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Abstract: The number of surface water pollution accidents (abbreviated as SWPAs) has increased
substantially in China in recent years. Estimation of economic losses due to SWPAs has been one of
the focuses in China and is mentioned many times in the Environmental Protection Law of China
promulgated in 2014. From the perspective of water bodies’ functions, pollution accident damages can
be divided into eight types: damage to human health, water supply suspension, fishery, recreational
functions, biological diversity, environmental property loss, the accident’s origin and other indirect
losses. In the valuation of damage to people’s life, the procedure for compensation of traffic accidents
in China was used. The functional replacement cost method was used in economic estimation of
the losses due to water supply suspension and loss of water’s recreational functions. Damage to
biological diversity was estimated by recovery cost analysis and damage to environmental property
losses were calculated using pollutant removal costs. As a case study, using the proposed calculation
procedure the economic losses caused by the major Songhuajiang River pollution accident that
happened in China in 2005 have been estimated at 2263 billion CNY. The estimated economic losses
for real accidents can sometimes be influenced by social and political factors, such as data authenticity
and accuracy. Besides, one or more aspects in the method might be overestimated, underrated or even
ignored. The proposed procedure may be used by decision makers for the economic estimation of
losses in SWPAs. Estimates of the economic losses of pollution accidents could help quantify potential
costs associated with increased risk sources along lakes/rivers but more importantly, highlight the
value of clean water to society as a whole.

Keywords: surface water pollution accidents; loss estimation; damage to water bodies’ functions

1. Introduction

Surface water pollution accidents (abbreviated as SWPAs) have become the most dominant type
of environmental accident in China [1–4]. The Songhuajiang River accident on 13 November 2005,
the cadmium pollution incident in Beijiang River in December 2005, the water crisis with odorous
tap water caused by algae blooms in Wuxi City in Jiangsu in May 2007, have all seriously affected
human health, caused large-scale social panic and posed sudden threats to the environmental safety of
China [2,3,5–8].

One problem decision makers usually encounter in accident assessment and risk prevention
is that the degrees and costs of surface water accidents are hard to be totally and well understood
and identified. The influence of major water pollution accidents is widespread and they can cause
damages to multiple aspects, including financial losses, environmental deterioration and negative
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social influence. Economic losses in surface water accidents can be related to social, ecological, and
policy-related factors [9]. When reliable estimates of economic losses from accidents can be set, they
can potentially define problems for policy makers and direct focus to areas with the greatest potential
economic costs. However, economic loss estimation in accidents is a pretty fuzzy and complicated
task. Assigning economic values to an environmental function or ecological service has been widely
debated, with researchers employing a variety of methodologies [9–11]. However, the systematic and
integrated estimation of the damages incurred due to SWPAs has rarely been discussed.

Economic estimation of loss in SWPAs has been one of the focuses in China and has been
mentioned many times in the Environmental Protection Law of China promulgated in 2014 [12].
Potential cost is particularly important in both accident evaluation and cost-benefit analysis of policy
making and implementation. The effects of the exposure in accidents depend on the physical and
chemical nature of the pollutants and on the properties of the biological systems, as well as on the
physical environment and its sensitivity. However, the documentation of economic harm from SWPAs
in China is limited, and it is nearly impossible to devise an exact method to perform a valuation of the
losses caused by SWPAs.

Wetlands (lakes and rivers) play a critical role in the global water cycle, carbon cycle, nitrogen
cycle, climate change and ecological development and they provide habitats for wildlife [6–8].
They also provide functions such as drinking water, recreation, and aesthetic benefits, all of which
can be negatively influenced by water pollution accidents. Pollution related to drinking water
protection areas may affect the quality of drinking water and cause tap-water suspension. Water
suspension may also occur in irrigation water and industrial production water supplies. Recreational
angling and boating activities can be impeded by pollutant-driven taste and odor problems or the
inf;uence of toxic substances [13]. Water users are less likely to swim, boat, and fish during accidents
and post-accidents due to health risks, unfavorable water appearance, or unpleasant odors [9].
Environmental property values can decrease with the declines in surface water quality, groundwater
quality and soil quality along pollution belts. All these negative impacts brought about by SWPAs
should be economically assessed.

Thus the aim of this study is to establish a methodology for evaluating of the damage, both
direct and indirect, caused by surface water accidents. Economic losses of accidents, classified in
various types based on the various aquatic environmental functions mentioned above, were estimated
referring to environmental value estimation techniques. At the end of the paper, we apply the proposed
estimation method to the Songhuajiang River accident, the most important surface water pollution
accident that has occurred in recent years in China.

2. Methods

2.1. Damage List

The damages were classified in eight types (Figure 1). The potential damages originated from
SWPAs may affect human health, affect the recreational functions of surface water, cause large areas
of fish deaths and reduction in aquatic product yields, intermittent water supplies and decrease
environmental property values. etc. Furthermore, indirect damages, such as public panic, distrust,
suspicion of the government, managers and enterprises may occur after an accident. Detailed
explanations of these eight components are provided below.
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Figure 1. Potential damages caused by SWPAs.

2.2. Damage to Human Health

Here human health damage refers to both the loss of human lives and the people poisoned
(slightly, severely and very severely) due to a pollution accident. The number of damaged people
could be determined during the process of the accident’s remediation. Further some cumulative and
persistent substances discharged in SWPAs may bring potential long-term negative effects on human
health via environmental media. It is difficult to assess this potential hazard and in this study this
damage was seen as a part of damage to environmental property, the valuation method of which is
discussed in Section 2.7.

The economic assessment of human health is a rather complex and controversial issue.
Nevertheless, it is the only way to establish a cost when a pollution accident has direct consequences on
people. The most readily available and simplest procedure to follow in the estimation of human health
losses is probably the analytical scheme proposed by Ronza [14]. This method is based on weighing
up the economic values which can be attributed to the deaths and poisoned people. Referring to this
estimation scheme, the evaluation of economic losses related to human life and health is the sum of
the two components expressed in the following equation: the loss of the deaths plus the cost of the
diverse categories of poisoned people.

LHH “ VdNd `

3
ÿ

k“ 1

Vk,pNk,p (1)

LHH : the economic loss of damage to human health (CNY)
Vd: the economic valuation of one fatality (CNY )
Nd: the number of fatalities (-)
Vk,p: the economic valuation of one person poisoned in the category k (CNY )
Nk,p: the number of poisoned people in the category k (-)
k = 1: slightly poisoned people; k = 2: severely poisoned people; k = 3: very severely

poisoned people.
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2.2.1. Economic Valuation of a Fatality

Obviously, the problem of attributing an economic value to human life has important moral and
social implications. A number of methods have been developed to assess the cost of a fatality [15,16].
Qualitative verbalizations of willing-to-pay (WTP) for improved health and safety controls are
commonly used evaluate the value of a life. The empirical results are interpreted theoretically in terms
of preference construction processes [16], but in practice this method encounters ethical dilemmas,
such as a reluctance to value life and budget constraints. According to “the year of potential life lost”
proposed by the U.S. Centers for Disease Control and Prevention in 1982, life is valued in proportion
to a person’s potential economic production [15]. The cost of saving an extra life (CSX) relates the
value of a human life to the investment and expresses the investment made for saving one extra life by
involving life expectancy in the calculation [17]. Based on the utility of life, the life quality index (LQI),
has also been used [18].

Considering the availability of public information in China, the valuation method used in the
study is based on the income per capita and the life expectancy, which is a similar measure to the LQI
method proposed by Jatin [18]. Besides, the cost of one life should also include the living cost of the
dependents. Thus the cost of one fatality will be the function of the age of the victim and his annual
income, the number of relatives depending on him, etc. Thus the economic valuation of one fatality
contains two parts: the victim’s own loss and the cost of the dependents’ living needs (Table 1).

Table 1. The details of evaluating one fatal victim (unit: CNY).

Details of Loss
Estimation a ď 60 60 < a < 75 a ě 75

Victim’s own
loss in age a UI (or RI) ˆ 20 UI (or RI) ˆ (80 ´ a) UI (or RI) ˆ 5

Cost of
dependents’
living needs

living expenses of
one elder in age ae

60 < ae < 75 ae ě 75

UI (or RI) ˆ (80 ´ ae) UI (or RI) ˆ 5

living expenses of
one child in age ay UI (or RI) ˆ (18 ´ ay)

The victim’s own loss is standardized according to annual disposable per capita income of urban
residents (UI) or annual net per capita income of rural residents (RI) of the region where the victim
resides. The life expectancy is assumed to be 80 and the same expectancy was used in the road accident
compensation standard prescribed in the Road Traffic Safety Law of China [19]. For the sake of fairness,
for victims less than 60 years old the fixed number of years used in the valuation is 20 and for victims
more than 75 years old, the fixed number is 5 (Table 1). This exception is also consistent with the
regulations in the road accident compensation rules [19]. Dependents comprise the children (less than
18 years old) and the elderly (more than 60 years old). In the valuation of the dependents’ living
expenses, the UI or RI value is just the consumption expenditure standard per capita and the duration
of compensation dependents obtained is the same as in the victim’s own loss estimation.

Two exceptions must be taken into consideration in some cases. If the age of the victim is
unknown, it is assumed to belong to the “less than 60 years old” category (Table 1). If the information
of the dependents is unavailable, it is assumed that the victim has one ten-year-old child and two
seventy-year-old elderly relatives.

2.2.2. Economic Valuation of Poisoned People

The economic losses due to poisoned people are evaluated as the function of their age and the
severity of poisoning. The degree of poisoning is divided into three degrees: slight, severe and very
severe according to the classification proposed by Ronza [14]. The “very severely” poisoned person
indicates the ones that utterly lose the ability to work, while severe ones are partly disabled and slight
poisoning has no effect on life and work (Table 2).
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Poisoned people’s own loss and the living cost of the dependents are included in the loss
estimation. The previously mentioned criteria used in death valuation are also applicable in this
part, with multiplication by a grade of poisoning coefficient. The coefficients of slight, severe and
very severe poisoning are 0.4, 0.7 and 1, respectively [19]. The duration of sick leaves must be also
taken into consideration, which can be estimated as the three times the average days of hospitalization
(abbreviated as dh) in the region. The cost of sick leaves is the product of average daily wage of the
region and the duration. In addition, medical fees must be included. If realistic fees are not available,
the average hospitalization expense in the region has been used.

Table 2. The details of the loss estimation of one poisoned victim(unit: CNY).

Details of Loss Estimation Slight Severe Very Severe

Poisoned people’s own loss and
living cost of the dependents

cost in homologous
death ˆ 0.4

cost in homologous
death ˆ 0.7

cost in homologous
death ˆ 1

Loss of sick leaves average daily wage ˆ dh ˆ 3

Medical fees average hospitalization expense

If the distribution of poisoned people is not available, it is advisable to use 1:3:6 ratios between the
numbers of very severely, severely and slightly poisoned people. If the ages of the victims are unknown,
they are also assumed to belong to the “less than 60 years old” category (see Table 1). If information
about dependents is not available, it is also assumed that the victim has one ten-year-old child and two
seventy-year-old elderly relatives. If the number of poisoned people is unknown, it can be estimated
according to the relation “the number of the poisoned people = 6 ˆ (the number of the deaths)0.77” [20].

2.3. Losses Due to Water Supply Suspension

Pollutants in surface water accidents might cause water quality, taste and odor problems. This
may lead to water supply suspensions, including suspensions of tap-water for domestic use, farmland
irrigation, cities’ green belt sprinkling and industrial water. Thus the most direct functions of surface
water will be partly lost temporarily. Water supply suspension may cause substitution consumption
or industrial production shutdown. Functional replacement cost analysis is a common method in
estimating the economic losses brought about by water supply suspensions [21,22]. The value of this
special function may be assessed by estimating the cost of the cheapest water replacement with the
same effect (Table 3).

Table 3. The formulas and nomenclature used in the loss estimation of water supply suspension.

Formulas Nomenclatures

LWS = LRS + LFS + LGS + LPS

LWS: the economic loss due to water supply suspension (CNY)
LRS: the loss due to tap-water suspension for domestic use (CNY)

LFS: the loss due to water suspension for irrigation (CNY)
LGS: the loss due to water suspension for green belt sprinkling (CNY)
LPS: the loss due to water suspension for industrial production (CNY)

LRS = PRS ˆ q1 ˆ Nr ˆ d1

PRS: the price of the replacement (CNY/m3)
q1: the consumption of tap-water per capita per day (m3/cap./d)

Nr : the number of urban population with access to tap-water (cap.)
d1: the duration of tap-water suspension (d)

LFS = PFS ˆ q2 ˆ A f ˆ d2

PFS: the price of the replacement (CNY/m3)
q2: the consumption of water in paddy fieldperhectare per day (m3/ha./d)

A f : the area of paddy field (hectare)
d2: the duration of irrigation water suspension (d)

LGS = PGS ˆ q3 ˆ Ag ˆ d3

PGS: the price of the replacement (CNY/m3)
q3: the consumption of greening land per square meter per day (m3/m2/d)

Ag: the area of green belt sprinkling (m2)
d3: the duration of greening water suspension (d)

LPS = PPS ˆ Qp ˆ d3

PPS: the price of the replacement (CNY/m3)
Qp: the quantity of production water demand per day in the affected region (m3/d)

d3: the duration of production water suspension (d)
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2.3.1. Losses Due to Tap-Water Suspension

In China, when tap-water access is suspended, wells are the usual alternative. Therefore the rural
area population is not included in the number of the residents with access to the tap-water replacement
and only the urban population was involved in this economic evaluation.

Barreled water is the most common substitution during tap-water suspensions. We compared the
prices of 24 kinds of barreled water on China’s current market and the cheapest one (0.9 CNY per liter)
was selected as the substitution for the tap-water.

Considering that people will consciously save water during a crisis situation, the minimum value,
which is expressed in the standard water quantity for a city’s residential use (GB/T 50331-2002) [23]
and much less than the actual quantity of residential usage, has been taken as the consumption of
barreled water per capita per day in the emergency situation.

2.3.2. Losses Caused by Irrigation Water Suspension

The replacement for irrigation water is artificial rainfall [24]. The cheapest cost of this replacement
in China was 0.002 CNY per m3 [25]. Water consumption for paddy field per hectare per day could be
estimated by the average quantity of irrigation demand all around the nation, which can be found in
the Chinese Water Resources Bulletin issued annually by the Ministry of Water Resources of China [26].

2.3.3. Losses Caused by Green Belt Sprinkling Suspension

Artificial rainfall is also the most rational replacement for greenbelt sprinkling suspensions. An
empirical datum (0.0022 m3/m2/d), which is obtained from the total sprinkling area in cities divided
by the annual sprinkling water consumption over the nation, was deemed as the water demand for
greening belt sprinkling in the city [26].

2.3.4. Losses Due to Industrial Water Suspension

The cheapest substitution for industrial production water might be getting water from some other
nearby river by pumps and making it usable after simple pretreatment. The average price of this
replacement is about 1.3 CNY per m3 based on estimating the cost of electricity and pretreatment [26].

2.4. Damage to Fisheries

The loss here refers to the direct damage to fisheries caused by surface water pollution, which
has been divided into two parts: aquatic species deaths poisoned by pollutants and decreases in yield
because of environmental changes and reduced food supplies. The death proportions in accidents
and yield reduction after accidents are both difficult to be precisely and directly distinguished, but
the recovery time of aquatic products in polluted water can be roughly estimated by the AQUATOX
model, an aquatic ecosystem model developed and proposed by USEPA [27]. Assuming that before
the quantities of aquatic products recover, fishing is forbidden, thus the economic loss of damage to a
fishery can be expressed as:

L f “ AI f ˆ rt (2)

L f : the loss due to damage to the fishery (CNY)
AI f : the annually gross income from fisheries in the polluted water (CNY/year)
rt: the recovery time of aquatic products (years)

2.5. Damage to Recreational Functions

Recreation, including swimming, boating, angling and some other leisure modes (such as walking
along the river bank, landscape appreciation etc.) is one of the primary functions of surface water. The
replacement cost method is used in this section. It is assumed that all the recreational activities are
interrupted for the duration of the pollution episode and the losses due to the recreational activities’
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interruption can be expressed as the sum of the four parts: losses of swimming, boating, angling and
other activities (Table 4).

Table 4. The formulas and details in the loss valuation of recreational functions.

Formulas Nomenclatures

LR = LSM + LBT + LAG + LLM

LR: the loss of damage to recreation (CNY)
LSM: the loss of swimming (CNY)

LBT : the loss of boating (CNY)
LAG: the loss of angling (CNY)

LLM: the loss of other leisure means (CNY)

LSM = PSM ˆ NSM ˆ d
PSM: the price of the replacement for swimming per person (CNY/cap./d)

NSM: the number of people swimming in the water per day (cap./d)
d: the duration of the pollution episode (d)

LBT = PBT ˆ NBT ˆ d
PBT : the price of the replacement for boating (CNY/cap./d)

NBT : the number of people boating in the water per day (cap./d)
d: the duration of the pollution episode (d)

LAG = PAG ˆ NAG ˆ d
PAG: the price of the replacement for angling (CNY/cap./d)

NAG: the number of people angling along the river per day (cap./d)
d: the duration of the pollution episode (d)

LLM = LSM + LBT + LAG –

Local statistical data can provide the number of people swimming, boating and angling in the
water per day. Swimming pools outdoors are chosen as the replacement for swimming in rivers and the
lowest price of admission to local outdoors swimming pools is estimated as the replacement price. The
substitution for boating is canoeing in tourist spots and angling could be replaced by paid fishing in
parks. The prices of the two alternatives can be obtained by way of interviewing tourist spot operators
and the replacements’ prices used in the estimation are still the cheapest ones.

The loss of other recreational functions is multiform and can’t be valued directly. One simple way
to assess this loss is to estimate it as a ratio of the sum of the losses due to swimming, boating and
angling interruption. Referring to the ratio between the direct and indirect accidental losses proposed
by Lanoie and Tavenas [28], a 1:1 ratio is assumed (Table 4).

2.6. Damage to Biological Diversity

Pollutants might decrease the richness of aquatic macroinvertebrates, fish, and other aquatic
primary producers [29–31]. The value of biological diversity is difficult to precisely quantify. In China,
there are no special funds for the protection of aquatic biology. After surface water accidents, the
most general manual intervention for biodiversity recovery undertaken by local governments in China
is to release aquatic fingerlings to the water so as to complement and recover the decreased natural
biological population, improve and enhance the biological population structure, and restore biological
diversity [13].

The recovery cost method (RCM) is used in this study to assess the economic losses from damage
to the biological diversity. Recovery measures mainly refer to releasing fingerlings to the water for a
period of time. Correspondingly, the recovery cost is the expense for the aquatic fingerlings. Thus the
losses of biodiversity can be expressed as:

LBD “ Cr f ˆ T (3)

LBD: the loss on biodiversity (CNY)
Cr f : the cost of releasing aquatic fingerlings annually after an accident (CNY/year)
T: the duration of the biodiversity resumption (year)
Annual costs for releasing aquatic fingerlings after an accident can be obtained from local statistics

departments and the duration of this release behavior can be approximately equal to the period of the
biodiversity resumption.
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2.7. Environmental Property Losses

Pollutants released in the accident deteriorate the water quality and decrease the value of the
surface water. Pollutants may also settle in the sediments and the groundwater nearby might also
suffer negative consequences due to pollutants’ penetration. Environmental property losses here are
defined as these damages and denote the impairment of the value of environmental media, including
the surface waters, groundwaters and sediments.

Pollutant clearance cost (PCC) analysis has been applied in this section. We use the cheapest price
of pollutant removal from environmental media as the loss of environmental property (Table 5).

Table 5. The formulas and nomenclatures of the estimation on environmental property losses.

Formulas Nomenclatures

LEP = CSW + CGW + CSO

LEP: the loss of environmental property (CNY)
CSW : the cost of pollutants’ removals from the surface water (CNY)
CGW : the cost of pollutants’ removals from the groundwater (CNY)

CSO: the cost of pollutants’ removals from the sediment (CNY)

CSW = PSW ˆ VSW
PSW : the price of removing the pollutants from surface water (CNY/m3)

VSW : the volume of polluted surface water (m3)

CGW = PGW ˆ VGW
PGW : the price of groundwater remediation (CNY/m3)

VGW : the volume of polluted groundwater (m3)

CSO = PSO ˆ ASO
PSO: the price of sediment remediation (CNY/m2)

ASO: the area of polluted sediment (m2)

As the volume of polluted groundwater is generally not available, a ratio of the volume of polluted
surface water, which can be easily reckoned by way of summing the extension of pollutants’ diffusion,
has been used to estimate this parameter. The ratio 1:1 is considered to be moderate [28].

The prices of removing pollutants from environmental media can be obtained by asking related
environmental consulting companies devoted to environmental remediation. If this way cannot do,
the price of groundwater remediation can be regarded as much as 100 times the cost of surface water
remediation to convey the message that it is pretty expensive and the real price might be higher. If
accurate information for the price of sediment remediation is not available, it could be obtained using
an interest rate based on 1600 CNY per m2 in 2000 according to reference [32].

2.8. Loss of the Accident Origin

This part refers to the real and financial loss of accident origins. For the accidents that originate
at manufacturing enterprises, it includes damage to equipment, the cost of lost wages for closed
workshops, the loss of profits for discontinued production, the cost of recruitment and training costs
for replacement workers, the reduction in product quality following the accident. For the accidents
caused by traffic accidents, it may include the damage to vehicles and the loss of carried materials.
Based on the survey of accident causes, the loss of this part can be simply summed according to the
actual conditions.

2.9. Other Indirect Losses

SWPAs could bring some other negative consequences, such as human panic, fishery order
reduction due to decreased confidence, residents’ suspicion of governments’ decisions, morale
effects on coworkers, administrative costs (of the personnel, the department of health and safety,
the prevention initiatives of local administators), the loss of image for government and enterprises, etc.

Although these indirect losses evidently exist and have an important impact on society, they are
related to personal psychology and perspectives. It is hard to exactly reckon their economic values.
The simplest way to estimate these losses is to estimate them as a ratio of the sum of the direct losses,
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which is the loss of human health, water supply suspension, damage to fisheries and recreation. Lanoie
and Tavenas proposed a 1:1 ratio between direct and indirect accidental costs [28]. Rikhardsson and
Impgaard gave a similar value (with a 66%contribution of the direct costs) [33]. We therefore suggest
a ratio 1:1 with the sum of the loss of human health, water supply suspension, damage to fisheries
and recreation.

3. Case Study: Economic Loss Estimation for the Songhuajiang River Pollution Accident

In 13 November 2005, a major surface water accident happened in China as a result of an explosion
at the biphenyl production workshop of Jilin Petrochemical Company, one of branches of Petro China,
in Jilin City, Jilin Province, (Figure 2). The accident caused one hundred tones of benzene and related
compounds to pour into the Songhuajiang River. The pollutants flowed along the river and formed a
1200-kilometer-long pollution zone crossing two Chinese provinces: Jilin and Heilongjiang (Figure 2).
Pollutant concentrations exceeding the thresholds regulated in the environmental quality standards
for surface water lasted for 42 days [34]. Water supplies in downstream cities: Songyuan, Haerbin,
Hegang, Jiamusi (Figure 2), were all suspended for 3–4 days. Residents affected by the accident were
as many as twenty million. Besides, the pollution plume crossed the national border and engendered
negative consequences in Russia too. Due to the unavailability of relevant information, the estimation
of economic losses in Russia due to the accident were not included in this paper.
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Figure 2. Map of the polluted area in the Songhuajiang River pollution accident.

The data used in the economic loss estimation was mainly obtained from the 2006 Statistical
Yearbook of Jilin Province, the 2006 Statistical Yearbook of Heilongjiang Province and the 2006 statistical
yearbooks of the five polluted cities [35,36]. All data have been scaled to their 2005 values. The potential
total economic value of the damages caused from this major environmental pollution accident was
assessed as 2263 billion CNY using the calculation procedure mentioned above. This value is 2.48 times
the sum of the gross domestic products of Jilin Province (362 billion CNY) and Heilongjiang Province
(551 billion CNY) in 2005 (Table 6).

The proportions of loss items in the total losses and in the direct losses were both listed in
the fourth and fifth column (Table 6). The majority of the total loss corresponds to the damage to
environmental property (99.1% of the total loss) (Table 6), followed by the loss of biological diversity
(0.44% of the total). All direct losses (environmental property loss, biological diversity loss and other
indirect losses were excluded) add up to 5.3 billion CNY (Table 6), far more than the 70 million CNY
valuation reported by the government [35,36].
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Table 6. The details of the economic losses of the Songhuajiang pollution accident.

Items Specific Items Economic Loss
(Thousand CNY)

Proportion of the
Total Loss (%)

Proportion of the
Total Direct Loss (%)

Damage to human health 8.6 ˆ 103 3.8 ˆ 10´4 0.2

Deaths 3.2 ˆ 103 1.4 ˆ 10´4 0.1
Poisoned 5.4 ˆ 103 2.4 ˆ 10´4 0.1

Damage due to water supply suspension 2.1 ˆ 106 9.2 ˆ 10´2 38.8

Tap-water for residential use 2.1 ˆ 106 9.1 ˆ 10´2 38.7
Irrigation water 333 1.5 ˆ 10´5 0.01

Sprinkling supply 4 1.7 ˆ 10´7 0
Production water 6.9 ˆ 103 3.0 ˆ 10´4 0.1

Damage to fisheries 3.2 ˆ 106 0.14 59.6

Damage to water’s recreational functions 1.7 ˆ 104 7.7 ˆ 10´4 0.3

Swimming 854 3.8 ˆ 10´5 0.02
Boating 2.7 ˆ 103 1.2 ˆ 10´4 0.05
Angling 5.1 ˆ 103 2.3 ˆ 10´4 0.10

Other leisure modes 8.7 ˆ 103 3.8 ˆ 10´4 0.2

Damage to biological diversity 9.9 ˆ 106 0.4 -

Environmental property loss 2.2 ˆ 109 99.1 -

Surface water 1.6 ˆ 107 0.7 -
Groundwater 1.6 ˆ 109 72.5 -

Sediment 5.8 ˆ 108 25.9 -

Loss of the pollution source of the accident 6.1 ˆ 104 2.7 ˆ 10´3 1.1

Other indirect losses 5.3 ˆ 106 0.2 -
The total loss 2.3 ˆ 109 100
All direct loss 5.3 ˆ 106 100

The details of the economic losses itemized by region were also described (Table 7). Haerbin is
the largest city along with the water flow and suffered the largest proportion (43%) of the total loss,
followed in order by Jiamusi, Songyuan, Hegang and Jilin. The spatial distribution of the economic
loss in the major pollution accident was consistent with the government's data and public perception
in the two provinces [35,36].

Table 7. The details of the economic loss itemized by region (thousand CNY).

Items Jilin Songyuan Haerbin Jiamusi Hegang

Damage to human health 8.6 ˆ 103 0 0 0 0
Damage to water supply suspension 2.9 ˆ 103 1.3 ˆ 105 1.3 ˆ 106 3.5 ˆ 105 2.5 ˆ 105

Damage to fisheries 7.5 ˆ 105 3.6 ˆ 105 1.4 ˆ 106 5.7 ˆ 105 6.7 ˆ 104

Damage to water’s recreational functions 3.7 ˆ 103 2.4 ˆ 103 8.4 ˆ 103 2.1 ˆ 103 942
Damage to biological diversity 2.3 ˆ 106 1.1 ˆ 106 4.5 ˆ 106 1.8 ˆ 106 2.1 ˆ 105

Environmental property loss 1.5 ˆ 108 3.0 ˆ 108 9.7 ˆ 108 5.6 ˆ 108 2.6 ˆ 108

Loss of the pollution source of the accident 6.1 ˆ 104 0 0 0 0
Other indirect losses 8.3 ˆ 105 4.9 ˆ 105 2.8 ˆ 106 9.2 ˆ 105 3.2 ˆ 105

The total loss 1.5 ˆ 108 3.0 ˆ 108 9.8 ˆ 108 5.6 ˆ 108 2.7 ˆ 108

Proportion of the overall area 6.65% 13.42% 43.19% 24.95% 11.79%

For real accidents, the economic assessment of damage could vary greatly. This is due to diverse
reasons and among them the most relevant is that the living standards, fishery income and the prices
of replacements of the area where the accident occurs do not have the same value. These factors make
them little comparable to each other.

The estimates on the economic valuation of human health losses are probably conservative.
Only deaths and poisoned persons were included in the damage. In fact, human health might suffer
long-term damages through polluted drinking water, aquatic products, grains and vegetables if the
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pollutants are persistent and have cumulative effects. Because this damage is hard to value alone, this
part was not included in the loss of human health.

In the economic estimation of the damage to water’s recreational functions, we assumed that
people do not substitute a nearby and unpolluted lake or river for the polluted water while they go to
different sites. In fact, most users may have other free alternatives but the data on these substitutions
are not available. Thus this assumption might overestimate these losses.

The loss of environmental property in the case afforded the biggest proportion of the total loss
in the accident. However this estimation using the expense for environmental media remediation
probably still underestimated the real losses because some media, especially the groundwater and the
sediment can hardly be repaired due to the lack of mature on-site remediation technologies [37–40].
The same analysis is also applicable on the valuation of the losses due to damage to biological diversity.
This indicates that complete environmental remediation is a very hard thing to accomplish and implies
that the prevention of pollution accidents should be the priority in environmental risk management.

4. Conclusions

The number of SWPAs has increased substantially in China. Estimates on the economic losses
of accidents could help society quantify potential costs associated with increased risk sources along
lakes/rivers but more importantly highlight the value of clean water to all society. However, it is
nearly impossible to devise an exact method to perform a valuation of the losses caused by SWPAs.
The procedure proposed in the paper should be a good approximation.

In the valuation of damages to people’s life, compensation in traffic accidents in China was
analyzed as appropriate to be used. The replacement cost method is used in the economic estimation
of the damage to water’s recreational functions. Moreover, it has to be noted that the economic
lossess estimated for real accidents can sometimes be influenced by social or political factors, such
as the authenticity and accuracy of data obtained from governmental statistical departments, and
accident origins. Besides, one or more aspects in the method might be overestimated, underrated
or even ignored. However, the results of this assessment may be important to help decision makers
comprehensively interpret potential costs associated with SWPAs.

Acknowledgments: This work was sponsored by the National Natural Science Foundation of China (41501601,
41301646) and Natural Science Research Project of Nantong University (14Z001).

Author Contributions: Bo Liu conceived and designed the study; Hong Yao and Zhen You performed the
estimation; Hong Yao wrote the paper; Bo Liu and Zhen You critically reviewed the manuscript and added helpful
explanations. All authors read and approved the final version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Xue, P.L.; Zeng, W.H. Trends of environmental accidents and impact factors in China. Front. Environ. Sci.
Eng. China 2011, 5, 266–276. [CrossRef]

2. Huang, L.; Sun, K.; Ban, J.; Bi, J. Public perception of blue-algae bloom risk in Hongze Lake of China.
Environ. Manag. 2010, 45, 1065–1075. [CrossRef] [PubMed]

3. Xie, R.R.; Pang, Y.; Li, Z.; Zhang, N.H.; Hu, F.J. Eco-compensation in multi-district river networks in North
Jiangsu, China. Environ. Manag. 2013, 51, 874–881. [CrossRef] [PubMed]

4. Yao, H.; Qian, X.; Yin, H.; Gao, H.; Wang, Y. Regional risk assessment for point source pollution based on a
water quality model of the Taipu River, China. Risk Anal. 2015, 35, 265–277. [CrossRef] [PubMed]

5. Yao, H.; Li, W.; Qian, X. Identification of major risk sources for surface water pollution by risk indexes (RI) in
the multi-provincial boundary region of the Taihu Basin, China. Int. J. Environ. Res. Public Health 2015, 12,
10150–10170. [CrossRef] [PubMed]

6. Wu, H.; Zeng, G.; Liang, J.; Zhang, J.; Cai, Q.; Huang, L.; Li, X.; Zhu, H.; Hu, C.; Shen, S. Changes of soil
microbial biomass and bacterial community structure in Dongting Lake: Impacts of 50,000 dams of Yangtze
River. Ecol. Eng. 2013, 57, 72–78. [CrossRef]

http://dx.doi.org/10.1007/s11783-010-0267-1
http://dx.doi.org/10.1007/s00267-010-9480-8
http://www.ncbi.nlm.nih.gov/pubmed/20383635
http://dx.doi.org/10.1007/s00267-012-9992-5
http://www.ncbi.nlm.nih.gov/pubmed/23229829
http://dx.doi.org/10.1111/risa.12259
http://www.ncbi.nlm.nih.gov/pubmed/25109941
http://dx.doi.org/10.3390/ijerph120810150
http://www.ncbi.nlm.nih.gov/pubmed/26308032
http://dx.doi.org/10.1016/j.ecoleng.2013.04.038


Int. J. Environ. Res. Public Health 2016, 13, 154 12 of 13

7. Wu, H.; Zeng, G.; Liang, J.; Guo, S.; Dai, J.; Lu, L.; Wei, Z.; Xu, P.; Li, F.; Yuan, Y.; He, X. Effect of early dry
season induced by the Three Gorges Dam on the soil microbial biomass and bacterial community structure
in the Dongting Lake wetland. Ecol. Indic. 2015, 53, 129–136. [CrossRef]

8. Zeng, G.; Wu, H.; Liang, J.; Guo, S.; Huang, L.; Xu, P.; Liu, Y.; Yuan, Y.; He, X.; He, Y. Efficiency of biochar and
compost (or composting) combined amendments for reducing Cd, Cu, Zn and Pb bioavailability, mobility
and ecological risk in wetland soil. RSC Adv. 2015, 5, 34541–34548. [CrossRef]

9. Pretty, J.N.; Mason, C.F.; Nedwell, D.B.; Hine, R.E.; Leaf, S.; Dils, R. Environmental costs of freshwater
eutrophication in England and Wales. Environ. Sci. Technol. 2003, 37, 201–208. [CrossRef] [PubMed]

10. Costanza, R.; dArge, R.; de Groot, R.; Farber, S.; Grasso, M.; Hannon, B.; Limburg, K.; Naeem, S.; Oneill, R.V.;
Paruelo, J.; et al. The value of the world’s ecosystem services and natural capital. Nature. 1997, 387, 253–260.
[CrossRef]

11. Spash, C.L.; Vatn, A. Transferring environmental value estimates: Issues and alternatives. Ecol. Econ. 2006,
60, 379–388. [CrossRef]

12. Ministry of Environmental Protection of the People’s Republic of China. China Environmental Protection
Law of the People’s Republic of China. 2014. Available online: http://zfs.mep.gov.cn/fl/201404/
t20140425_271040.htm (accessed on 20 January 2016).

13. Dodds, W.K.; Bouska, W.W.; Eitzmann, J.L.; Pilger, T.J.; Pitts, K.L.; Riley, A.J.; Schloesser, J.T.; Thornbrugh, D.J.
Eutrophication of U.S. freshwaters: Analysis of potential economic damages. Environ. Sci. Technol. 2009, 43,
12–19. [CrossRef] [PubMed]

14. Ronza, A.; Lazaro-Touza, L.; Carol, S.; Casal, J. Economic valuation of damages originated by major accidents
in port areas. J. Loss Prev. Process Ind. 2009, 22, 639–648. [CrossRef]

15. Jonkman, S.N.; van Gelder, P.; Vrijling, J.K. An overview of quantitative risk measures for loss of life and
economic damage. J. Hazard. Mater. 2003, 99, 1–30. [CrossRef]

16. Pidgeon, N.; Hopkins, L. Value of life and insensitivity to quantity in contingent valuation judgements.
Foresight Precaut. 2000, 1–2, 1173–1178.

17. Vrijling, J.K.; van Gelder, P. An analysis of the valuation of a human life. Foresight Precaut. 2000, 1–2, 197–200.
18. Nathwani, J.S.; Lind, N.C.; Pandey, M.D. Affordable Safety by Choice: The Life Quality Method; Institute for Risk

Research, University of Waterloo Press: Waterloo, ON, Canada, 1997.
19. Xinhua. Road Traffic Safety Law of the People’s Republic of China. Available online: http://news.xinhuanet.

com/legal/2007-11/19/content_7103019.htm (accessed on 20 Jaunuary 2016).
20. Ronza, A.; Munoz, M.; Carol, S.; Casal, J. Consequences of major accidents: Assessing the number of injured

people. J. Hazard. Mater. 2006, 133, 46–52. [CrossRef] [PubMed]
21. Pugliesi, A.C.V.; Marinho, M.D.; Marques, J.F.; Lucarelli, J.R.F. Economical valuation of the erosion effect in

soil managemnet systems employing the replacement cost method. Bragantia 2011, 70, 113–121. [CrossRef]
22. Kaiser, M.J.; Snyder, B. Mobile offshore drilling rig newbuild and replacement cost functions. Marit. Econ.

Logist. 2010, 12, 392–429. [CrossRef]
23. Ministry of Construction of the People’s Republic of China. The Standard of Water Quantity for

City’s Residential Use (GB/T 50331-2002). Available online: http://www.hbj.hunan.gov.cn/hpzx/bzgf/
content_12744.html (accessed on 1 November 2015).

24. Im, E.-S.; Eltahir, E.A.B. Enhancement of rainfall and runoff upstream from irrigation location in a climate
model of West Africa. Water Resour. Res. 2014, 50, 8651–8674. [CrossRef]

25. Ng, C.W.W.; Zhan, L.T.; Bao, C.G.; Fredlund, D.G.; Gong, B.W. Performance of an unsaturated expansive soil
slope subjected to artificial rainfall infiltration. Geotechnique 2003, 53, 143–157. [CrossRef]

26. The Ministry of Water Resources of the People’s Republic of China. Chinese Water Resources Bulletin.
Available online: http://www.mwr.gov.cn/zwzc/hygb/szygb/qgszygb/201204/t20120426_319578.html
(accessed on 20 Jaunuary 2016).

27. United States Environmental Protection Agency. AQUATOX. Available online: http://www2.epa.gov/
exposure-assessment-models/aquatox (accessed on 20 Jaunuary 2016).

28. Lanoie, P.; Tavenas, S. Costs and benefits of preventing workplace accidents: The case of participatory
ergonomics. Saf. Sci. 1996, 24, 181–196. [CrossRef]

29. Gong, Z.J.; Xie, P. Impact of eutrophication on biodiversity of the macrozoobenthos community in a Chinese
shallow lake. J. Freshw. Ecol. 2001, 16, 171–178. [CrossRef]

http://dx.doi.org/10.1016/j.ecolind.2015.01.041
http://dx.doi.org/10.1039/C5RA04834F
http://dx.doi.org/10.1021/es020793k
http://www.ncbi.nlm.nih.gov/pubmed/12564888
http://dx.doi.org/10.1038/387253a0
http://dx.doi.org/10.1016/j.ecolecon.2006.06.010
http://dx.doi.org/10.1021/es801217q
http://www.ncbi.nlm.nih.gov/pubmed/19209578
http://dx.doi.org/10.1016/j.jlp.2009.03.001
http://dx.doi.org/10.1016/S0304-3894(02)00283-2
http://dx.doi.org/10.1016/j.jhazmat.2005.10.011
http://www.ncbi.nlm.nih.gov/pubmed/16310948
http://dx.doi.org/10.1590/S0006-87052011000100017
http://dx.doi.org/10.1057/mel.2010.14
http://dx.doi.org/10.1002/2014WR015592
http://dx.doi.org/10.1680/geot.2003.53.2.143
http://dx.doi.org/10.1016/S0925-7535(97)81482-8
http://dx.doi.org/10.1080/02705060.2001.9663802


Int. J. Environ. Res. Public Health 2016, 13, 154 13 of 13

30. Wang, L.Z.; Robertson, D.M.; Garrison, P.J. Linkages between nutrients and assemblages of macroinvertebrates
and fish in wadeable streams: Implication to nutrient criteria development. Environ. Manag. 2007, 39,
194–212. [CrossRef] [PubMed]

31. Leibold, M.A. Biodiversity and nutrient enrichment in pond plankton communities. Evol. Ecol. Res. 1999, 1,
73–95.

32. Lasat, M.M. Phytoextraction of metals from contaminated soil: A review of plant/soil/metal interaction and
assessment of pertinent agronomic issues. J. Hazard. Subst. Res. 2000, 2, 1–25.

33. Rikhardsson, P.M.; Impgaard, M. Corporate cost of occupational accidents: An activity-based analysis. Accid.
Anal. Prev. 2004, 36, 173–182. [CrossRef]

34. Ministry of Environmental Protection of the People’s Republic of China. Environmental Quality
Standards for Surface Water (GB 3838-2002). Available online: http://kjs.mep.gov.cn/hjbhbz/bzwb/shjbh/
shjzlbz/200206/t20020601_66497.htm (accessed on 20 January 2016).

35. Jilin Statistical Bureau. Jilin Statistical Yearbook; China Statistics Press: Beijing, China, 2006.
36. Heilongjiang Statistical Bureau. Heilongjiang Statistical Yearbook; China Statistics Press: Beijing, China, 2006.
37. Wesstrom, I.; Ulen, B.; Joel, A.; Johansson, G.; Forsberg, L.S. Effects of tile drainage repair on nutrient leaching

from a field under ordinary cultivation in Sweden. Acta Agric. Scand. 2015, 65, 228–238. [CrossRef]
38. Alfaro, M.A.; Jarvis, S.C.; Gregory, P.J. Factors affecting potassium leaching in different soils. Soil Use Manag.

2004, 20, 182–189. [CrossRef]
39. Moriasi, D.N.; Arnold, J.G.; van Liew, M.W.; Bingner, R.L.; Harmel, R.D.; Veith, T.L. Model evaluation

guidelines for systematic quantification of accuracy in watershed simulations. Trans. Asabe 2007, 50, 885–900.
[CrossRef]

40. Schilling, K.; Zhang, Y.K. Baseflow contribution to nitrate-nitrogen export from a large, agricultural
watershed, USA. J. Hydrol. 2004, 295, 305–316. [CrossRef]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons by Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s00267-006-0135-8
http://www.ncbi.nlm.nih.gov/pubmed/17122998
http://dx.doi.org/10.1016/S0001-4575(02)00147-1
http://dx.doi.org/10.1080/09064710.2014.997283
http://dx.doi.org/10.1079/SUM2004249
http://dx.doi.org/10.13031/2013.23153
http://dx.doi.org/10.1016/j.jhydrol.2004.03.010
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Methods 
	Damage List 
	Damage to Human Health 
	Economic Valuation of a Fatality 
	Economic Valuation of Poisoned People 

	Losses Due to Water Supply Suspension 
	Losses Due to Tap-Water Suspension 
	Losses Caused by Irrigation Water Suspension 
	Losses Caused by Green Belt Sprinkling Suspension 
	Losses Due to Industrial Water Suspension 

	Damage to Fisheries 
	Damage to Recreational Functions 
	Damage to Biological Diversity 
	Environmental Property Losses 
	Loss of the Accident Origin 
	Other Indirect Losses 

	Case Study: Economic Loss Estimation for the Songhuajiang River Pollution Accident 
	Conclusions 

