-largest city by population, Yokohama has a huge demand for 
resources. Located in the Tokyo metropolitan area, it is home to regional electricity 
and gas companies such as TEPCO and Tokyo Gas, as well as other large energy-
related companies that serve the Kanto region. 

Table 2 shows the close economic ties between Tokyo and Yokoham. Table 2 
shows how much the demand in the region at the top of the table induces production 
in the region at the side of the table. The shaded area indicates the production 
inducement effect by the demand in the own region. Vertically, the demand in the 
Yokohama has induced production of 10925.1 billion yen in Yokohama, 2752.8 
billion yen in Tokyo, and 9575.5 billion yen in other regions including the whole 
country. Besides, the demand in Tokyo has induced production of 1152 billion yen 
in Yokohama. 

Using Yokohama as a study area, it is important to identify the impact of a major 
earthquake on sectoral resource consumption, including changes in sectoral resource 
use efficiency and inter-sectoral resource flows, in order to achieve resource



Table 2 Economic production links between five regions. Units: 10 billion yen

conservation and reduce carbon emissions through improved energy supply and 
resource use efficiency in the city, and to improve the resilience of the city’s sectors.
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Yokohama Kawasaki 

Other areas 

in Kanagawa 
Tokyo 

Other cities 

in Japan 

Yokohama 1,092.51 12.30 26.94 155.20 833.63 

Kawasaki 15.80 399.98 12.22 73.75 430.85 

Other cities in Kana-

gawa 
24.87 10.10 1,160.66 118.31 661.06 

Tokyo 275.28 103.46 219.16 8,322.44 7,713.06 

Other areas in Japan 957.55 385.8 430.51 4,515.97 53,599.22 

Data source: Ijo and Oshima 2019 

4 Data Processing and Results 

4.1 Data Processing 

The situation in the study area, Yokohama, was introduced in the previous section. 
Data required to analyze the resource consumption by Yokohama’s various sectors 
through input–output tables includes the input–output table, energy, and water 
consumption data of intermediate sectors, and self-sufficiency rates of intermediate 
sectors. Data for 2011 and 2005 were selected in order to reflect the impacts of the 
2011 Great East Japan Earthquake on Yokohama. 

Input–output data for Yokohama comes from the input–output table issued by the 
Yokohama municipal government. Based on the input–output table, the self- suffi-
ciency rate (I-M) of each intermediate sector can be calculated by Eq. (9). 

I-M= 1 þ Total imports and inflows 
Total domestic demand

ð9Þ 

Data for energy consumption of the intermediate sector are obtained from Agency 
for Natural Resources and Energy. Statistics on energy consumption are only 
accurate to the prefectural level, so the energy consumption of each sector in 
Yokohama is estimated in this study using energy consumption per million yen 
output by intermediate sector in Kanagawa and output by intermediate sector in 
Yokohama. 

Data for water consumption in the intermediate sector are obtained from Yoko-
hama City’s Waterworks Bureau.
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4.2 Results 

4.2.1 Water and Energy Use Triggered by Intermediate Sector 
Production 

Figure 5 shows changes in water and energy use per unit of yen arising from output 
in intermediate sectors in 2011 compared to 2005. Changes in water intensity arising 
from production of the intermediate sectors are greater for energy intensity. The 
water (Wa) and other manufacturing (Om) sectors experienced significant increases 
in production-induced water intensity, followed by the transportation (Tr) and min-
ing (Mi) sectors, while there was a decline in water intensity caused by production in 
the service (Se) and food manufacturing (Fm) sectors. In terms of energy consump-
tion, the water (Wa) and energy (El) sectors experienced significant increases in 
production-induced energy intensity, followed by the transportation (Tr) and mining 
(Mi) sectors, while there was a decline in water intensity caused by production in the 
service (Se) and food manufacturing (Fm) sectors. Production in the business and 
service sectors resulted in a decrease in the resource intensity of their own produc-
tion, while production in the other manufacturing (Om), water (Wa), electricity, gas 
and heating (El) resulted in an increase in the resource intensity of their own 
production. 

Fig. 5 Changes in intermediate sector production-induced water intensity (cu m per thousand yen) 
(left) and energy intensity (GJ per million yen) (right). Agriculture (Ag), Commerce (Com), 
Construction (Co), Electricity, gas and heating (El), Finance (Fi), Food manufacturing (Fm), 
Mining (Mi), Other manufacturing (Om), Real estate (Es), Service (Se), Telecommunication (Te), 
Transportation (Tr), Unknown classification (Un), Water and waste management (Wa), intermedi-
ate supply (Inter_S), intermediate demand (Inter_D)
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Overall, in terms of water consumption in each sector, compared with 2005, the 
production activities of various urban sectors in 2011 led to the consumption of more 
water in the “other manufacturing” sector, followed by the water, telecommunica-
tion, and commercial sectors. As supplier of commodities, water consumption per 
thousand yen of output in the “other manufacturing” sector increased significantly, 
followed by the mining and transportation sectors. Conversely, water consumption 
associated with the service and food manufacturing sectors dropped significantly. In 
terms of energy consumption, production activities in various sectors of the city led 
to more energy consumption in the water and energy sectors. Also, the water and 
energy sectors significantly increased in water consumption per thousand yen of 
output, while energy consumption related to the service and agricultural sectors 
dropped significantly. 

4.2.2 Energy and Water Use Triggered by the Final Sector 

Commodity demand for the final sector, which is dominated by the household and 
export sectors, triggers the production and service activities of the intermediate 
sectors, which in turn leads to the consumption of resources. Through input–output 
analysis, it is possible to track the water and energy consumption of the intermediate 
sector triggered by the demand of the final sector. 

The amount of energy consumption triggered by the final sectoral demand is 
given in Table 3. In 2011, the per capita daily energy consumption in the household 
sector was 4.02 kWh, a 15% decrease from 2005. From the table we can see that the 
energy consumption of the commercial sector triggered by the demand of the 
household sector was the highest, followed by the energy sector and the service

Table 3 Energy consumption 
triggered by the Yokohama 
final sector 

Household Export 

kWh/person/day GJ/million yen/year 

Sector 2005 2011 2005 2011 

Om 1.18 0.40 8.95 9.43 

Com 0.99 0.77 0.51 0.35 

Se 0.86 0.61 13.03 5.55 

Re 0.62 0.54 0.27 0.26 

Un 0.21 0.21 0.31 0.52 

El 0.19 0.62 0.77 0.53 

Fm 0.17 0.17 0.02 0.01 

Tr 0.14 0.22 0.85 0.59 

Te 0.13 0.10 0.69 0.80 

Co 0.08 0.06 1.00 1.42 

Wa 0.06 0.19 0.49 3.01 

Fi 0.05 0.06 1.25 4.80 

Ag 0.04 0.05 0.08 0.10 

Total 4.74 4.02 28.22 27.38



sector. Compared with 2005, the energy consumption of the manufacturing sector 
caused by the demand of the household sector dropped significantly, while the 
energy demand of the energy supply and the water sector increased significantly. 
In terms of the energy consumption triggered by the export sector, in 2011, the 
annual energy consumption per million yen in the export sector was 27.38, a 
decrease from 2005. The energy consumption of the manufacturing sector triggered 
by the demand of the export sector was the highest, followed by the service sector. 
Compared with 2005, the energy consumption of the service sector triggered by the 
export sector’s demand dropped significantly, while the energy demand of the water 
sector increased significantly.
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Table 4 Water use triggered 
by the Yokohama final sector 

Household Export 

Liters/person/day Liters/million yen/year 

Sector 2005 2011 2005 2011 

Om 16.35 15.44 1449.87 1202.11 

Com 2.52 1.80 40.97 52.10 

Se 13.78 9.47 15.26 23.51 

Re 0.75 1.06 0.04 0.07 

Un 0.25 0.10 0.25 0.10 

El 0.30 0.26 0.29 0.36 

Fm 8.82 7.61 18.34 11.59 

Tr 1.36 1.84 2.57 2.15 

Te 0.41 0.42 0.52 0.60 

Co 0.18 0.07 0.04 0.02 

Wa 5.93 5.44 13.89 20.07 

Fi 0.61 0.64 0.47 0.12 

Ag 0.01 0.02 0.00 0.01 

Total 51.26 44.17 1542.50 1312.80 

The amount of water consumption triggered by the final sectoral demand is given 
in Table 4. In 2011, the per capita water consumption in the household sector was 
44.17 liters per day, a 14% decrease from 2005. The manufacturing sector consumed 
the most water resources triggered by the demand from the household sector, 
followed by the service sector and the food and beverage sector. Compared with 
2005, the consumption of water resources in the service industry triggered by the 
household sector’s demand dropped significantly, while the demand for water 
resources in the transportation sector increased significantly. In terms of water 
consumption caused by the export sector, in 2011, water consumption per million 
yen was 1,12.80 L, down 15% from 2005. The manufacturing sector consumed the 
most water resources triggered by export demand, followed by the commercial and 
service sectors. Compared with 2005, the consumption of water resources in the 
manufacturing industry triggered by the export sector dropped significantly, while 
the demand for water resources in the water, commercial, and service sectors 
increased.



Impacts of the 2011 Disaster on Food–Energy–Water Material Flows. . . 203

4.2.3 Energy Use Embodied in Production Layers 

Table 5 shows the amounts and changes of energy use triggered by water and energy 
sectors in different production layers in 2011. Production in both the Wa and El 
sectors triggered energy consumption in the El sector, Pe sector. Compared with 
2005, final sectoral consumption triggered more energy consumption, and produc-
tion demand in the energy and water sectors triggered a substantial increase in 
energy consumption in the energy, petroleum, and coal sectors. The final sector’s 
demand for products from the water sector caused a large amount of energy 
consumption in the water sector and commercial service sectors, and compared 
with 2005, this part of the energy consumption increased significantly; the produc-
tion of the energy sector triggered a large amount of energy use in the construction 
sector and the transportation sector. 

5 Discussion 

In this section, we first examine Yokohama’s role in securing energy for the Tokyo 
metropolitan area, then analyze the results of input–output analysis based on the 
carbon emissions of each sector in Yokohama, and how the 2011 earthquake 
effected resource use efficiency in each sector. Finally, we discuss the advantages 
and limitations of input–output analysis. 

Table 5 Changes of energy use embodied in production layers (2011). Units: Terajoules (TJ) 

Tier 0 Sector Amount Change rate 

Wa 492.00 0.78 

El 4940.37 2.97 

Tier 1 Tier 2 Tier 3 

Sector Amount Change rate Sector Amount Sector Amount 

El 52.10 3.39 Pe 18.59 Pe 3.60 

Pe 42.62 0.78 El 8.38 El 1.43 

Wa 40.94 1.37 Un 5.24 Un 1.10 

Un 14.81 -0.17 Wa 3.16 Bs 0.40 

Bs 7.94 0.25 Bs 1.95 Com 0.34 

Pe 841.49 0.28 Pe 128.94 Pe 20.41 

El 476.75 9.98 El 54.42 El 7.55 

Co 43.70 -0.20 Un 20.26 Un 4.60 

Un 37.16 0.39 Met 9.76 Tr 1.65 

Tr 31.02 0.92 Tr 8.12 Bs 1.64 

Change rate: Changes in energy consumption compared with 2005; Pe petroleum and coal products, 
Bs service to business
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5.1 The Role of Yokohama City in Securing Energy 
for the Tokyo Metropolitan Area 

As shown in Fig. 6, the wide-area power system in the Tokyo metropolitan area 
consists of multiple 500 kV outer ring lines and transmission lines connected to the 
outer ring lines. A large amount of power is transmitted within the metropolitan area. 
There are several high-capacity power strips in the metropolitan area, the largest of 
which is located the Tokyo Bay area. In that area, TEPCO has capacity of 29.1 
million kilowatts of thermal power stations, accounting for 70% of the total thermal 
power generation, while the thermal power stations located in Yokohama have 
capacity of 4.62 million kilowatts, accounting for 16% of the total. Yokohama 
also has a diverse range of power generation options inland, providing security of 
electricity supply to the Tokyo metropolitan area. Table 6 shows the energy supply 
(electricity, gas, heat) in each region of the Kanto area. The table shows that the self-
sufficiency rate of Yokohama’s energy sector is about 100%, and the outflow of the 
energy sector accounts for 65.4% of the entire Kanagawa, which fully demonstrates 
Yokohama’s important role in ensuring the regional energy supply. 

Fig. 6 Regional power system in the Tokyo metropolitan area. (Data source: Wide-area system 
maintenance committee secretariat 2015)
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Table 6 Consumption of energy sector in Kanto region in 2011. Units: Million yen 

Intra-regional 
needs 

Self-sufficiency 
rate 

Tokyo 2,660,447 64.8% -140 -
939,696 

8108 0 

Saitama 942,786 59.8% -13 -
378,959 

15 6103 

Yamanashi 112,697 76.0% -5 -
27,086 

357 0 

Ibaraki 547,323 100.0% -15 0 122 61,335 

Gunma 338,266 73.5% 0 -
89,479 

0 1712 

Tochigi 321,742 39.1% -
195,821

-
195,821 

0 15,757 

Chiba 1,050,674 100.0% 0 0 3033 1,225,656 

Kanagawa 1,456,227 66.4% -
488,531

-43 18 918,592 

Yokohama 543,669 100.0% -17 0 8 299,594 

Note: Outflow refers to the sending of goods to other parts of the country; Inflow refers to the 
transfer of goods from one piece of land to another within a country 
Made by author, data source: Input–output table for Tokyo, Saitama, Ibaraki, Gunma, Tochigi, 
Chiba, Kanagawa, Yokohama, 2011 

5.2 Impact of Earthquakes on CO2 Emissions and Resource 
Use Efficiency 

Energy consumption is the main source of carbon emissions. According to the 
Japanese Ministry of the Environment, Japan’s carbon dioxide emissions in 2020 
were 1044 million tons, of which energy-related carbon dioxide emissions were 
967 million tons (84.2%), and non-energy-related carbon dioxide emissions were 
78.9 million tons (6.7%). After the 2011 earthquake, Japan’s energy structure 
changed significantly, with the replacement of nuclear energy by natural gas, oil, 
and coal, which led to a significant increase in total carbon emissions and energy 
consumption of the energy conversion sector. The carbon emission factor of elec-
tricity also increased, thereby increasing the carbon emissions of other sectors from 
the consumption of electricity. 

Analysis of survey of carbon emissions and energy consumption of each sector in 
Yokohama showed that after the 2011 earthquake, carbon emissions in all sectors 
increased significantly (Yokohama, 2022). Although the energy consumption of all 
types of sectors (except the energy conversion sector) decreased due to planned 
blackouts conducted by the local government, total carbon emissions increased 
significantly, due to a significant increase in the carbon emissions coefficient of 
electricity consumption in 2011 in the business, household, and industrial sectors. 
Figure 7 shows the trend of changes in carbon emissions per unit of electricity 
consumption in each sector in Yokohama before and after the earthquake. As for the



energy conversion sector, after the earthquake, the carbon emissions and energy 
consumption of this sector increased significantly, resulting in a slight change in 
carbon dioxide emissions per unit of energy consumption. 
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Fig. 7 Change of carbon emissions per unit of electricity use, by sector, before and after the 2011 
earthquake (based on 2005). (Data source: Yokohama GHG emissions, 2019) 

Through input–output analysis, we could identify the substantial increase in 
energy use in the energy and water sectors that occurred after the 2011 earthquake, 
which may indirectly increase resource consumption in other sectors. For example, 
from the results of changes in resource consumption triggered by the final sector, it 
could be seen that a decline in resource use efficiency in the energy sector increased 
energy consumption caused by electricity demand in the household sector. Also, by 
analyzing energy use embodied in production layers, we could find that the increase 
in energy demand in the energy sector directly led to more energy consumption in 
the coal and petroleum sector, leading to more carbon emissions of the energy 
conversion sector. On the other hand, due to damage to the power and transportation 
infrastructure, production of the industrial sector, including the manufacturing 
sector, was also greatly affected. The efficiency of water and energy use in the 
industrial sector declined, leading to more carbon emissions. In terms of water 
supply, the earthquake caused damage to the water infrastructure in the Kanto 
region, including both the displacement of and damage to water pipes, which also 
affected energy and water use efficiency of the water sector. 

It is clear that the impact of changes in resource use efficiency of sectors will 
expand through inter-sectoral correlations and eventually affect the total resource 
consumption of each sector. Therefore, the resource use efficiency of the resource 
supply sector should be improved first, which will indirectly reduce resource con-
sumption in other sectors. Secondly, resource consumption sectors should actively 
make use of natural resource systems such as solar power generation and rainwater 
harvesting, which can help reduce pressure on urban physical provisioning systems 
and enhance the ability of various sectors to deal with risks.
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5.3 Advantages and Limitations of Input–Output Analysis 

Through input–output analysis, the flow of material resources between sectors can 
be estimated based on economic linkages between urban sectors, which cannot be 
achieved by other methods. By linking environmental indicators with input–output 
tables, we can evaluate impacts on the environment in the context of a city’s 
economic development. Meanwhile, since input–output tables have clear geograph-
ical boundaries, the connections between regions can also be clarified, so that 
resource transfers between regions and related impacts associated with economic 
activities can be further analyzed. However, as mentioned, the compilation of input– 
output tables is very cumbersome. Thus, not every region has an input–output table, 
which limits the application of regional input–output analysis. Data required for 
input–output analysis is difficult to obtain, and results of analysis will deviate from 
the actual situation depending on the accuracy and scope of data. Therefore, for 
input–output analysis it is necessary to clarify the specific economic activities that 
are to be included from the inputs and outputs of each sector into the input–output 
table, as well as the resource consumption caused thereby, so as to more accurately 
evaluate resource flows between sectors and changes in resource use efficiency. 

6 Conclusion 

This chapter assessed resource consumption and flows between sectors in order to 
analyze the impacts of the 2011 Tohoku earthquake and tsunami disaster on urban 
resource supply and resource use efficiency, with Yokohama as the study area. Our 
research found that the energy and water sectors responsible for resource generation 
and distribution were significantly affected by the disaster, which indirectly contrib-
uted to increased energy and water consumption triggered by some sectors due to 
cross-sectoral interdependencies. Also, the energy and water sectors are highly 
correlated, so changes on one side directly and indirectly affect the resource con-
sumption and use efficiency on the other. Therefore, attention should be paid to how 
to achieve the stability of urban physical provisioning by promoting the capacity of 
energy and water infrastructure systems to respond to risks. Meanwhile, for sectors 
where resource use has declined, the resource use pattern of sectors should be 
improved through technological advancement or greater awareness of conservation. 
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