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Abstract

Rapid removal and treatment of waste generated during earthquakes is essential for the
rapid recovery and reconstruction of the affected area. However, the environmental burden

of disaster waste management efforts should not be overlooked even in disaster situations.
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Disaster waste management should be systematized as an integrated system wherein
disaster waste management processes flow from generation to treatment. Life cycle thinking
effectively makes sense of each stage of disaster waste management. Disaster waste
prevention also might effectively reduce the environmental burden. This study reviews
research trends in the management of disaster waste from the perspectives of the estimation
of potential disaster waste, systematic evaluations of disaster waste management, and the
necessity of addressing the material aspects of disaster waste prevention. In addition, the
importance of measures for the prevention of disaster waste is examined in its social and
cultural aspects, including such interventions as a change in residents’ lifestyle in regard to

the possession of consumer durables.
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1. Introduction

Earthquakes are often complex disasters with associated earthquake-induced vibrations,
landslides, tsunamis, and so on. They cause severe damage to life and property, and as a
result, buildings, infrastructure, and consumer durables are converted into disaster waste.
Japan has the third largest economy in the world, and it is rare for such a developed country
to experience earthquakes so frequently. For example, the 1995 Great Hanshin-Awaiji
Earthquake caused approximately 6 400 deaths, destroyed approximately 256 000 dwellings,
and produced approximately 20 million tons of disaster waste [1]. The Great East Japan
Earthquake caused approximately 16 000 deaths, destroyed approximately 1.1 million
dwellings, and produced approximately 28 million tons of disaster waste [2]. The centrepiece
of recovery and reconstruction of an earthquake-affected area is the quick removal and
treatment of waste. The Cabinet Office of the Japan [3] announced a basic plan for disaster
management in 2015, indicating that disaster waste should be recycled if possible. This is a
fundamental principle of disaster waste treatment because such waste originally consisted
of natural resources, and recycling it contributes to the circular economy. On this principle,
81% of disaster waste was recycled after the 2011 Great East Japan Earthquake [4]. The
Japanese government has also prepared for greater resilience in future earthquakes,
especially predictions of the Nankai Trough and the Tokyo Near-field Earthquakes. The
former will affect mainly western Japan, including the Greater Osaka area, with a predicted
generation of approximately 350 million tons of waste [5]. The latter will mainly affect the
Greater Tokyo area with waste expected in excess of 110 million tons [5]. In light of such
predictions, the Japanese government and local municipalities have been developing
strategies to manage the waste. In addition, many other studies of earthquakes have been

conducted in Japan.
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The environmental burden caused by the disposal and treatment of this waste is
incalculable [6, 7]. He and Zhuang [8] indicate that environmental and economic losses from
a disaster are determined not only by the response to the disaster but also by prevention
measures taken beforehand. This applies ably to disaster waste management. The United
States EPA [9] identifies the following considerations as necessary to any preliminary plan
for better waste management: the amount and type of potential waste, whether municipal
solid waste treatment facilities can handle disaster waste, the location and treatment capacity
of these facilities, the location and capacity of temporary storage sites, and the means of
recycling. The environmentally and economically sound management of disaster waste is
achieved through careful planning by decision makers before the earthquake. An integrated
approach using life cycle thinking, represented by LCA and LCC, should be appropriate to
the decision making methods involved in management planning because these methods
systematically evaluate environmental burden and cost of waste removal and treatment [10].
Life cycle thinking begins by estimating the amount and type of waste that might potentially
be generated by a natural disaster. To arrive at such an estimation, it is necessary to simulate
a disaster scenario.

Disaster waste prevention no less important a perspective. For example, the construction
and renovation of flood-prevention facilities [11, 12] and earthquake-resistant buildings [13,
14], the seismic reinforcement of consumer durables [15, 16], and the relocation of
residences to higher elevations [17] are all being implemented or are considered a part of
disaster prevention and reduction. With a simple change of perspective, these measures
reveal themselves as means for preventing the generation of waste by reducing potential
damage. Disaster waste starts as a stock as known as commodity that exists originally within

a particular region. Reducing the loss of stock contributes to the rapid recovery and
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reconstruction of an affected area. This viewpoint is indispensable for increasing regional
resilience and the return to day-to-day life at an earlier stage for those persons affected.
Disaster waste prevention also reduces the environmental burden. Within a circular economy,
waste prevention is the highest priority of waste management, a concept that should also be
considered in the management of disaster waste. Any savings of cost due to disaster waste
prevention can be applied to restoration and reconstruction. Despite this, disaster waste
prevention has not attracted much attention, having to compete with the high priority given
to recycling in Japanese governmental policy.

In Japan, research into disaster waste management increased after a considerable
accumulation of data derived from devastating major earthquakes. The research done by
academics has contributed to the preparation of a waste management plan by the national
and local governments. Today, many Japanese researchers continue striving to strengthen
resilience in order to prepare for major earthquakes of the future, basing their efforts on
others of the past. Through financial support from Japan Ministry of Environment, the authors
have also developed methods for evaluating disaster waste management using life cycle
thinking'. This paper aims to review research trends in disaster waste management, focusing
on earthquakes mainly in Japan. This paper also discusses the necessity of disaster waste
prevention by reviewing the results of our case study of seismic retrofitting of flood-prevention
facilities. The layout of Chapters 2 through 4 is as follows: Chapter 2 reviews research
relevant to the estimation of potential disaster waste generation as a key for disaster waste
management. This chapter also reviews decisions on the creation of policy and construction

of disaster waste management. Chapter 3 reviews the environmental and economic effects

' See references [6,7], [10], [13], [17], [39], [42], [65-67].
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of disaster waste prevention, focusing on the authors' research findings. Chapter 4 describes

the prospects for promoting disaster waste prevention.

2. Literature review

2.1. Potential disaster waste generation

Representative methods for estimating potential disaster waste generation take the total
number of completely or partly destroyed dwellings, sorted by type of damage, and multiply
it by the material intensity coefficients of disaster waste per dwelling [18, 19, 20]. There are
two methods for the creation of material intensity coefficients: one is based on the actual
amount of disaster waste in past earthquakes, and the other is based on existent stock in a
given area. Table 1 shows examples of the two methods of creating material intensity
coefficients. Representative research, using the former method, involves two cases: one,
identifying the weight and capacity of dismantled waste due to the collapse of dwellings in
the 1995 Great Hanshin-Awaiji Earthquake [1, 21], and two, assessing the weight of material
and structures damaged by the earthquake and tsunami through the survey of areas affected
by the 2011 Great East Japan Earthquake [22, 23]. Actual performance regarding the
generation and treatment of disaster waste in past earthquakes is effective when estimations
are based on material intensity coefficients [24, 25, 26, 27, 28, 29, 30]. The material intensity
coefficient varies according to the number and type of dwelling structure (detached dwelling,
complex dwelling, etc.), type of building material (wooden, concrete, etc.), the household
characteristics (number in household, property owner’s age, years of occupation, income,

etc.), location of dwelling (urban or rural), and type of disaster waste (wood chips, concrete,
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stone, rubble, scrap metal, etc.) Identification is essential because treatment and recycling

methods vary for each category.

Table 1 Material intensity coefficients

Methods Types Source
Created based on the | \wooden dwelling (Combustibles) [ton/m?] 0.19
actual amount of disaster
i i 2

waste in past earthquakes Wooden dwelling (Incombustibles) [ton/m?] 0.5 "
Concrete dwelling (Combustibles) [ton/m?] 0.12
Concrete dwelling (Incombustibles) [ton/m?] 0.99
Wooden dwelling [ton/m?] 0.62

[21]
Concrete dwelling [ton/m?] 0.85
Dwelling damaged by tsunami [ton/dwelling] 117

(8]
Dwelling damaged by earthquake [ton/dwelling] 161
Created based on stocks Dwelling materials [kg/m?] | Gravel 219.6
extant in area Cement 88.1
Wood 2.8
Glass 29.8

[6]
Pottery 76.1
Iron 9.1
Aluminium 2.8
Others 3.00
Consumer durables Refrigerators 80.8
[kg/dwelling] Washing machines 50.0

Air-conditioners 133.1 [6]
TV sets 45.2
Cars 2,358

Multiple studies attempt to estimate disaster waste generation instantly and accurately
using remote sensing technology [31, 32, 33, 34, 35, 36]. Remote sensing technology is able
to observe the earth's surface in high resolution using satellites and can create a spatial
record of the degree of destruction to buildings in the affected area before and after an

earthquake. These methods are based on the accumulation of artificial stock in the area.
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Although the material intensity coefficient method can easily calculate disaster waste
generation, the coefficient provides site-specific data because the data is identified by the
affected area. However, future earthquakes may damage areas different than those
mentioned above. Accumulated amounts of artificial capital stock differ at the city scale
(population, population density, number of dwellings, aging rate, etc.). Therefore the method
that relies on extant data risks a poor fit in terms of the material intensity coefficients if the
potential disaster waste generation were estimated based on future earthquakes. In contrast,
the second method appropriately estimates the potential amount of waste generated by
accommodating the city scale and future earthquakes [37, 38, 39, 40]. Many studies assume
the occurrence of earthquakes at a certain point in time in order to easily estimate the
potential waste. There are a few studies that considered when an earthquake or tsunami
might occur. In the cities, the population, number of structures, etc. change from year to year,
as does the accumulated artificial capital stock. This means that the amount of potential
waste will also vary at the time of an earthquake. Although it is impossible to predict exactly
when earthquakes will occur, the uncertainty of the time of occurrence greatly affects
discussion of effective disaster prevention measures. To avoid such uncertainty, some
studies estimate potential disaster waste generation by assuming a variety of social
situations such as future decreases in population [13, 41, 42].

It should be noted that there is a gap between estimates of potential waste and the actual
amounts collected by local municipalities. Because they do not remove the foundations of
structures and tsunami and floods drain waste into rivers and the open ocean. For example,
some studies [43, 44] report that the actual amount of waste collected by local governments

was only 50-60% of the estimates derived from surveys of past disasters.
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2.2, Disaster waste management

Figure 1 shows the evaluation flow of disaster waste management. In the previous
section, estimation methods were reviewed. These results are visualized as a spatial
distribution using the GIS. Temporary storage sites and treatment facilities are also visualized
as a spatial distribution. These visuals help to systematize the real disaster waste
management process from transportation network to treatment. Next, a flow for disaster
waste treatment is designed, and data for environmental and economic evaluations are
surveyed. Comparing disaster waste management in Japan and the United States, nearly
the same strategies for decision making are described in their treatment plans, including how
to estimate disaster waste generation, setting up temporary storage sites, and the handling
of disaster waste treatment [5, 9]. However, these plans lack evaluation from both
environmental and economic perspectives. If economic considerations are evaluated,
environmental concerns are slighted. As described later in Figure 1, this study emphasizes

the necessity of evaluating both environmental and economic implications in disaster waste

management.
Understanding spatial distribution Setting boundary of disaster
of disaster waste generation waste management
S (Single region and/or

interregional)

Understanding spatial distribution
of temporary storage sites and
treatment facilities

g

Setting treatment flow of disaster waste <:| i Surveying
(transportation, treatment, recycling, etc.) | related data

<L

’ Environmental and economic evaluations ‘

T

Decision making for disaster waste
management plans
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Figure 1 Evaluation flow of disaster waste management

At this point, the question arises as to whether management should be of a single region
or an area comprising many regions (interregional) but with fixed boundaries. The greater
the area contained within the boundary the greater the size of the transportation network
needed, which also causes an additional environmental burden. When decision makers
consider the management of an interregional area, cooperation among local municipalities
and local residents is indispensable. Figure 2 shows an example of the flow of disaster waste
management in the 2016 Kumamoto Earthquakes. Disaster waste generated in the affected
areas is first transported to the primary temporary storage site. Then, waste is separated by
type at the secondary temporary storage site. Bulky waste and/or complex waste are
separated after crushing. Then separated waste is either incinerated, recycled, or deposited
in a landfill, depending on the type of waste. The two major recycling methods are the

recycling of material or the recovery of energy as fuel.

Crusher J
Coows W

‘ Wood Hz = -i-'= ] i\ Recycling
L

Crusher Landfill |
‘ Separa
} Storage _tion
‘ Gypsum board ﬁ- = > Recycling
‘ Metal scrap H— ' > Recycling
‘Miscellaneous waste E = E Crusher Incineration ‘

Landfill
Storage H Storage }; > Recycling
|

|
|
| |
! Primary Secondary,
|
Miscellaneous waste | | temporary temporaryi
|
|
|
|
|

Specific kind of home
appliances

(Outside this study) storage  storage
site site

Figure 2 Treatment flow of disaster waste [10], 45]
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Some studies have systematically evaluated disaster waste management. These studies
focus on some of the processes involved in transportation and temporary storage sites using
GIS [46, 47, 48, 49, 50, 51]. They target the entirety of disaster waste management,
conducting environmental and/or economic evaluations of the 2011 Great East Japan
Earthquake or the Nankai Trough Earthquake [52, 53, 54, 55], applying LCA and LCC
approaches.

Life cycle thinking can conceive of the flow of disaster waste through an integrated
system. Environmental and economic evaluations using LCA and LCC have a high utility
because they clarify which processes cause a greater environmental burden [6, 7, 10, 56,
57]. In the LCA and LCC, environmental burdens and cost are calculated by multiplying the
amount of collected, transported, and treated disaster waste and environmental and
economic intensity. Table 2 shows an example of environmental and economic intensity data.
These intensity data were calculated from actual values collected at disaster waste
management sites and through statistical surveys as well as other methods. In addition, they
clarify which environmental burdens deserve the most attention. For example, the authors [6,
7] have elsewhere shown that the cost of temporary incinerators cannot be ignored in the life
cycle cost, and that reducing SOx emissions should be given priority over CO2 emissions.
Studies that examine the system in its entirety often employ spatial distributions for road
transportation networks, candidate locations for temporary storage sites, and locations of
waste treatment facilities derived from GIS. Since they are a reflection of reality, these studies
are able to propose highly feasible treatment plans. Treatment plans that take into account
spatial information might also provide important information for volunteers working in affected

areas. Volunteers are responsible for such activities as removing and transporting disaster
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waste. In recent years, numerous apps for smart phones, and other mobile devices, that
support disaster recovery have been developed by private enterprises. By combining these
apps and the treatments plans, volunteers might have immediate access to information (for
example, where disaster waste should be removed to, which temporary storage spaces are
empty or full, or whether there is traffic congestion). It is expected that apps that maximize

efficiency be developed.

Table 2 Environmental and economic intensity data [10]

Transportation Temporary Incineration Crusher Landfill
[via 10 t truck] storage site For MSW For industrial
waste

Unit [/tkm] [/ton] [/ton] [/ton] [/ton] [/ton]
CO; [ka/] 0.13 2.21x10* 906 807 51.1 79
SO, [kg/] 6.32x10° 4.4x10® 5.41x10" 8.82x1072 4.84x10 4.40%102
NOx [kg/] 1.09%10° 3.86x107 6.26x10" 3.52x10" 2.04x102 1.42x10"
PM [kg/] 6.68x10° 1.78x102 6.23x10° 1.36x107" 3.16x107® 3.22x10°
Cost [USD/] - 1,370 1,570 1,590 450 1,070
Ash [t/] - - 0.12 0.12 - -

Proposed treatment plans must discuss the following factors: the numbers and locations
of temporary storage sites, the redundant capacity of waste treatment facilities, number of
trucks in transportation network, number of waste treatment facilities and temporary
incinerators, expectations of damage to road networks, length of time required to restore
road networks, and so on [53, 58, 59, 60, 61, 62, 63, 64, 65]. In addition, the cooperation of
residents is indispensable for disposal and treatment, because residents living in affected
areas (excepting children, the injured, and the elderly) can assist in transporting waste to
temporary storage sites. The waste is often separated and treated in the affected area. With
environmental burdens like air pollution and the noise of trucks used for transport, local

separation and treatment negatively impacts residents [62, 63]. Even when treated at a site
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remote from the affected area, the environmental impact is unacceptable. For example, when
waste is contaminated with radioactive materials, as occurred in the 2011 Great East Japan
Earthquake, and a proposal is made to treat the waste in a location far from the affected area,
many residents living near the proposed site were opposed to the plan [66]. Thoughtful
management acts as a powerful risk assessment tool when decision makers elicit public

involvement in a disaster prevention or response-related measure.

3. Disaster waste prevention

This section focuses on the effect of flood-prevention facilities on disaster waste
prevention. The authors have developed methods for evaluating potential waste generation
and waste management [7, 67]. This section discusses the results of these methods and
their significance for disaster waste prevention. The Nankai Trough Earthquake, predicted to
occur in the Mie prefecture of Japan, serves as the case study. If the Nankai Trough
Earthquake were to occur as predicted, the Mie prefecture would experience an earthquake
over 94.7% of the total area (5 777 km?) with a JMA seismic intensity of 6 or greater and a
tsunami affecting 4.9% of the total area (283 km?) [68]. In many cases of earthquakes in
subduction zones, tsunamis and flooding occur after the earthquake. The Great East Japan
Earthquake was of this type. Seismic activity caused severe damage but tsunamis and
flooding also caused extensive damage. The predicted Nankai Trough Earthquake will be
the same type of earthquake, and so, it is quite important to prepare countermeasures for
subduction zone earthquakes. The areas that can expect to be affected by tsunami and
flooding are residential and industrial areas. The damage to human life and the economy

would be catastrophic. The Mie Prefectural Government [69] envisaged two cases: (1) flood-
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preventing facilities such as flood barriers and breakwaters are not damaged by the
earthquake and fulfil the role for which they are designed (Case 1: Flooding after the
earthquake can be controlled) and (2) flood-preventing facilities are destroyed by the
earthquake and cannot function as designed (Case 2: Flooding after the earthquake cannot
be controlled). On this basis, the potential disaster waste generation and environmental
burden of the two scenarios were quantified and compared. The difference between the two
scenarios should correspond to the effect of disaster waste prevention.

Figure 3 shows the spatial distribution of potential waste: about 19.1 million tons in Case
1 and about 21.1 million tons in Case 2. The effect of disaster waste prevention corresponds
to about 2.0 million tons. In order to maintain their function even after an earthquake, the old
flood-prevention facilities should be renovated to a higher level of seismic reinforcement.
According to the Mie prefectural government [70], the total length of the flood-prevention
facilities to be renovated is about 569 km, and this length corresponds to almost the entire
coastal line of the prefecture. Renovating the flood-prevention facilities is required not only
to protect the lives and property of local residents, but for the sake of preventing waste.
Although the renovation budget is hefty, a cost-benefit analysis comparing the results of
failure of the flood-preventions facilities to renovation costs would be of great benefit for

decision makers.
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Figure 3 Spatial distribution of potential disaster waste [67]

Note: Case 1: Flooding after the earthquake can be controlled and Case 2: Flooding after

the earthquake cannot be controlled.

Figure 4 shows costs of CO2 emissions for disaster waste management. The treatment
of combustibles from structures produced 2.6 million tons of CO2 and cost 246 million USD
in Case 1 and 5.3 million tons and 920 million USD in Case 2. These results emphasize the

importance of disaster waste prevention.
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Figure 4 CO2 and cost [7]

Note: Case 1: Flooding after the earthquake can be controlled and Case 2: Flooding after

the earthquake cannot be controlled.

4. Summary and outlook

This paper reviewed research trends in disaster waste management of earthquakes in
Japan. Three such trends were noted: estimations of potential disaster waste, systematic
evaluations of disaster waste management, and necessity for disaster waste prevention.
Disaster waste prevention is especially important from the viewpoint of environmental burden
and cost.

The calculation of the effect of disaster prevention focused on hardware-side
interventions such as renovation of flood-prevention facilities. In addition, interventions on
the software side, such as changing the lifestyle of residents, should be discussed. The
authors have investigated what kinds of lifestyle changes might assist disaster waste

prevention, such as restricting the number of vacant buildings in an area and the
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reinforcement or reduction of consumer durables.? The authors call the integration of such
interventions a “disaster reduction lifestyle.” One reason for the necessity of a disaster
reduction lifestyle is the declining birth rate and aging population of Japan. This demographic
trend has increased the number of vacant buildings, particularly in local cities [71]. Elderly
people also tend to possess more consumer durables, such as chests of drawers, cupboards,
and TVs, than younger generations [72]. Earthquake retrofitting of consumer durables is
useful not only for the preservation of human life but also the prevention of waste
accumulation after an earthquake. Preliminary reductions of surplus and unnecessary
consumer durables is also effective, and some studies have investigated these conditions of
surplus in the residence of the elderly [73, 74].

The Japanese Cabinet Secretariat [75] has proposed the following fundamental actions
in their “guideline for national resilience”: all businesses and residents must protect
themselves, help each other, and act proactively without the intervention of local municipal
authorities. This will also expedite the removal of disaster waste because it will encourage
locals to remove and transport waste on their own. In addition, uninjured adults can assist
the elderly or injured with removal and transportation. Of course, although the cooperation of
volunteers from outside the affected area is vital, the hard work of residents within the
affected area is indispensable to the smooth advance of the initial stages of recovery after
an earthquake. However, if an earthquake hits an area with a much larger population of
elderly residents, a greater number of victims is likely, also increasing the difficulty of waste
removal This will increase the work load for the local work force and volunteers. This issue

is not unique to Japan, and similar things might occur in other countries that have current or

2 See reference [40].
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future aging issues. To avoid such a tragedy, measures must be implemented to prevent
waste from the perspectives of both hardware and software. Local municipalities have
discussed plans that focus on transportation and treatment of waste. The implementation of
disaster reduction lifestyles is an integral part of more comprehensive plans that reflect the

reality of local municipalities.
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