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• We estimated the social cost of lead (Pb)
pollution in Kabwe, Zambia.

• The income loss from IQ declines and the
increased mortality were accounted for.

• Wealso examined the costs and benefits of
potential remediation measures.

• Results: the social cost was significant,
and remediation was socially profitable.

• An interdisciplinary approach between
economics, engineering and toxicology.
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Lead (Pb) pollution has been one of the major environmental problems of worldwide significance. It is a latent factor for
several fatal illnesses,whereas the exposure to lead in early childhood causes a lifetime IQ loss. The social cost is the concept
to aggregate various adverse effects in a single monetary unit, which is useful in describing the pollution problem and pro-
vides foundation for the design of interventions. However, the assessment of the social cost is scarce for developing coun-
tries. In this study, we focus on the lead pollution problem of a formermining town, Kabwe, Zambia, where mining wastes
abandoned near residential areas has caused a critical pollution problem.We first investigated the social cost of lead pollu-
tion that future generations born in 2025–2049 would incur in their lifetime. As the channels of the social cost, we consid-
ered the lost income from the IQ loss and the lost lives from lead-related mortality. The results showed that the social cost
would amount to 224–593millionUSD (discounted to the present value). Our results can be considered conservative, lower
bound estimates becausewe focused only onwell-identified effects of lead, but the social cost was still substantial. Thenwe
examined several engineering remediationmeasures. The results showed that the social cost can be reduced (the benefits of
remediations) more than the costs of implementing remediation measures. This study is the first to investigate the social
cost of mining-related lead pollution problem in developing countries. Our interdisciplinary approach utilises the micro-
level economic, health and pollution data and integrates the techniques in economics, toxicology and engineering.
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1. Introduction

Lead (Pb) pollution is one of the major environmental problems of
worldwide significance. Acute lead poisoning can be fatal, whereas a
chronic exposure to lead can also be a latent factor for fatal illnesses and ad-
versely affect the circulatory and nervous systems, cognitive abilities and
development (Canfield et al., 2003; Centers for Disease Control and
Prevention (CDC), 2012; Lanphear et al., 2005; Meyer et al., 2008). These
health problems can further lead to socioeconomic problems such as poor
learning abilities, productivity and income (Aizer et al., 2018; Miranda
et al., 2007).

Social cost is a concept that signifies the adverse effects of an environ-
mental problem imposed on a society or a group of people, which could in-
clude both market and non-market impacts. It aggregates the different
types of effects and translates them into a single value in a monetary unit.
Thus, the value of social cost describes the size and severity of a problem
in a form comparable to other problems. Social cost also provides the foun-
dation for the examination of potential interventions because its value is the
lost welfare level that the society or individuals could enjoy if the problem
did not exist.

In developed countries, the social costs and the benefits of remediation
for various cases of lead pollution, including those caused by lead-
containing products and past mining activities, have been examined
(Gould, 2009; Guerriero et al., 2011; Landrigan et al., 2002; Pichery
et al., 2011; Klemic et al., 2020). Consequently, developed countries have
gradually tightened the standards for pollution and exposure levels. For ex-
ample, the CDC of the USA lowered the reference blood lead level (BLL)
from 60 μg/dL in the 1960s to 10 μg/dL in 1991, to 5 μg/dL in 2012, and
to 3.5 μg/dL in 2021 (CDC, 2021). The use of lead in consumer products
has been banned or reduced, and remediation has been conducted in for-
mer mining areas.

However, currently the worst cases of lead contamination are found in
developing countries, often related to mining. In certain cases, the BLLs of
residents are a few times or more higher than the standards in developed
countries, and the health risks are concerning (Amankwaa et al., 2017;
Bose-O'Reilly et al., 2018; Caravanos et al., 2014; Dooyema et al., 2012;
Nakata et al., 2022; Yabe et al., 2015, 2020; Yamada et al., 2020). Despite
the severity of the problems, the assessments of the social cost and the cost–
benefit analyses of remediation are scarce. Ogunseitan and Smith (2007)
and Attina and Trasande (2013) provide two such analyses, but they fo-
cused on the general population with low-level exposure to lead through
the use of lead-containing products rather than on the critical and area-
specific pollution cases, which engineering-based remediation measures
are normally concerned with.

In this study, we evaluated the social costs of lead contamination and
attempted a cost–benefit analysis of potential remediation measures, focus-
ing on the lead pollution problem in Kabwe, Zambia. Kabwe is a former
mining town, and the mining wastes have been abandoned in a dumpsite
adjacent to residential areas. The town has been featured as one of the
ten most polluted sites worldwide (Blacksmith Institute and Green Cross
Switzerland, 2013) and the largest case of lead pollution in terms of persons
affected (Toxic Site Identification Program; Yamada et al., 2020). The prob-
lem has received global attention, including international agencies and
media,1 and several research and remediation projects have been con-
ducted (Bose-O'Reilly et al., 2018; Nakata et al., 2022). Nevertheless, lead
pollution is still an ongoing problem in Kabwe.2

Specifically, we first estimated the social cost of lead pollution that indi-
viduals to be born in 2025–2049 would incur during their lifetime by com-
paring the status-quo case in which lead pollution levels remain the same as
1 For example, Human Rights Watch (August 23, 2019, https://www.hrw.org/report/
2019/08/23/we-have-be-worried/impact-lead-contamination-childrens-rights-kabwe-
zambia) and The Economist (December 10, 2020, https://www.economist.com/middle-east-
and-africa/2020/12/10/how-a-lead-mine-in-zambia-has-blighted-a-town).

2 The Zambian government has recently announced its intention to seek a long-term solu-
tion to the problem in 2022 (Human Rights Watch, June 22, 2022, https://www.hrw.org/
news/2022/06/22/zambia-hope-kabwe-lead-poisoning-victims).
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the current level and the hypothetical case in which lead pollution is
eliminated. We focused on future generations, rather than the current
residents, since the adverse effects of lead are often irreversible and future
generations are the likely beneficiaries once remediation is implemented.
Further generations to be born after 2050were not accounted for, consider-
ing the difficulty in predicting socioeconomic and demographic conditions
in the distant future. We considered two channels of the adverse effects,
namely, the income loss due to the decreased IQ and education levels
and the mortality from lead-related illnesses. These channels are often
the main components of the social cost of lead pollution in other studies
(Attina and Trasande, 2013; Gould, 2009; Guerriero et al., 2011; Klemic
et al., 2020; Landrigan et al., 2002; Ogunseitan and Smith, 2007;
Pichery et al., 2011). There could be several other channels of the social
cost that may affect residents, such as the risk of non-fatal illnesses and
crime related to the adverse effects on behaviour and emotional control
(Aizer and Currie, 2019; Nevin, 2007); however, the quantification of
these effects was not feasible in our context, and we focused on the
abovementioned well-identified effects. In this sense, our framework of-
fers conservative estimates that may represent the lower bounds of the
actual social costs.

We then considered potential engineering remediationmeasures formu-
lated by expert assessments and estimated the costs of implementing these
measures and their benefits (that is, the reduction of the social cost of lead
pollution). We hypothetically assumed that remediation would be initiated
in 2025 and maintained through 2049 and accounted for the lifetime
benefits for those born during this period. The remediation measures con-
sidered do not require advanced technologies and can be considered tech-
nologically feasible.

The contributions of this study are twofold. First, this study is one of the
few to investigate the social cost of lead pollution in developing countries
and is the first to assess mining-related pollution. Our assessment provides
the basis for the policy designing to mitigate the lead pollution problem in
Kabwe. It also sheds light on the scale and severity of the lead pollution
problems in developing countries. The second contribution is methodolog-
ical, and we integrated the techniques in engineering (the examination of
the ambient lead level and remediation measures), toxicology (the exami-
nation of the BLL) and economics (the evaluation of the social cost) in a
cross-disciplinary manner. Our framework is applicable to other cases of
lead pollution, given that appropriate modifications are introduced.

The remainder of this paper proceeds as follows. In the remainder of this
section, we describe the further background of lead pollution in Kabwe. In
Section 2, we describe our framework and parametric settings to estimate
the social cost of lead pollution and the costs and benefits of remediation
measures. Section 3 demonstrates the results, and Section 4 discusses and
concludes. Several technical details of our method and results are provided
in the Supplementary Material.

1.1. Background on lead pollution in Kabwe

Kabwe, Zambia, is a town with a population of approximately 200,000
as of 2010. The town was founded around a lead and zinc mine in the early
1900s and continued to be one of the main mining sites of Zambia until the
mine formally closed in 1994. Lead pollution owing to these mining activ-
ities has received attention since the 1970s (Clark, 1977), but the town is
still highly polluted by lead. The primary cause of the sustaining pollution
is the leaking of the mining waste abandoned in the dumpsite adjacent to
residential areas (Fig. 1). The dumpsite has not been appropriately treated
to prevent lead leakage, and lead-containing particles are easily transported
to residential areas by wind during dry seasons and by waterflows during
wet seasons.

The pollution levels of this area are extremely high. According to Kříbek
et al. (2019), Doya et al. (2020) and our own data, the soil lead level (SLL)
exceeds 500 mg/kg in residential areas surrounding the dumpsite, topping
10,000 mg/kg in the close neighbourhood of the dumpsite (Fig. 1) (for ref-
erence, the level of US regulation is 400 ppm, which is practically equiva-
lent to mg/kg). Soil lead enters the human body through inhalation and

https://www.hrw.org/report/2019/08/23/we-have-be-worried/impact-lead-contamination-childrens-rights-kabwe-zambia
https://www.hrw.org/report/2019/08/23/we-have-be-worried/impact-lead-contamination-childrens-rights-kabwe-zambia
https://www.hrw.org/report/2019/08/23/we-have-be-worried/impact-lead-contamination-childrens-rights-kabwe-zambia
https://www.economist.com/middle-east-and-africa/2020/12/10/how-a-lead-mine-in-zambia-has-blighted-a-town
https://www.economist.com/middle-east-and-africa/2020/12/10/how-a-lead-mine-in-zambia-has-blighted-a-town
https://www.hrw.org/news/2022/06/22/zambia-hope-kabwe-lead-poisoning-victims
https://www.hrw.org/news/2022/06/22/zambia-hope-kabwe-lead-poisoning-victims


Fig. 1. Areas where remediation options are applied.
Note: The soil pollution levels are based on the data of our own, Doya et al. (2020) and Kříbek et al. (2019).
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hand-to-mouth behaviours in young children. Further, home gardening of
food items is common in Kabwe, even in highly polluted areas, and lead
can also enter the human body when ingesting contaminated food.

Currently, lead pollution is estimated to affect 120,000–200,000 indi-
viduals in Kabwe (Toxic Site Identification Program; Yamada et al.,
2020). Children's lead exposure is particularly concerning, with the BLLs
of children in pollution hotspots exceeding 45 μg/dL, and even children
not residing in the areas adjacent to the dumpsite experience BLLs >5 μg/
dL. The BLL generally decreases as individuals become older owing to
changing metabolism, behaviour and body mass, but the BLLs of adult res-
idents are still a few times higher than international standards such as CDC
(2021). Further, the adverse effects of lead are often irreversible, and lead
exposure in childhood can have lifelong impacts (Lanphear et al., 2005;
Meyer et al., 2008).

2. Methods

2.1. Framework to estimate social cost of lead pollution

We estimate the total social cost of lead pollution that individuals born
in 2025–2049 will incur in their lifetime. To calculate it, we compared the
status quo case, denoted by s ¼ O, in which the pollution level is kept the
same as the current level and the hypothetical case, denoted by s ¼ N, in
which the pollution is eliminated, with s indicating the pollution scenario.
We also consider potential remediation measures. The benefit of remedia-
tion is the reduction of the social cost, whichwe estimate by comparing s ¼
O with the remediation cases in which the pollution level is reduced by re-
mediation (although we consider three cases of remediation, we collec-
tively index these cases by s ¼ R).
3

We divided the Kabwe population into groups by birth cohort, gender
and ward (the local administrative unit), indexed by h, j and r, respectively.
A birth cohort covers five years, with h ¼ 0 corresponding to 2025–29, h ¼
1 to 2030–34 and so on. The time period, t, similarly indicates a five-year
period with t ¼ 0 corresponding to 2025–29, t ¼ 1 to 2030–34 and so on.

The welfare (utility) level of individuals of cohort h and gender j in area
r during period t is represented byVs

h; j;rt � POPsh; j;r;t, whereVs
h; j;r;t is thewel-

fare per person and POPsh; j;r;t the size of the population group. These terms
vary by s as the pollution level affects both the welfare level and mortality.
The lifetime welfare of this population group discounted to the value at t ¼
0, LVs

h; j;r , is represented as follows:

LVs
h; j;r ≡

XT hð Þ

t¼h

Vs
h; j;r;tPOP

s
h; j;r;t 1þ ρð Þ−t ð1Þ

where ρ is the discount rate used to discount the monetary values in future
periods. The summation starts with t ¼ h, when cohort h starts its life. TðhÞ
is the final period for cohort h, whichwe set as the years when they become
60–64 years old, since the life expectancy at birth is 64.2 years in Zambia as
of 2020 (World Bank, 2022) and the inclusion or exclusion of those aged
65 years or above does not greatly affect the estimation of the social cost
(we revisit this issue in Section 2.2.4).

The cost of lead pollution for this population group is then defined by
the difference between the lifetime welfare levels under s ¼ N and O,
namely, LVN

h; j;r−LVO
h; j;r. The benefit of remediation is defined by the differ-

ence between s ¼ R and O, namely LVR
h; j;r−LVO

h; j;r. Thus, in both cases, our

aim is to calculate LVs
h; j;r−LVO

h; j;r. By aggregating over all cohorts, genders



Fig. 2. Flow of estimation of social cost of lead pollution and benefit of remediation.
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andwards, we obtain the social cost of lead pollution or the benefit of reme-
diation for the entire Kabwe town as follows:

X
j

X
r

X
h

LVs
h; j;r−LVO

h; j;r

� �
ð2Þ

These terms can be expressed more specifically (we suppress j and r for
the remainder of this subsection). Let Birthh represent the number of births
in cohort h, which we assumed would be unaffected by pollution and inde-
pendent of s. Then denote the neonatal and non-neonatal mortality rates by
ps;neoh and psh;t, respectively, which reflect both natural and pollution-related
deaths. We assumed that births and neonatal deaths occur at the beginning
of a period and that other deaths occur at the end of a period. Thus, ð1−
ps;neoh Þ and ð1−ps;neoh ÞQt−1

τ¼h ð1−psh;τÞ represent the probability that an indi-
vidual survives from birth to the beginning of period t . Assuming that
there is no immigration of additional individuals to or emigration from
this population group,3 the population of cohort h after the neonatal period
is Birthhð1−ps;neoh Þand that in period t > h is Birthhð1−ps;neoh ÞQt−1

τ¼h ð1−psh;τÞ
.

The cost of pollution for cohort h is then expressed as follows:

LVs
h � LVO

h ¼ Birthh pO;neoh � ps;neoh

� �
ELVs

h;h

h
þ 1� pO;neoh

� �
pOh;h � psh;h

� �
ELVs

h;hþ1

þ
XT hð Þ�1

t¼hþ1

ELVs
h;tþ1 pOh;t � psh;t

� �
1� pO;neoh

� �Yt�1

τ¼h

1� pOh;τ
� �#

þ Birthh Vs
h;h � VO

h;h

� �
1� pO;neoh

� �
1þ ρð Þ�h

h

þ
XT hð Þ

t¼hþ1

Vs
h;t � VO

h;t

� �
1þ ρð Þ�t 1� pO;neoh

� �Yt�1

τ¼h

1� pOh;τ
� �#

ð3Þ

The equality follows the addition and subtraction of several terms. EL
Vs

h;t stands for the expected welfare that an individual acquires in the rest
of life starting from period t, discounted to the value at t ¼ 0, which is de-
fined as follows:

ELVs
h;t ≡ Vs

h;t 1þ ρð Þ−t þ
XT hð Þ

τ¼tþ1

Vs
h;τ 1þ ρð Þ−τ Yτ−1

n¼t
1−psh;n

� �
ð4Þ

Eq. (3) explains the breakdown of social costs. Thefirst bracket after the
equality reflects the mortality cost. ðpO;neoh −ps;neoh Þ and ðpOh;t−psh;tÞ are the
difference in the mortality rate during a given period. The value of a lost
life is expressed by the welfare in the rest of life, ELVs

h;tþ1 or its variations.

In the second bracket, ðVs
h;h−VO

h;hÞand ðVs
h;t−VO

h;tÞ reflect the differences in
thewelfare levels in each period. These terms aremultiplied by the survival
probability in the status quo case, and the entire second bracket reflects the
expected lifetime welfare loss of surviving individuals.

We quantified the value of the rest of life based on the value of statistical
lives (VSL), which is a standard measure to assess the value of life and
3 Since people emigrating fromKabwewould still be affected by lead pollution, they are not
necessarily excluded from the estimation. Conversely, people immigrating to Kabwewould not
be affected by lead pollution asmuch as people having continuously exposed to lead since their
birth, and the exclusion of these people from the calculationwould not greatly affect the result.
These points justify our assumption to ignore immigration and emigration.

4

inclusive of bothmonetary consumption or income and non-market ameni-
ties. As for the lost welfare of surviving individuals, we accounted for the
channel in which lead poisoning deteriorates the IQs and educational out-
comes, and in which these deteriorations reduce their incomes. Fig. 2 illus-
trates the flow of these social cost channels.

Below, we describe the details of the methods, beginning with the esti-
mation of the social cost of lead pollution.

2.2. Estimation of total social cost of lead pollution

2.2.1. Estimation of BLL
We express the lead poisoning conditions of people with BLL. We recon-

structed the distributions of the status quo BLLs in the study areas based on
Yamada et al. (2020). Based on the BLL and socioeconomic data collected in
2017 through our original survey (Yabe et al., 2020; Yamada et al., 2020),
we statistically (econometrically) estimated the following equation under
the ordinary least squares:

logBLLi ¼ β logSLLi þ X iγ þ εi ð5Þ

where i indexes individuals; SLLi is the SLL around the residence of i; X i is
the individual and household characteristics, such as age, gender, educa-
tion level, household income and length of residence in Kabwe; and εi is
the error term. Although we demonstrated a single equation, we separately
estimated the BLLs of children and adults. β reflects the influence of the SLL
on the BLL, including the inhalation and swallowing of lead-containing dust
and the consumption of lead-containing food items grown in home gardens.
We employ a logarithmic specification because their relationship is not nec-
essarily linear (e.g., the efficiency of the lead absorption and excretion can
change according to the intake level).

Then, we obtained the status quo BLL (BLLOh; j;r;t) by inputting the current
SLL in each r, the corresponding values of age and gender, and the average
individual and household characteristics in each r to the estimated equa-
tion. We used the estimated BLLs instead of the raw observed data because,
firstly, the observed data were not available for all areas of Kabwe and, sec-
ondly, the use of the estimatedBLLs allows us to overcome the self-selection
bias arising from the voluntary nature of the BLL survey (Yamada et al.,
2020).

For the case in which lead pollution is eliminated, we set BLLNh; j;r;t at
2.5 μg/dL for all h, j, r and t. This level is below the latest CDC standard
(CDC, 2021), and adverse effects of lead below this level have not been
widely reported.

2.2.2. Double-checking BLL–SLL relationship
Wedouble-checked the BLLs of the residents based on the integrated ex-

posure uptake biokinetic model (IEUBK ver. 2) (US Environmental
Protection Agency, 2022). The IEUBK model is a bottom-up method that
predicts the BLLs of young children aged 0–6 years based on the ambient
factors, such as the pollution levels of soil, air and food. In addition to the
soil pollution data, we used our own food pollution data collected from
21 locations in Kabwe during 2020 and other pollution data calibrated
from the existing studies (Nakata et al., 2016; Water Management
Consultants Ltd, 2006). The strength of the IEUBKmodel is that it accounts
for the ambient factors explicitly. However, a weakness is that several of its
background parameters, such as dietary habits, behavioural patterns and
housing conditions, are based on US data and may not fully reflect the con-
ditions in Kabwe.



4 We do not imply that the lives of old individuals do not have any value. Rather, our inten-
tion is to focus on themortality for individuals having not yet reached the life expectancy since,
if a person dies of a lead-related sickness before reaching the life expectancy, we could fairly
clearly assume that the sickness shortened his/her life.

5 Although we chose this level as a benchmark best fitting our study context, we recognize
that there is no consensus value for this parameter applicable to all types of cost-benefit anal-
ysis (see for example, Moore et al., 2020).
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As the IEUBK model does not estimate the BLLs of individuals aged
seven years or above, we used the statistical estimation as the main method
and the IEUBK model as a robustness check (see the Supplementary
Material A for the details of the IEUBK model estimations).

2.2.3. Population and mortality
Themortality rates, ps;neoh; j;r and psh; j;r;t, are determined based on the United

Nations (UN) projections on the national-level mortality rate for Zambia
(UN Population Division, 2019), but we adjusted it by the urban–national
disparity in Zambia based on the Central Statistical Office (CSO) of
Zambia (2016), since Kabwe is an urban town, and by the relative risk
ratio (RRR) of neonatal and non‑neonatal lead-related mortality denoted
by RRRs;neo

h; j;r and RRRs
h; j;r;t , respectively. The number of births is determined

by the population and crude birth rate (CBR). The CBR was extracted from
the UN Population Division (2019), and we adjusted it by its urban–
national disparity. We projected the population for 2025–2049 based on
these mortality and fertility factors and the data of the latest census con-
ducted in 2010 (CSO, 2012).

RRRs
h; j;r;t is a function of the BLL. To calculate it, we first listed up the

causes of death, indexed by k, and, from the Global Burden of Disease
(GBD) Study 2019 (GBD, 2020), we obtained the number of deaths from
each cause in Zambia among each five-year age group and gender denoted
by ξh; j;k;t—it does not specifically have the subscript for age, but t−h spec-
ifies the age group. Then, we defined the RRR of cause kunder a given BLL,
denoted by μkðBLLÞ, which takes the value greater than one if a given BLL
increases the mortality risk and takes the value of one otherwise. Then:

RRRs
h; j;r;t ¼

∑kμk BLLsh; j;r;t
� �

ξh; j;k;t
∑kξh; j;k;t

ð6Þ

Among the causes of deaths, we regarded neoplasms, cardiovascular
diseases, chronic obstructive pulmonary disease, and spontaneous abortion
(referring to maternal deaths) as being dependent on BLL.

RRRs;neo
h; j;r is similarly defined, butwe regarded pretermbirths and congen-

ital birth defects as being related to lead pollution. Since these causes are re-
lated to maternal lead poisoning conditions, we assume that μk depends on
the average BLL of women aged 20–39 years denoted by MBLLsr;t . Then:

RRRs;neo
h; j;r ¼

∑kμk MBLLsr;t
� �

ξa; j;k
∑kξa; j;k

ð7Þ

μk was calculated based on the following studies (Borja-Aburto et al.,
1999; Irgens et al., 1998; Jelliffe-Pawlowski et al., 2006; Lanphear et al.,
2018; Lustberg and Silbergeld, 2002; McMichael et al., 1986; Schober
et al., 2006; Steenland et al., 2017; Torres-Sánchez et al., 1999; Vinceti
et al., 2001), as detailed in the Supplementary Material B.

2.2.4. Quantification of mortality cost
Wemeasured the value of lost lives, ELVs

h;tþ1 or its variations in Eq. (3),
using the VSL. The VSL is a standard measure of the value of life, but, since
its value has not been specifically measured for Zambia, we followed the
practice of the World Bank (Narain and Sall, 2016) and adjusted the VSL
of the OECD average to the Zambian equivalent based on the GDP per
capita. In addition, since the VSL increases as the economy grows, we also
adjusted the VSL for future periods based on the GDP per capita growth
rate in Zambia (see the Supplementary Material B for details).

A caution is that, whereas the VSL, or at least its material aspect, may
seem to vary by age, the empirical studies have argued that the VSL does
not have a clear relationship with age (Narain and Sall, 2016). A common
practice in developed countries is to discount the VSL of the elderly aged
65 or above by a factor of 0.3–0.5 while keeping the VSL for the other
ages constant. However, in case of Zambia, the life expectancy at birth
was 64.2 years as of 2020 (World Bank, 2022), making the same
5

discounting potentially unsuitable. Thus, we set the VSL of individuals
aged 65 years or above to zero, which is also a reason for setting TðhÞ at
60–64 years.4

2.2.5. Quantification of IQ and income loss
The income loss from the decreased IQ is formulated by ðBLLNh; j;r;h−BL

LOh; j;r;hÞσθ jyh; j;t . BLL
N
h; j;r;h−BLLOh; j;r;h measures the difference in the BLL as

of period t ¼ h , when an individual is in ages 0–4 years. Because the
exposure to lead in early childhood has a lifelong impact on IQ, we assumed
that the BLL in these ages matters, rather than the BLL at given t. σ is the IQ
points lost per unit increase in the BLL. Based on Lanphear et al. (2005), we
set σ equal to 0.11, 0.19, 0.513 and 0when the ages 0–4 BLL is>20, 10–20,
2.5–10 and <2.5 μg/dL, respectively. θ j is the income loss per unit point
loss of the IQ. An IQ loss reduces the income both directly because of the
loss of cognitive abilities that are useful in jobs and indirectly through the
decreased education levels. The value of θ j was determined based on stud-
ies on US workers (Salkever, 1995; Heckman et al., 2006), but we made an
adjustment since income is more elastic to the human capital level in sub-
Saharan countries than in developed countries (Montenegro and Patrinos,
2014). Summing up the direct and indirect effects, we set θ j to be 2.10 %
and 3.19% formales and females, respectively (see the SupplementaryMa-
terial B for more details of deriving these values). yh; j;t is the expected base-
line income that accounts for unemployment, which varies by age group
and gender. The income and unemployment rate were calculated based
on our socioeconomic survey in Kabwe conducted in 2017 (Hiwatari
et al., 2018), and we projected future incomes by assuming that the income
level would grow at the same rate as the per capita GDP in Zambia. We as-
sumed that individuals work from age 20 to 59, and yh; j;t for other age
groups were set equal to zero.

2.2.6. Other parameters
When demonstrating the results, we express all monetary terms at the

price level of 2017 and convert the local monetary terms to USD based on
the average market exchange rate of 2015–2019 (World Bank, 2022). We
discounted themonetary terms in future periods to the present value by set-
ting ρ ¼0.370, or 6.5 % per annum, following the discount rate for public
project evaluation in low-income countries (Warusawitharana, 2014).5 To
project future per capita GDP growth rate, since the rate fluctuates substan-
tially and is vulnerable to external shocks in Zambia (e.g., the average rate
between 2001 and 2020 was 2.6 %, but it varied from −5.6 % to 7.1 %
owing to resource booms, the global financial crisis, debt default and the
COVID-19 pandemic; World Bank, 2022), we considered three cases of
the growth rate: 1.5 %, 2.5 % and 3.5 % per annum, rather than setting a
single parameter.

2.3. Cost-benefit analysis of remediation measures

2.3.1. Remediation measures
We examined the effects of engineering remediation measures and

estimated the benefits (the reduction of the social cost of lead pollu-
tion) and the cost of implementing these measures. We assume that
remediation is initiated in 2025 and maintained for 25 years until
2049. We estimated the lifetime benefits for individuals born during
these 25 years.

The following remediation measures were chosen based on expert as-
sessments and their technical feasibility for Kabwe. To prevent the primary
source of lead, that is, leakage from the mining waste dumpsite, we consid-
ered a 1-cm cement mortar capping for the dumpsite. It prevents the lead



Table 2
Social cost (area breakdown).

Area Total social
cost [million

Cost per
birth [USD]

BLL [μg/dL]

All Children
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leakage, and the SLL in all areas of Kabwe will gradually decrease through
natural attenuation, although there is an uncertainty in the speed of the nat-
ural attenuation. Thus, we considered two cases: the fast-track case, in
which the SLL halves every five years, and the slow-track case, in which
the SLL halves every ten years (in other words, the SLL becomes approxi-
mately 70 % every five years).

As for residential areas that are particularly highly polluted (“highly
polluted area” in Fig. 1), we additionally considered 10-cm soil removal
and 30-cm soil replacement (excavation and removal of 30 cm of topsoil
and its replacement with clean soil), depending on the pollution depth.
The removed soil will be dumped in a new dumpsite covered with clean
soil. Unlike the dumpsite remediation, these measures immediately lower
the SLL. However, the excavation of the soil in certain areas may not be fea-
sible owing to technical difficulties (e.g., the soil near existing structures)
and opposition from the owners of land and buildings. Thus, we considered
two cases regarding the coverage of these measures: one in which 75 % of
the contaminated soil can be removed or replaced and the other in which
95 % can be removed or replaced. This would result in the SLL dropping
to either 25 % or 5 %, respectively, of the current level initially and then
further decreasing gradually through natural attenuation.

Both the initial and maintenance costs of eachmeasure were estimated.
The initial costs include the material costs, rental fees of machinery, labour
costs, fuel costs and indirect costs (e.g. administrative costs). Maintenance
is needed to prevent leakage of lead owing to the degradation of the cap-
ping. Since the maintenance costs arise in future periods, we discount
them by factoring ð1þ ρÞ−t. Further details are provided in the Supplemen-
tary Material C.

2.3.2. Benefits of remediation
The benefits of these remediation measures were estimated in the same

manner as the total social cost of lead pollution, except that we compared
the pollution level that would be realised when each remediation measure
is implemented (s ¼ R) to the status quo case (s ¼ O). Thus, there is an ad-
ditional step to estimate the BLLs that will be realised when a given reme-
diation measure is implemented, denoted by BLLRh; j;r;t . For individuals
aged 0–4 years (t ¼ hÞ, we estimated the BLLRh; j;r;h by inputting the lowered
SLL in each area and period in Eq. (5). For those aged 5–9 years or above,
their BLLs can decrease from BLLRh; j;r;h by an aging effect and the effect of
the gradual decrease in the SLL over time. However, whereas we input
the respective age in Eq. (5) to reflect an aging effect, we input the SLL as
of the time when they were 0–4 years, rather than inputting the SLL at a
given period, because lead exposure can have a long-term effect and
whether a reduction of the SLL after being exposed to a higher SLL does re-
duce the BLL is not clear. Thus, to be conservative and avoid overestimation
of the BLL reduction, we account for only the aging effect to estimate BL
LRh; j;r;t for those aged 5–9 years or above.

3. Results

3.1. Social cost of lead pollution

Table 1 summarises the social cost of lead pollution in Kabwe that indi-
viduals born between 2025 and 2049 will incur in their lifetime. The total
Table 1
Social cost of lead pollution in Kabwe.

Economic
growth rate

Total social cost
[million USD]

Cost per birth
[USD]

Breakdown by channel
[million USD]

IQ & income loss Mortality

1.5 % annum 224 930 201 22.8
2.5 % annum 362 1503 329 32.8
3.5 % annum 593 2465 542 51.3

The monetary terms are under the 2017 price. The social cost that individuals to be
born in 2025–2049 will incur in their lifetime.
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social cost was estimated to be 224–593 million USD, depending on the
future economic growth rate. The cost of the IQ and income loss ac-
counted approximately 90 % of the total social cost. Nevertheless, the
cost of the mortality of 22.8–51.3 million USD is not negligible, and
the lost lives amounted to 1557 (0.67 % of total deaths). The cost per
birth divided the total cost by the number of births for this generation
of individuals, a concept basically equivalent to the cost per person,
and its value was 930–2465 USD. This value is substantial for the stan-
dard of Kabwe, where the average annual household income was ap-
proximately 4000 USD as of 2017.

In Table 2, we divided the entire town into three: highly polluted areas,
where we apply the residential area remediation in the later analysis; other
urban areas, mostly within 5 km of the dumpsite; and distant suburban and
farming areas. To simplify the demonstration, we refer only to the case in
which the economic growth rate is 2.5 % in the text (other cases are
demonstrated in Table 2). The social cost per birthwas the highest in highly
polluted areas, where the average BLL of the residents was 24.6 μg/dL and
the average BLL among children aged 0–4 years was 40.6 μg/dL. The total
social cost was higher in other urban areas than in highly polluted areas
owing to the large population in the former, but the per capita cost was
40 % lower. Both the total and per capita social costs were the smallest in
distant suburban and farming areas, although children's BLLs still exceeded
the CDC (2021) standard.

3.2. Cost and benefits of potential remediation measures

Table 3 shows the costs and benefits of remediation. We report the
mean benefits because we have six parametric combinations owing to the
assumptions on the speed of the SLL reduction and the economic growth
rate, but the minimum and maximum are also reported in Table 3.

In all cases considered, the mean benefits always exceeded the costs.
The cost of the dumpsite remediation was 35.1 million USD, whereas the
mean benefit was 80.2 million USD. The benefit exceeded the cost in all
but the case in which both the SLL decline and economic growth are
slow. By removing 75 % of the soil in highly polluted residential areas,
the cost was increased to 74.2 million USD, and the mean benefit increased
to 105 million USD. If 95 % of the soil is removable, the cost became
84.7 million USD, and the mean benefit increased to 134 million USD.

The dumpsite remediation had the highest cost–benefit ratio and can
be considered the most cost-efficient. The marginal profitability of re-
mediation in residential areas depended on the proportion of removable
soil. If 75 % of soil was removable or replaceable, the additional benefit
compared to the dumpsite remediation was 24.8 million USD, but the
additional cost was 39.1 million USD. Meanwhile, if 95 % of soil was re-
movable or replaceable, the additional benefit was 53.2 million USD,
exceeding the additional cost of 49.6 million USD. Thus, the residential
area remediation should be done intensively, rather than sparingly,
from the perspective of efficiency. This reflects the increasing return
USD]
population (0–4 years)

Highly polluted areas 135
[84.4–218]

2509
[1574–4070]

24.6 40.6

Other urban areas (<5 km
from the dumping site)

157
[96.8–259]

1566
[963–2580]

11.2 18.1

Distant suburban areas and
farming areas (>5 km from
the dumping site)

70.1
[42.8–116]

880
[536–1455]

5.5 8.6

The monetary terms are under the 2017 price. The social cost that individuals to be
born in 2025–2049 will incur in their lifetime. Highly polluted areas correspond to
the area specified in Fig. 1. Estimates under the assumption of 2.5 % economic
growth rate are displayed at the top, and those under the assumptions of 1.5 %
and 3.5 % growth rates are shown in brackets.



Table 3
Cost and benefit of remediation.

Cost of remediation Benefit of remediation

Total Dumpsite Residential
area

Total
benefit

IQ
improvement

Mortality
reduction

Only dumpsite remediation
35.1 35.1 N/A 80.2

[29.1–164]
73.7
[26.8–151]

6.5
[2.3–13.4]

75 % of residential soil is removable
74.2 35.1 39.1 105

[43.5–202]
96.5
[40.0–185]

8.8
[3.4–17.3]

95 % of residential soil is removable
84.7 35.1 49.6 134

[58.8–247]
122
[53.8–225]

11.6
[4.9–21.5]

Themonetary terms are in million USD under the 2017 price. As for the benefit, the
mean is reported at the top row, and the minimum and maximum are reported in
brackets.
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of the BLL improvement with respect to the SLL improvement, which we
discuss in the next subsection.

3.3. BLL estimation

Fig. 3 shows the trajectories of the BLLs of children aged 0–4 years after
remediation is implemented. The dumpsite remediation gradually lowered
the BLLs of children in all areas. However, with this remediation only, the
BLLs in highly polluted areas would remain high even after 25 years. The
residential area remediation immediately lowered the BLLs in highly
polluted areas, and, by removing or replacing 95 % of polluted soil, the
BLLs in highly polluted areas decreased to those in other urban areas.

The figure also highlights the following two further points. First,
whereas the dumpsite capping would lower the SLL by 93 % or 75 % in
two decades, depending on the speed of natural attenuation, the resulting
BLL did not decrease as much. Second, in the case in which the residential
area remediation was also implemented, the trajectory differed substan-
tially by the proportion of removed or replaced soil. These points reflect
the concave relationship between the BLL and SLL. Our statistical method
estimated β of Eq. (5) to be 0.33, implying BLL ¼ SLL0:33 times positive fac-
tors. That is, the BLL steeply increases with the SLL, when the SLL is low, but
slowly increases, when the SLL is high (similar results were obtained under
the IEUBK model; see Supplementary Material A). Thus, the BLL does not
decrease as much as the SLL does. The relationship also conversely implies
that an SLL reduction has an increasing-return relationship with a BLL re-
duction. Thus, 75 %- and 95%-reduction cases of the residential area reme-
diation led to a substantial difference in the resulting BLLs and benefits.
Fig. 3. Trajectories of BLLs unde
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4. Discussion and conclusion

We investigated the social cost of lead pollution and the benefits and
costs of potential remediation measures, focusing on the lead pollution
problem in Kabwe, Zambia. As the sources of the social cost, we considered
the future income loss owing to the decreased IQ and educational outcomes
and the mortality from lead poisoning-related illnesses. Regarding remedi-
ation measures, we considered the cement capping of the mining waste
dumpsite and the soil removal and replacement in highly polluted residen-
tial areas.

As for the social costs, the results showed that the generations born in
2025–2049 would incur a cost of 224–593 million USD in their lifetime
(930–2465 USD per person). These costs are substantial for a town with a
population of 200,000 and the average annual household income of 4000
USD. Further analysis showed that while the residents in the pollution
hotspots would incur the largest social cost per person, the cost in other
areas was also substantial, since the residents outside the hotspot, particu-
larly children, also have BLLs above a standard criterion such as the CDC
(2021). Thus, remediation, treatment or other form of intervention needs
to consider the entire town, not only the hotspots. The future income loss
constituted approximately 90 % of the social cost. An IQ reduction occurs
even at a low BLL, and thus the IQ loss incurs a cost for the residents in al-
most all areas of Kabwe. In contrast, the share of the mortality cost was not
high. Although the BLLs of children in hotspots were>10 times higher than
the CDC (2021) standard of 3.5 μg/dL, which led to a substantial IQ loss,
these levels generally do not cause immediate deaths found in several
acute cases, such as the outbreak in rural Zamfara, Nigeria, that killed
25 % of children in 2010 (Dooyema et al., 2012). Nevertheless, chronic ex-
posure to lead is a latent factor for several causes of death, and the social
cost of mortality was not negligible in our case.

Our estimate of the social cost is rather conservative, and there could be
additional social costs not accounted for in this study owing to the lack of
data or their intangible nature. First, the risk of non-fatal illnesses and dis-
orders can be substantial, and the disutility among people, medical ex-
penses and labour supply loss can be considered parts of the social cost—
although there is no specific medical treatment for lead poisoning in
Kabwe, and medical expenses could be of little significance. Second, lead
poisoning causes delinquency and crime through its effects on behavioural
and emotional control (Nevin, 2007; Aizer and Currie, 2019). Recent stud-
ies focusing on developed countries account for medical expenses and
crime although their volumes tend to be small compared to the cost of fu-
ture income losses (Landrigan et al., 2002; Gould, 2009; Guerriero et al.,
2011; Pichery et al., 2011). For example, in the estimation by Gould
(2009), the health care cost and the increased crime correspond to approx-
imately 16%and 1%, respectively, of the cost of the future income loss. Re-
fining the estimate of the social cost through investigating these additional
r each remediation scenario.
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channels would be a topic for further research. Nevertheless, our results
provide a conservative, lower-bound estimate of the actual social cost.

As for remediation, we considered the cement capping of the dumpsite,
which would gradually lower the SLL and provide benefits for all areas of
Kabwe, and the soil removal and replacement in highly contaminated
areas, which would immediately generate benefits for the residents in
these areas. The results showed that the benefit exceeded the cost of imple-
menting these engineering remediation measures. Thus, the first implica-
tion is that these remediation measures are worth their costs. The
dumpsite capping has a particularly high benefit–cost ratio and is recom-
mended since it prevents the main source of pollution.

The second implication is that, if implementing the residential area re-
mediation, as long as it is feasible budget-wise, an implementation design
to thoroughly remove polluted soil is recommended over that to a small-
scale, sparing implementation that removes soil only from certain selected
places. A sparing implementation for public spaces, such as main roads and
school grounds, may seem efficient because a lot of residents may visit
these places. However, a sparing implementation may not greatly reduce
the BLL because the SLL reduction has an increasing return with respect
to the BLL reduction. Furthermore, because young children before school
ages in Kabwe, who are most sensitive to lead exposure, spend most of
time around their houses, the soil removal in public spaces may not greatly
prevent their exposure to lead.

However, these remediations alone would not immediately and per-
fectly eliminate pollution, and thus, a combination of these remediations
with alternative interventions can be beneficial. For example, chelation
therapy, which was conducted under the World Bank project of ZMERIP
as a trial, may be provided until the SLL is sufficiently decreased. Another
example is to promote the knowledge of lead and daily practices to avoid
exposure to lead, such as not touching metal compound precipitated after
the wet season, washing hands after touching soil, and not swimming in a
canal and pond. In verbal communication during our surveys in 2017 and
2022, the general knowledge of lead pollution was limited. Interventions
to improve the general awareness of lead pollution can thus help further re-
duce the social cost of lead pollution.
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