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to evaluate appropriate emission reduc-
tion policies.

• There is anurgency of implementingda-
tabase of exposure-response relation-
ships.

• Research on water, soil and other pollu-
tion damage accounting is still inade-
quate.

• System alternatives should be incorpo-
rated into models to achieve accurate
damage assessment.

• Environmental policy relevance at dif-
ferent spatial scales is discussed for fu-
ture decision support.
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Although the concept of damage cost accounting is already well-studied and applied, its application to pollution
still lacks of an integrated accounting framework, while the spatial-temporal variability of accounting results has
not been fully discussed. To fill this gap, this review frames the existing models and their limitations into static
and dynamic categories, outlining the characteristics of different methods, which consider both human and
non-human damages caused by pollution. Existing data sources, that could be used for accounting purposes,
are detailed. Finally, this work discusses the relevance of spatial scales for the computation process, in order to
obtain a more detailed information support for environmental policies for future compensatory actions. Conclu-
sions highlights the need to develop a more comprehensive database of exposure-response relationships and to
incorporate system alternatives into models to achieve a more accurate damage assessment.
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1. Introduction

The deterioration of environmental quality, the destruction of eco-
logical balance, and the adverse impacts on public health are some of
the problems caused by anthropic emissions. These key factors, among
others, limit a sustainable economic growth and social development
(Chen andHe, 2014; Janse et al., 2015; Simkin et al., 2016). For example,
atmospheric pollutants can cause a variety of physical and mental ill-
nesses and even death (Vicedo-Cabrera et al., 2020; Wang et al.,
2019b; Xue et al., 2019). Water pollutants impact on humans' health
through drinking water or by contaminating food (Chen et al., 2019;
Schwarzenbach et al., 2010). Climate change and rising ozone concen-
trations reduce crop yields, as well as the quality of agricultural prod-
ucts, increasing the risk of malnutrition worldwide, particularly in
developing countries (Hong et al., 2020; Li et al., 2019b; Myers et al.,
2014). According to the United Nations Environment Programme
(UNEP), global warming, water and atmospheric pollution costed 6.3
trillion dollars in 2008, accounting for 10.48% of global GDP (UNEP-
Financing Initiative, 2010). World Bank (2016) estimated the “human
welfare costs” in terms of 5.5million people died, in 2013, from diseases
related to air pollution, costing 5.1 trillion dollars globally (World Bank,
2016). Governmental agencies are also investing for implementing
emission reduction policies. These factors aremaking pollution environ-
mental cost accounting a necessary research hotspot, in relation to the
definition of suitable and informed emission reduction policies.

Many researchers approached the study of pollution environmental
cost accounting for single and multiple items (Antheaume, 2004; Fang
et al., 2016; Feng et al., 2019; Kim et al., 2004; Muller et al., 2011; Qin
et al., 2011). Two approacheswere generally used: pollution restoration
cost method and environmental degradation cost accounting (PRCEE,
2006). The former evaluates the costs of recovering the environmental
benefits lost by degradation,while the latter focuses on the negative im-
pacts (or damages) of pollution emission or discharge, quantifying the
impacts from amacrocosm perspective, such as the impacts on product
output, humanhealth, and ecological environment (Wang et al., 2019a).

In particular, damage cost accounting method is a key part of envi-
ronmental cost accounting of pollution. Xie et al. (2016) estimated
that China will reduce its health expenses from a 2% of GDP to a 1.17%
due to environmental improvements by 2030, after implementing
PM2.5 pollution control policy. Chen et al. (2019) quantified the eco-
nomic losses to human health and ecosystems caused by wastewater
discharge in China at macro scale. They identified the main emission
links, showing the most effective way to implement the existing envi-
ronmental emission reduction policies. Air pollution damage cost ac-
counting was also applied to quantify the ecosystem services related
to pollutant removal in the case of forest, wetland and other ecosystems
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(Nowak et al., 2014; Yang et al., 2019). These studies allowed including
the effects of natural capital and ecosystem services into the accounting
process. In addition, pollution damage cost accounting provides an im-
portant reference for ecological compensation policies, cross-regional
emission trading, environmental risk assessment, as well as environ-
mental loss identification and assessment (Zhang et al., 2016).

However, there are still limitations and inaccuracies in the applica-
tion and comparison ofmethods at different temporal and spatial scales.
Moreover, existing works are still relatively scattered and independent.
Finally, there is a lack of comprehensive analysis on the advantages and
disadvantages of different damage cost accounting methods and their
application domains.

The evaluation of economic losses caused by environmental pollu-
tion depends on the selected model, which should be based on the dis-
cipline approaches of economy, health, agriculture, biodiversity, etc.
(Feng et al., 2019; Huijbregts et al., 2017; Jones et al., 2018; Miao
et al., 2017; Muller et al., 2011). Thus, there is an urgent need of
implementing a complete unified accounting framework (Wang et al.,
2019a). Second, pollution damage cost accounting has different gaps
in relation to its spatial and temporal scales (Zeng et al., 2019). In partic-
ular, spatial-temporal heterogeneity should be fully considered as a key
boundary condition, when conducting damage cost accounting (Sun
et al., 2019b). This would allow adapting the existing and future envi-
ronmental policy measures to different spatial and temporal scales
(van der Kamp and Bachmann, 2015). Moreover, in order to improve
the damage accounting process, data sources with higher spatial-
temporal resolution would be highly necessary, becoming the basis for
a more detailed assessment. With this respect, further work is required
to improve the existing knowledge gaps.

This reviewattempts to provide a reference in thefield of environmen-
tal damage cost accounting by sorting out different methods for existing
types of damages caused by pollutants. The review starts from a section,
outlining a damage cost accounting framework, methods and compo-
nents, that should be involved in the accounting process. The following
section discusses the spatial-temporal variability of factors impacting the
accounting results. Then, a list of existing databases is given, based on
their spatial-temporal resolution, that can be used for the assessment of
damage costs. Following, the policy relevance of damage cost accounting
and its application at different spatial scales is discussed.

2. Framework and methods of environmental cost accounting

2.1. Theory and framework

Methods for pollution damage cost accounting can be classified as
dynamic and static ones. Fig. 1 shows a simplified scheme of a complete
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Fig. 1. The integrated economy-environmental accounting dynamic and static model for pollution. Revised by (Bai et al., 2018; Chen and He, 2014; Rosendahl, 1998).
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chain, from anthropic emissions to final socio-economic losses, in terms
of the two perspectives.

According to the purpose and requirements of different stake-
holders, each method can be implemented into different hybrid ver-
sions. The accounting logic can be developed from two perspectives,
namely, the source-specific emissions and the contaminant concentra-
tion. The latter estimates the damage cost caused by pollutants from
all sources, while the former is only a part of the latter. Many of the pre-
vious estimates of damage cost from pollution focused on total damage
caused by anthropic and non-anthropic emissions (Hu et al., 2020;
Muller et al., 2011; Wang et al., 2019a). However, such an aggregate
number does not estimate the contributions of different source types.
Other studies focused on specific emission sources, such as direct
emitters, primary suppliers, and final consumers (Chen et al., 2019).
For example, some scholars studied the damage cost of air pollution
from coal-fired power plants as direct emitters (Ewald, 2018; Thanh
and Lefevre, 2000). Other studies estimated the marginal economic
damage of atmospheric pollutants emitted by different industries,
such as the Air Pollution Emission Experiments and Policy (APEEP)
model, developed by Muller et al. (2011). This study, based on themar-
ginal damage perspective, provided a useful reference for damage cost
from different industries in the United States. In addition, consumption
in a particular country or region may also lead to damage cost in other
regions through global or national supply chains (Wilting et al., 2017).
For example, Zhang et al. (2018a) estimated the economic benefits
and losses of developed and underdeveloped regions in China due to in-
ternational exports. The study proved that the underdeveloped regions
export more energy-intensive products, such as metal and nonmetal
products, chemical products and electricity, resulting in more export-
related damage cost.

The integrated economy-environmental accounting static model for
pollution follows a linear accounting process. The source-specific emis-
sions are taken as the starting point of accounting process. Then, the
contaminant concentration can be determined by establishing a diffu-
sionmodel of air, water and soil pollution to simulate the process of pol-
lutants entering into differentmedia, until a stable concentration level is
reached (Goedkoop and Spriensma, 2001). When the contaminant con-
centration in a region is used as the starting point, data usually derive
from monitoring stations of the region, community monitoring data or
pollutant concentration simulated by a model (see Section 3.1) (Mo
et al., 2018).

Based on the impact pathway in the static model, the European
Commission funded the development of ExternE model and Ecosense
software, USEPA developed BenMap software, and WHO European
Centre for Environment and Health (ECEH) introduced AirQ/AirQ+
software, which are widely applied to estimate health damage cost
caused by air pollution at national (Ding et al., 2019), urban (Ansari
and Ehrampoush, 2019; Kim et al., 2019) and regional (Carvour et al.,
2018; Thanh and Lefevre, 2000) scales. In addition, Life Cycle
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Assessment (LCA) methods quantifies the analysis results in terms of
damage endpoint, such as health and ecosystem, through damage path-
ways. Methods and databases commonly used include eco-indicator 99,
ReCiPe developed in Europe, LUCAS developed in Canada, and LIME de-
veloped in Japan (Goedkoop and Spriensma, 2001; Huijbregts et al.,
2017; Sabeen et al., 2018).

Damages from emissions have both a direct impact on the economy,
as the static model illustrates, and feedbacks on economic growth, i.e.
market losses from environmental damage, which, in turn, reduce pro-
duction. The Computable General Equilibrium (CGE) model, which
forms a closed loop process, represents a standard type of integrated
economy-environmental accounting dynamic model for pollution.
This model was frequently used to estimate the socio-economic costs
caused by pollutants. For example, Chen and He (2014) assessed that
China experienced a staggering GDP loss of 361 billion Yuan and a wel-
fare loss of about 227 billion Yuan. Other studies applied the model to
smaller-scale areas. Xie et al. (2016) simulated the comparison of gover-
nance costs and GDP benefits before and after implementing PM2.5 pol-
lution control policies at the provincial level. The study found that, in
areas with high-level pollution and dense population distribution,
PM2.5 pollution control could bring positive benefits, while control in-
vestment in less developed areas was higher than GDP benefits.

2.2. Damage accounting methods

Damages caused by pollutants can include health, property and eco-
system damages. These three categories involve the calculation of sev-
eral indexes, which are listed in Table 1. According to the definition by
World Health Organization (WHO), human health refers to a state of
good physical, psychological and social adaptability, not merely the ab-
sence of disease and infirmity (WorldHealthOrganization, 2003). Based
on this definition, indicators of health impairment in this review include
physical index, i.e. mortality, morbidity, Disability Adjusted Life Years
(DALYs), Restrained Activity Days (RADs), subclinical symptoms, and
psychological index, i.e. disutility.

Property damage refers to the value reduction directly caused by en-
vironmental pollution and the necessary expenses incurred to protect
the property from loss (Ministry of Ecology and Environment of the
People's Republic of China, 2014). The damage to crops and forestry
caused by atmospheric pollutants, especially O3, aroused the interest
of researchers (Hong et al., 2020; Hu et al., 2020). The direct economic
and cultural heritage losses caused by the housing price decline and
building materials damage caused by pollution cannot be ignored
(Hou and Lu, 2018; Kim et al., 2004; Kumar and Imam, 2013). Ecosys-
tem damage refers to the observable or measurable adverse changes
in the physical, chemical or biological characteristics of the ecological
environment directly or indirectly caused by pollution, as well as the
damages to the ability of a given ecosystem to provide ecosystem ser-
vices (Ministry of Ecology and Environment of the People's Republic of



Table 1
Damage indexes for health, property and ecosystem caused by pollution.
Sources from: (Alkemade et al., 2009; Goedkoop and Spriensma, 2001;Ministry of Ecology and Environment of the People's Republic of China, 2014; Science for Environment Policy, 2018;
Xia, 2011; Yin et al., 2017).

Damage category Index Unit Description

Health Mortality Incidence The frequency of deaths due to a cause or all causes within a given period of time in a given
population.

Morbidity Incidence The incidence of a disease in a particular at-risk population over a period of time.
DALYs yr./case The total number of years of healthy life lost from onset.
RADs Day The bed disability days, work or school loss days and minor restricted activity days.
Subclinical symptoms – Refers to changes in lung function, immune function, etc.
Disutility – The loss of the utility of good health, with respect to life expectancy, pain, suffering, distress or lost

opportunity.
Property Damage to buildings and

infrastructure
μm, mg, currency Corrosive damage or reduction in the price of buildings and facilities caused by environmental

degradation.
Forestry and crop production m3, kg The reduction in forestry and crop yields caused by environmental pollution.
Damage to fishery m3, kg The direct damage to fisheries caused by surface water pollution.
Extra cost for
decontamination of property

Currency The cost of decontamination of property to prevent further damage caused by environmental
pollution.

Ecosystem Potentially Disappeared
Fraction of species (PDF)

PDF × m2 × yr The fraction of all species in the region disappearing from 1 m2 in a year due to 1 kg of pollutants,
or 10% of all species in the region disappearing from 10 m2 in a year.

Mean Species Abundance
(MSA)

MSA-loss·ha The average number of original species in a disturbed state to measure the health of an ecosystem.

Biological pathological
damage

– The pathological level of damage that occurs in an organism as a result of the influence of a regional
polluted environment.
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China, 2014). The indicators used to describe ecosystem damage can be
divided into biodiversity loss, species loss and pathological damage of
individual organisms.

The calculation of all damage indicators and a related economic anal-
ysis are still very difficult to obtain. For example, some subclinical symp-
toms of health damage and the bio-pathological damage in the
indicators of ecosystem damage are not recommended for accounting,
because it is currently difficult to assess the long-term impact of such
changes on human health and ecosystems (Hong et al., 2004). An inap-
propriate selection of damage indicators leads to double counting. For
example, RADs is a general index, exclusively used for assessing the
health damage of atmospheric pollutants. RAD could be caused by respi-
ratory or non-respiratory conditions. The addition of RADs cost and
other health damage indexes, such asmorbidity, could cause double ac-
counting (Yin et al., 2017).

Since most of damage indicators are non-specific and non-pollution
factors can also cause the same damages, it is crucial to determine the
relationship between contaminant concentration and damage
indicators (Xia, 2011). This quantitative relationship is known as dose-
response function (or damage function). Researchers have several ex-
planations on the functional relationship between contaminant concen-
tration and health damage indicators. In LCA methods, health damage
factors, being the quantification of pollutants adverse effects on health
are supposed to be linear (Goedkoop and Spriensma, 2001). Thus,
health damage factors in LCA methods are adaptable to slow changes
in pollutants concentration rather than large emissions fluctuations
(Liu et al., 2013). In epidemiological methods, researchers usually use
linear, log-linear and linear-log functions to calculate the burden of dis-
ease due to human exposition to atmospheric pollutants (Atkinson
et al., 2014). However, linear functions represent only the typical condi-
tion of developed countries with low pollutants concentration back-
ground (Atkinson et al., 2014; Samet et al., 2000). Instead, under high
concentration background condition, dose-response function tends to
be non-linear. Thus, a linear model may underestimate the mortality
burden caused by short-term exposure (Li et al., 2019a).

Many studies explored the need for different dose-response func-
tions to estimate health damage in the context of different atmospheric
pollution concentrations (Daniels et al., 2004; Ostro, 2004; Ritz et al.,
2000). In general, in areas with low concentration background, health
damage cost ismore likely to be represented by a linear function. Other-
wise, a nonlinear model is more suitable. Specific applications vary, due
to differences in background concentration, target pollutants and health
4

damage indicators etc. (Nansai et al., 2020; Yin et al., 2017). Several
studies revealed also a close statistical association between air pollution,
depression and suicide (Braithwaite et al., 2019; Shin et al., 2018). How-
ever, the exact mechanism describing how pollution affects human
brain is not completely clear and the corresponding dose-response
function is lacking.

The dose-response function for outdoor exposed material corrosion
and crop damage caused by air pollutionwas explored throughfield and
laboratory simulation experiments (Feng et al., 2019; Kim et al., 2004).
Other researchers determined the damage by ozone to crops, by estab-
lishing a correlation between the ozone concentration, obtained
through monitoring station data and crop yield estimated by govern-
ment agencies. However, other variables, such as the impact of temper-
ature on the final results, should not be ignored (Hong et al., 2020).
There are few studies on the functional relationship between pollutants
and ecosystem damage, mainly in the field of ecotoxicology. On one
hand, in LCA methods, the relationship between pollutants and biodi-
versity damage is similar to that between health damage. This implies
a model based on a linear function which is inconsistent with the logis-
tic model of biological population growth (Liu et al., 2013). On the other
hand, ecological damage factors are increasingly based on Species
Sensitivity Distributions (SSD) to express the non-linear dose-response
function of PDF and contaminant concentration (Goedkoop et al.,
2009). However, it is difficult to establish dose-response functions be-
tween specific pollutants and biodiversity, because relatively few species
are covered by studies on the effects of pollutants on organisms
(Huijbregts et al., 2011).

2.3. Economic cost accounting methods

Whilemost damage accounting types have nomarket or incomplete
market reference, economic damage accounting is reflected by market
values (Rosendahl, 1998). The economic cost accounting methods can
roughly be divided into DirectMarketMethod (DMM), Revealed Prefer-
ence Method (RPM), Stated Preferences Method (SPM) and Benefit
Transfer Method (BTM). All themethods have their own disadvantages,
advantages and specific areas of application, as shown in Table 2.

DMM is a method to evaluate the damage cost by using changes in
productivity (Ministry of Ecology and Environment of the People's
Republic of China, 2014). Being applied in the health damage account-
ing, Dose-Response Technique (DRT) can be used to calculate values
from the perspective of labor loss and medical costs caused by



Table 2
Economic methods in the accounting model and their application domain. Indicators for health, property and ecosystem.
Sources: (Bai et al., 2018; Kougea and Koundouri, 2011; Ministry of Ecology and Environment of the People's Republic of China, 2014; Zhao et al., 2015).

Method Approach Description Domain

Health Property Ecosystem

Direct Market
Method

Market Value
Approach

Assesses changes in environmental conditions using changes in productivity. √

Dose-Response
Technique

Links output to different levels of inputs to factors of production such as land, labor, capital, raw
materials.

√ √

Human Capital
Approach

Estimates the productivity loss measured in workdays due to illness. √

Cost Of Illness
Approach

Estimates the total cost associated with disease treatment, as well as lost earnings related to disease. √

Revealed
Preference
Method

Hedonic Pricing
Approach

Estimates the value of environmental quality based on the price people pay for the enjoyment of a
good environment.

√ √

Defensive
Expenditure
Approach

The sum of the costs of defense and prevention that an individual is willing to spend in order to avoid
or reduce the risk of adverse effects of environmental pollution.

√ √ √

Travel Cost
Approach

Evaluates the value of natural attractions or environmental resources that have no market price. √

Shadow Project
Approach

The cost of project that might be constructed to complement the function of the original ecosystem is
considered as the loss.

√ √

Stated
Preferences
Method

Contingent Value
Method

Creates a hypothetical market and respondents express their willingness to pay contingent on some
hypothetical change in the future state of environmental conditions.

√ √ √

Benefit Transfer
Method

Applies original or adjusted information from prior study to target study. √ √
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pollution-induced diseases, by using Human Capital Approach (HCA)
and Cost Of Illness Approach (COI) (Greco et al., 2019; Yao et al.,
2020; Yin et al., 2017; Zhang et al., 2018b). However, due to the ab-
sence of market prices for some factors, these methods cannot ac-
count for intangible costs, such as psychological ones (Pascal et al.,
2013). Similarly, since there is a direct market for agricultural and
forestry products and building materials, in the cost accounting of
property damage, the amount of physical loss caused by pollutants
is usually calculated on DRT. Then, the economic loss is estimated
based on the market price (Feng et al., 2019; Hu et al., 2020; Miao
et al., 2017; Wang et al., 2019a).

RPM relies on market observations to capture the value of an envi-
ronmental good, that it is not itself traded in any market but is con-
nected with other marketed goods (Kougea and Koundouri, 2011).
Hedonic Pricing Approach (HPA) was applied to the impact of environ-
mental quality deterioration on property value, starting point from the
value of a property, that implicitly includes its quality (Ministry of
Ecology and Environment of the People's Republic of China, 2014). For
example, Harmful Algal Bloom (HAB) pollution affects human welfare
by reducing the willingness of people to go to the beach. Using HPA,
Osseni et al. (2019) found that, in order to reduce HAB to the lowest
levels in the Breton Coast (in France), residents living 20 km from the
contaminated beach were willing to pay approximately EUR 208/per-
son/year. Generally, Defensive Expenditure Approach (DEA) underesti-
mates damage costs (Bai et al., 2018). However, it can directly use the
observable market prices (Kougea and Koundouri, 2011). Shadow
Project Approach (SPA) is a special form of DEA that facilitates the ac-
counting of economic value by replacing ecosystem services with artifi-
cial systems. Based on SPA, Li (2013) took the environmental
treatment cost and sewage charge as shadow price and estimated
the value of forest purification pollution and oxygen release in
China in 2001 as CNY 1461 billion. This method is most used in the
process of ecosystem damage cost accounting. However, it is neces-
sary to determine whether the artificial system can accurately
replace ecosystem services. Otherwise the replacement is imperfect.
For example, the establishment of hydropower stations cannot
replace the functions of recreation, biodiversity maintenance, carbon
sequestration and oxygen release in such a water area (Yang et al.,
2006). Travel Cost Approach (TCA) is mainly suitable for tourists to
evaluate the entertainment service value of natural attractions for
5

unitary site and single purpose (Zhang et al., 2013). It has obvious
advantages in terms of basic data collection, authenticity of market
economy model and applicability (Yin et al., 2009). However, there
are many difficulties in the evaluation of quality changes related to
attractions. Therefore, there are few applications in the estimation
of ecosystem damage caused by pollutants in this context.

SPM bases damage costs on the basis of questionnaires and field in-
terviews. Based on a hypothetical reference market, people response
determine the willingness to pay or to accept a compensation (Kougea
and Koundouri, 2011). According to the Contingent Value Method
(CVM), respondents' Willingness To Pay (WTP) for an increased envi-
ronmental utility or Willingness To Accept (WTA) a compensation for
environmental degradation are directly surveyed and calculations are
based on utilitymaximization principle (Bai et al., 2018).WTP is consid-
ered the best approach for valuing human health damages related costs,
determining the Value of Statistical Life (VSL), an aggregation of individ-
ual values for small changes on risk of death. However, Cost Of Illness
Approach (COI) is often recommended when determining the VSL for
morbidity (Miao et al., 2017). A large number of studies applied market
and non-market approaches to the valuation of ecosystems, and have
also advocated the inclusion of non-economic values for biodiversity
(De Valck and Rolfe, 2019). Economic cost accounting is themost direct
way to quantify the economic costs of ecosystem losses. WTP method
(Jones et al., 2018) is an economic cost accountingmethod,which calcu-
lates the people's willingness to pay through their actual experience of
the evaluation content. However, it is usually difficult and unrealistic
to carry out such large-scale experiments.

Based on the environmental and economic information of existing
regions, BTM uses numerical and functional transfer methods to obtain
the evaluation results of new similar environmental products and
services. Economic cost accounting methods have an accuracy rank-
ing, from large to small, ranging from DMM to RPM and SPM (Zhao
et al., 2015). Compared with these methods, BTM can overcome the
limitation of time, cost and research environment. Thus, it is a sim-
pler and more feasible approach, under the condition of having a
lot of reliable empirical research results for value estimation (Bai
et al., 2018). Developing countries, for example, because of lacking
domestic research, usually use the dose-response function using de-
veloped countries as a reference, which generates a high variability
of calculation results.
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3. Spatial-temporal variability of the environmental cost accounting

Pollutants can have environmental effects at different spatial scales,
from regional to global ones. For example, spatial-temporal impact of
point sources and diffused sources of chemical pollution onwater qual-
ity will range from short-term local areas to long-term global areas
(Schwarzenbach et al., 2010). Then, damage costs of a specific pollutant
are variable on different spatial-temporal ranges (Eckelman et al., 2018;
Goedkoop and Spriensma, 2001; La Notte and Dalmazzone, 2018).
Spatial-temporal heterogeneity is an important factor affecting the var-
iability of damage cost accounting results. Thus, this reviewwill discuss
key steps of spatial-temporal variability in damage cost accounting from
the perspective of models, temporal heterogeneity of damages and spa-
tial scale of accounting.

3.1. Closed system vs open system

Since it is obvious that pollutant damages have an inter-regional het-
erogeneity, damage cost in areas with rapid economic growth and
dense population will be seriously underestimated, if this factor is ig-
nored (Nam et al., 2019). The integrated economy-environmental ac-
counting static model for pollution is primarily concerned with
damages caused by emissions in a closed economy (focus on a specific
period, such as a given year). This approach uses different pollutants
to simulate impacts of changes in a certain sector or region on the entire
economic system. Then, the value of pollution damage is estimated to
measure the economic status of macro region. For example, a recent
study applying static model indicated a 7% GDP loss in 2015 due to
human health, in relation to forest productivity and crop yield damages
induced by O3 pollution in Chinese rural and urban areas (Feng et al.,
2019). In another example, the cost of agricultural losses caused by
the air polluting industrial enterprises located in 899 Chinese areas
was estimated at US$ 1.43 billion, accounting for 0.66% of the total agri-
cultural value in the polluted area (Wei et al., 2014). However, account-
ing results from a single economic sector do not necessarily reflect the
whole truth, since the pollutant damage from an economic activity
can be undertaken by other regions or countries and future generations,
i.e. the spatial and intergenerational transfer of pollution and its dam-
age. Based on this consideration, a large number of studies explored
the relation between environmental pollution and economic growth
from a variety of open macro perspectives (Lu et al., 2017) and trade
(Chen et al., 2019; Nansai et al., 2020), employment (Zhang et al.,
2018b) and population migration (Price and Feldmeyer, 2012; Squalli,
2010), trying to reveal the hidden environmental inequalities.

The dynamic analysis of open systems focuses on the cumulative
effect of environmental pollution damage over time and the related
linkage effect, then estimating the social and economic losses. For exam-
ple, Wilting et al. (2017) quantified the biodiversity loss caused by the
production and consumption of goods and services traded between
countries related to GHG emissions to 45 countries and regions around
the world. (Nam et al., 2010) assessed the long-term cumulative
economic effects of air pollution on health in Europe during
1970–2005, using MIT Emissions Prediction Policy Analysis (EPPA)
model, a dynamic CGE model describing economic dynamics and re-
source reallocation implications.

Because economic growth and environmental quality are mutually
affecting, estimating the economic loss of environmental damage
when the economic system is considered to be single and closed can
be biased. For example, the static model was used to estimate the pro-
portion of health economic loss related to air pollution in China's GDP
as 3.5% to 5.9%, while the figure obtained by the dynamic model is 6%–
9% (Bai et al., 2018). (Zhang et al., 2016) estimated that, oncewater pol-
lution occurred in the Yangtze River Delta basin of China, the indirect
economic loss (dynamic loss) suffered by Shanghai was about 3.5
times that of its direct economic loss (static loss). Compared to the static
model, the dynamicmodel can better depict negative impacts caused by
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pollution, as it effectively reduces the possibility of underestimation
(Bai et al., 2018).

3.2. Short-time vs long-time

3.2.1. Human health
The effects of pollutants on human health can be divided into the

damage to individuals and to a group. Nonetheless, health damage
cost accounting tends to focus on the damage to the group, usually ig-
noring individual's time-activity behavioral patterns (Dias and
Tchepel, 2018). For example, the exposure-response relationship,
based on health damage cost accounting, is obtained from population
epidemiological studies and does not include the information of individ-
ual hazards due to different levels of exposure.

Considering the temporal heterogeneity of health damage, short-
term damages refer to the effects of pollutants on population health in
a short period, usually taken as days. Long-term damages are long-
period effects of pollutants on human health, usually calculated on a
monthly or yearly time scale (Barzeghar et al., 2020; Liu and Song,
2016).

At present, a large number of epidemiological and ecological studies
on the damages of pollutants are worthy of reference, most of which
focus on the short- and long-term damages of air pollution on human
health in the form of exposure-response functions (Li et al., 2020;
Salimi et al., 2018). However, studies on the short- and long-term dam-
ages of natural water chemical pollution on human health remain lim-
ited (Schwarzenbach et al., 2010). Some of these epidemiological
studies showed that the dose-response relationship parameters be-
tween the annual mean concentration andmortality weremuch higher
than the dose-response relationship parameters between the daily
mean and mortality (Atkinson et al., 2012; Shi et al., 2016). If only
short-term damages of air pollutants on human health are calculated,
the health damage caused by air pollutants is bound to be greatly
underestimated. In this case, it is more appropriate to carry out air pol-
lution health damage assessment on an annual time scale (Liu and Song,
2016).

3.2.2. Property
The corrosion rate of building materials is closely related to its loca-

tion and corrosion time. For example, a study of materials corrosion in
China, Japan, and Korea shown that bronze, copper, steel, and marble
have the highest average corrosion rates in coastal areas of China and
Japan, where concentrations of SO2 and SO4

2− are high (Kim et al.,
2004). Different from the temporary and intense damage caused by
the drastic change of pollutant concentration, materials damages are
long-termand slow (Kumar and Imam, 2013). Thismeans that the dam-
age of pollutants tomaterials is related to the pollution degree of the re-
gion. In the materials damage cost accounting, dose-response function
at local or regional scales should be selected to ensure the accuracy of
the accounting. For crop damage, dose-response functions obtained
from most field and experimental studies are only used to estimate
yield loss at regional scale, while statistical models are more likely to
be used to infer larger regional and long-term damages. For instance,
the change in yields of perennial crops on historical (1980–2015) and
future (project to 2050) trends was assessed in California on the basis
of statistical modelling of historical data of O3 concentration and crop
yields (Hong et al., 2020).

3.2.3. Ecosystem
The dynamics of pollutants damages to ecosystems includes tran-

sient and long ecological processes. Various acute toxic reactions caused
by pollutants generate transient ecological processes, while toxic dilu-
tion process, chronic poisoning process and pollutant bioaccumulation
and amplification process require a longer period (Zhou and Sun,
2000). For example, land and sea species loss due to global climate
change caused by GHG is a long-term ecosystem damage. Studies
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considered thedamage of pollutants or related environmental problems
to ecosystems on different time scales. LCA methods, such as ReCiPe,
calculate biodiversity loss on different time scales (20, 50, 100 and
500 years) caused by acidification and eutrophication in Europe
through different cultural perspectives (Goedkoop et al., 2009). The Bio-
diversity Footprint and the GLOBIOModel/GLOBIO-AquaticModelmea-
sure the integrity degree of ecosystems by comparing the species
richness of ecosystems in undisturbed and disturbed states, and assess
the long-term time-scale biodiversity loss of terrestrial andmarine eco-
systems caused by GHG (Alkemade et al., 2009; Janse et al., 2015). With
respect to pollutants, such as long-term and chronic leavers, damages to
the value of entertainment, aesthetics and comfort caused by pollution
it is difficult to resolve in the short-term,while damages are irreversible.
For example, the nuclear leakage accident in Fukushima induced a per-
manent damage and this scenario will persist for a long period (Sun
et al., 2019a; Wang et al., 2018).

3.3. Small-scale vs large-scale

In previous studies, health damage cost tends to select annual,
monthly average concentrations of air pollutants as starting point. How-
ever, from an explicitly-spatial perspective, areas with different pollut-
ant concentration in the same city are not identical (Zeng et al., 2019).
Based on the region's pollution and population average data, health
damage cost tends to deviate from the true value. At present, the
methods and models used to estimate the spatial distribution of pollut-
ant concentration include remote sensing based approaches to estimate
the concentration of atmospheric pollutants (Chu et al., 2015; Kim et al.,
2019), spatial interpolation techniques using real-time concentration
data at monitoring points (Chen et al., 2017), land use regression
model (Henderson et al., 2007), diffusion models (Thanh and Lefevre,
2000; van Zelm et al., 2016) and artificial neural network models
(Cabaneros et al., 2019). The spatial distribution of pollutant concentra-
tions estimated by these methods can be very precise and real-time or
annual data can be obtained. For example, atmospheric diffusion
models can be used to estimate atmospheric pollution concentrations
either through bottom-up emission inventories or top-down input-
output models. Input-output tables were accounted at national or re-
gional levels, almost excluding the spatial information. In particular,
they are a product of the pollutants discharge average with a given spa-
tial resolution, omitting a clear spatial information and the space-time
dynamic adjustment and optimization that would be required to tailor
appropriate environmental policy measures (Wilting et al., 2017). Sim-
ilarly, LCA methods cannot reflect the spatial information of the results
(Goedkoop and Spriensma, 2001; Huijbregts et al., 2017). However, in
recent years, a larger amount of available explicit spatial data allowed
the implementation of higher-resolution accounting results (see
Table 3).

There are two methods to correlate Input-Output (IO) or LCA data
with these spatial databases (Sun et al., 2019b). Mapping emissions be-
tween the production models or LCA and emissions identified spatially
from the spatial databases. For example, a research distributed the con-
centration into the grid cells, based on the atmospheric diffusion model
to get the specific spatial distribution (Wang et al., 2020). Consumption-
related emissions at regional level are determined from IO statistics on
regional consumption. For example, (Eckelman et al., 2018) matched
Canada's national health care expenditure with the sector emitting pol-
lutants in IO Model, based on which the LCA methods were used to cal-
culate the damage to human health. Such attempts would overcome
spatial variability of emissions and enhanceprecision of damage cost ac-
counting results as far as possible.

In LCA methods, different spatial scales of biodiversity loss depends
on the environmental impacts of pollutants and climate change at
regional and global scales, considering the evaluation of species richness
at global level (Verones et al., 2016; (Asselin et al., 2020). However,
some scholars believe that biodiversity is a characteristic of an
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ecosystem. Thus, diversity should be more relevant than single-
species richness (Bartkowski, 2017). Therefore, more attention should
be paid to the global level when calculating biodiversity loss caused by
pollutants using LCA methods. With regard to pollutants as long-term
and chronic damage triggers of entertainment, aesthetics and comfort
damages, short-term values are difficult to assess, considering the irre-
versible nature of generated impacts. This was the case of damages gen-
erated by Fukushima nuclear leakage accident (Sun et al., 2019a; Wang
et al., 2018).

4. Data resources for an integrated accounting model

Key available data resources in accounting are summarized in
Table 3. For procedure ‘Economic Activity-Emission’, apart from the
data covered in the table, real-time hourly average concentrations of
pollution can also be detected by environmental monitoring stations
in major cities around the world. For example, the Ministry of Environ-
mental Protection of China set up 1497 air quality monitoring stations,
which provide the concentration data of major atmospheric pollutants
across the country (web platform: http://106.37.208.233:20035/) (Hu
et al., 2020). In addition, researchers proposed several available global
multi-regional input-output databases, including EORA (Lenzen
et al., 2012), EXIOBASE 3 (Stadler et al., 2018), GRAM (Bruckner et al.,
2012), GTAP 9 (Aguiar et al., 2016) or WIOD (Dietzenbacher et al.,
2013), that can be used in order to obtain comprehensive and explicit
results. In the case of ‘Emission-Concentration’ assessment, upper-air
and surface land or sea meteorological data, topography, land use and
other parameters may be required. Accounting damage-Economic
Loss, finer spatial-resolution data are needed to improve precision of ac-
counting result.

5. Method application and implementation to multi-scale costs
assessment

Pollution-related environmental policies are divided into short-term
plans, designed to respond to specific activities or emergencies, and
long-term plans, designed to reduce one or multiple types of damage.
The classic example of the former is the Olympic Games, a planned
and organized activity. For example, in order to ensure a low environ-
mental impact of 2008 BeijingOlympic Games, the Chinese government
adopted a series of new environmental standards, closure of heavy pol-
luters in Beijing and surroundingprovinces and restrictions onpollution
emission reduction, etc. These measures effectively reduced the health
losses caused by air pollution during the Olympic Games (Hou et al.,
2010). The latter example is COVID-19, which appeared suddenly and
spread around the world in 2020. Nearly 30 countries closed their en-
trance to curb further spread of the virus. Studies compared the avail-
able data in four cities (Delhi, London, Paris and Wuhan) under the
blockade background, revealing the social impacts of policies dealing
with emergencies in different urban economic contexts (Bherwani
et al., 2020). Based on resolution of final pollution damage accounting
results, this review further divided the representative studies into five
spatial categories: global, macroregional, national, subnational and
urban studies, discussing the main highlights of these studies and
their policy relevance.

5.1. Global studies

Currently, production and final consumption sites are often viewed
as disconnected, in contrast with the connections of global supply
chain (Sun et al., 2019b). Current national policy strategies focus pri-
marily on reducing health, property and ecosystems losseswithin coun-
tries. However, consumption in one particular country or region can
also lead to a loss elsewhere through globally-dispersed supply chains.
For example, (Wilting et al., 2017) quantified the biodiversity loss
caused by theproduction and consumption of goods and services traded



Table 3
Information on data resource, precision and time range related to the integrated accounting model in this study.

Procedure Data Spatial and
temporal
resolution

Year Source/website

Economic
activity-emission

Regional emission
inventory in Asia

0.25° × 0.25°,
Asia; monthly

1950–2015 https://www.nies.go.jp/REAS/

Anthropogenic
emissions of air
pollutants and
greenhouse gases

0.1° × 0.1°,
global; annual

1970–2015 https://www.eea.europa.
eu/themes/air/links/data-sources/emission-database-for-global-atmospheric

National air
pollution trends

US; annual 1980–2019 https://www.epa.gov/air-trends

Emission of
pollutants

China; annual 1999–2019 http://www.stats.gov.cn/tjsj/ndsj/

Emission-concentration MODIS AOD 1° × 1°, global;
daily

2012–2020 https://earthdata.nasa.gov/eosdis/daacs/laads

Land surface
temperature

0.5° × 0.5°,
global; monthly

1948–2020 https://psl.noaa.gov/data/gridded/data.ghcncams.html

varying, from
0.5° × 0.5° to
5° × 5°, global;
monthly

1850–2020 https://climatedataguide.ucar.
edu/climate-data/global-temperature-data-sets-overview-comparison-table

Sea surface
temperature

2° × 2°, global;
monthly

1854–2020 https://www.ncdc.noaa.gov/data-access/marineocean-data

Global topographic
data

30-, 15-, and
7.5-arc-second,
global; −

2010 https://www.usgs.gov/products/data-and-tools/gis-data

Land cover 30 × 30 m,
global; −

2010 https://www.webmap.cn/commres.do?method=globeIndex

Health
damage-economic
loss

International
classification of
diseases

– – https://www.cdc.gov/nchs/icd/icd10.htm

Global population
distribution

1 × 1 km,
global; annual

2000–2018 https://landscan.ornl.gov/index.php/landscan-datasets

1 × 1 km,
global; ten-year
interval

2010–2100 https://sedac.ciesin.columbia.
edu/data/set/popdynamics-1-km-downscaled-pop-base-year-projection-ssp-2000-2100-rev01

Global burden of
disease

Global; annual 1990–2017 http://www.healthdata.org/gbd

GDP per capita Global; annual 1990–2017 https://ourworldindata.org/grapher/gdp-per-capita-worldbank?year=latest
Thresholds for the
health effects of air
pollution

– – https://www.who.int/publications/list/who_sde_phe_oeh_06_02/zh/

Average annual
wages

36 countries;
annual

2000–2019 https://stats.oecd.org/Index.aspx?DataSetCode=AV_AN_WAGE

Property
damage-economic
loss

Global cropland
area distribution

1 × 1 km,
global; annual

2007–2012 https://lpdaac.usgs.gov/products/gfsad1kcdv001/

30 × 30 m,
global; annual

2015 https://lpdaac.usgs.gov/products/gfsad30valv001/

Market prices of
crops

Global; annual 1991–2018 http://www.fao.org/faostat/en/#data

Market prices of
woods

Global;
monthly

2014–2020 http://www.globalwood.org/index.htm

Dose-response
functions of various
materials towards
air pollutants

– – (Kumar and Imam, 2013)

Dose-response
functions of crop
yield towards air
pollutants

– – (Wei et al., 2014)

Dose-response
functions of
materials towards
air pollutants

– – https://www.unece.org/?id=2721

Ecosystem
damage-economic
loss

Global mammal
distribution

1 × 1 km,
global; annual

2000–2050 https://globalmammal.org/activities/data-sets/

Global species
distribution

Global; annual 2009–2020 https://www.iucnredlist.org/resources/spatial-data-download
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between countries related to GHG emissions at global scale, using the
concept of biodiversity footprint. The study found that more than 50%
of the consumption-related biodiversity loss occurred outside the
country. (Nansai et al., 2020) assessed the health and economic losses
of five major consumer countries in the world (the United States,
China, Japan, Germany and the United Kingdom) to Asian countries
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due to consumption-related PM2.5 emissions. Results proved that af-
fected countries were trapped in a vicious circle, in which developing
countries generated value through international trade, while increasing
health risks ultimately delayed their economic development. Conse-
quently, this study recommends the introduction of clean energy and
other types of technical assistance to redress this inequity. Adopting

https://www.nies.go.jp/REAS/
https://www.eea.europa.eu/themes/air/links/data-sources/emission-database-for-global-atmospheric
https://www.eea.europa.eu/themes/air/links/data-sources/emission-database-for-global-atmospheric
https://www.epa.gov/air-trends
http://www.stats.gov.cn/tjsj/ndsj/
https://earthdata.nasa.gov/eosdis/daacs/laads
https://psl.noaa.gov/data/gridded/data.ghcncams.html
https://climatedataguide.ucar.edu/climate-data/global-temperature-data-sets-overview-comparison-table
https://climatedataguide.ucar.edu/climate-data/global-temperature-data-sets-overview-comparison-table
https://www.ncdc.noaa.gov/data-access/marineocean-data
https://www.usgs.gov/products/data-and-tools/gis-data
https://www.webmap.cn/commres.do?method=globeIndex
https://www.cdc.gov/nchs/icd/icd10.htm
https://landscan.ornl.gov/index.php/landscan-datasets
https://sedac.ciesin.columbia.edu/data/set/popdynamics-1-km-downscaled-pop-base-year-projection-ssp-2000-2100-rev01
https://sedac.ciesin.columbia.edu/data/set/popdynamics-1-km-downscaled-pop-base-year-projection-ssp-2000-2100-rev01
http://www.healthdata.org/gbd
https://ourworldindata.org/grapher/gdp-per-capita-worldbank?year=latest
https://www.who.int/publications/list/who_sde_phe_oeh_06_02/zh/
https://stats.oecd.org/Index.aspx?DataSetCode=AV_AN_WAGE
https://lpdaac.usgs.gov/products/gfsad1kcdv001/
https://lpdaac.usgs.gov/products/gfsad30valv001/
http://www.fao.org/faostat/en/#data
http://www.globalwood.org/index.htm
https://www.unece.org/?id=2721
https://globalmammal.org/activities/data-sets/
https://www.iucnredlist.org/resources/spatial-data-download
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appropriate technical solutions, however, doesn't necessarily reduce the
indirect losses in parallel to the reduction of human health and environ-
mental damages caused by air pollution (Chantret et al., 2020). Many
countries implemented their environmental policies aimed at reducing
pollution damage, such as the Clean Air Policy Package proposed by the
European Commission, the U.S. National Ambient Air Quality standards
for ground-level O3 to protect crops and other sensitive vegetation, etc.
An improved assessment of various losses based on consumption pro-
vides a starting point for policies to reduce the potential for damage
from pollutants globally.

5.2. Macroregional studies

A typical example of a macro-regional scale application is the use of
EU data to investigate the spatial variations of consumption-driven pol-
lution damage costs. For example, a EU program shows that, positive
feedback effects on human health and crop production from the imple-
mentation of the Clean Air Policy by 2030 can totally offset the cost of
pollution (Vrontisi et al., 2016).

5.3. National studies

The use of common assessmentmethods is key to allowing countries
to compare the costs of pollution damages from a closed- system per-
spective. (Van Dingenen et al., 2009) found that the air quality loss gen-
erated by China and developed countries will be reduced under the
existing legislation, while in less-industrialized countries, the existing
legislation wouldn't be enough to improve air quality by 2030. Jones
et al. (2018) applied a spatially-explicit method to assess the benefits
of biodiversity improvements resulting from current policy initiatives
to reduce nitrogen emissions. Understanding lost spatial information
can help design interventions to reduce pollution pressures in specific
locations or areas.

5.4. Subnational studies

These studies are very useful for interregional management, espe-
cially for a large country. For example, because of environmental in-
equality in China between provinces, rural and urban areas, studying
the implications of environmental policy can provide valuable policy in-
sights for different levels of development. Compared tomore developed
areas, air pollution control technologies adopted by less developed
provinces in China may have a larger economic burden, which requires
the Government to adopt appropriate compensation policies (Xie et al.,
2016).

5.5. Urban studies

Different from the dynamic macroeconomic loss estimates based on
IO and CGEmodels, the cost of pollution damage at the city level is based
on highly localized statics of pollutant emission concentrationmeasure-
ments and statistics tomeet the requirements of different stakeholders.
For example, (Thanh and Lefevre, 2000), in the study on the external
cost of Thailand's power plants, assessed the health damages caused
by an increased concentration of atmospheric pollutants at different
receptor locations, providing a reference for the technical selection
and siting of new power plants. Ewald (2018) calculated the health
cost related to sulphur dioxide emissions from coal-fired electricity
generation in New South Wales to provide a suitable price for pricing
pollutants under the pollution permit system.

In general, most dynamic studies of economic loss estimation
models focused on global, macro-regional and national levels, while
static economic loss estimationmodels were applied to a variety of spa-
tial scales. There are two forms of policy insights for research at different
spatial scales. The first is to estimate the health, property and ecosystem
damage costs of different industries, sectors or other source-specific
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emissions, based on the existing pollution situation. Such an approach
allows to identify the key linkage causing the damage based on the re-
sults and to provide a reference for the formulation of environmental
policies, technologies and pollutant pricing related to pollutant reduc-
tion emission. Another application form is the validation of environ-
mental policies effectiveness, known as accountability (Bell et al.,
2011). Such application assesses the benefits or the cost-benefits of pol-
icies implementation to simulate the remove the possible unfairness of
regional policies and to promote the cooperation between different ad-
ministrative areas of governance. Most of the existingworks in this field
focused on the quantification of damage costs related to atmospheric
pollutants to health, crops, and biodiversity. Less attention was paid to
the consequences of the overall damages. The costs of pollution damage
or the benefits of environmental policies in this field are still under esti-
mated. Thus, future studies should focus on the impact of environmen-
tal damage costs caused by air, water and soil pollution on open
economies, using an explicitly-spatial information to implement appro-
priate environmental policy measures and their spatial-temporal
adjustment.

6. Conclusions

This review considered different environmental damage cost ac-
counting frameworks and methods. Existing databases and the ap-
plication of different spatial scales were considered, together with
short- and long-term planning impacts. The study evidenced the ur-
gency of implementing a database of exposure-response relation-
ships suitable for each country and region, considering the spatial-
temporal heterogeneity of exposure-response relationships leading
to inaccurate accounting results. Although epidemiological studies
explored the relationship between pollutants and health damages
around the world, research on water, soil and other pollution dam-
age accounting is still inadequate.

The introduction and implementation of big data could allow, in the
future, obtainingmore accurate information on environmental impacts,
that might enhance the accuracy of environmental pollution damage
cost accounting results. This is the case of mobile phone data collection
for spatial-temporal population movement monitoring. In fact, such
data allow developing more accurate dynamic exposure models, that
could support the implementation of future spatial-temporal dynamic
health damage assessment. Several methods, models and software are
currently available to calculate the damage costs under a closed-
system economic perspective. However, with the growth of studies
based on supply chains and consumption, feedbacks at macro- and na-
tional level are now possible.

In order to adapt the environmental policies to the dynamic of envi-
ronmental damages, closed and open system alternatives should be val-
ued and incorporated into models to achieve a more accurate damage
assessment. This is why, in future studies, appropriate accounting
methods, containing relevant spatial-temporal information, should be
selected according to the requirements of different stakeholders.
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