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a b s t r a c t

Anthropogenic processes have increased the exposure of humans and wildlife to toxic methyl mercury
(MeHg). Mercury emissions will increase by about 25% between 2005 and 2020, if the present trajectory
is maintained. A global assessment of societal damages caused by the ingestion of methyl mercury, based
merely on loss of IQ (Intelligence Quotient), suggests that the annual cost will be approximately US$3.7
billion (2005 dollars) in 2020. The corresponding cost of damages resulting from the inhalation of methyl
mercury is estimated at US$2.9 million (2005 dollars). Under a higher degree of emission control such as
in the case of the Extended Emission Control (EXEC) and the Maximum Feasible Technological Reduction
(MFTR) scenarios, total emissions could decrease in the period 2005–2020 by about 50–60%. The
corresponding annual benefits in 2020 are estimated to be about US$1.8–2.2 billion (2005 dollars). Large
economic benefits can be achieved by reducing global mercury emissions.

! 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Mercury (Hg) is causing significant environmental damage
worldwide. International agreements and cooperation are needed
to cope with the consequences of the environmental and human
health impacts caused by mercury contamination. In this context,
mercury has been on the agenda of the United Nations Environ-
mental Programme’s (UNEP) Governing Council (GC) since 2002. A
part of the UNEP initiative is to obtain the best available informa-
tion on atmospheric mercury emissions and trends, as well as to
investigate applicable regulatory mechanisms. A global inventory
of anthropogenic emissions to the atmosphere in 2005 was
prepared by UNEP Chemicals and Arctic Monitoring Assessment
Programme (AMAP) as a contribution to the UNEP report; Global
Atmospheric Mercury Assessment: Sources, Emissions and Transport
[1]. Mercury emissions and emission trends by country, region and
sector were assessed, and the anthropogenic emissions estimates
were geospatially distributed. Scenario emissions inventories for
2020 were also compiled on a global scale to investigate the
implications of actions to reduce mercury emissions (the ‘Status
Quo’ (SQ) scenario, the ‘Extended Emissions Control’ (EXEC)

scenario, and the Maximum Feasible Technological Reduction’
(MFTR) scenario).

The 2020 SQ emission scenario assumes that current practises
and abatement techniques in controlling mercury emissions from
various sources and uses of mercury that result in mercury
emissions to the atmosphere will continue until the year 2020
(i.e. that in the year 2020 production of anthropogenic mercury
emissions will proceed without additional legislation or control as
in the year 2005). The EXEC scenario, on the other hand, assumes
economic progress at a rate dependent on the future development
of industrial technologies and emissions control technologies –
that is, that the mercury-reducing technology currently generally
employed throughout Europe and North America would be
implemented elsewhere. It further assumes that emissions control
measures currently implemented or committed to be imple-
mented in Europe to reduce mercury emissions to air or water
would be implemented around the world. These include certain
measures adopted under the LRTAP Convention, EU Directives, and
also agreements to meet the IPCC Kyoto targets on reduction of
greenhouse gases that will cause reductions in mercury emissions.
Finally, the MFTR scenario assumes implementation of all available
solutions/measures, leading to the maximum degree of reduction
of mercury emissions and its discharges to any environment; cost
is taken into account but only as a secondary consideration.
Table 1 summarizes the assumptions made for mercury for the
year 2020 [1].
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Mercury emission scenarios have recently been made by Streets
et al. for 2050 based upon IPCC (Intergovernmental Panel on
Climate Change) scenario assumptions. However, these are not
further mentioned in this paper since they differ methodologically
from the 2020 scenarios developed for the UNEP assessment, in
terms of emission factors, technology, and economic parameters
[2]. To develop cost-efficient strategies for reducing environmental
and human health impacts, it is necessary to examine efficiencies
and costs of available emission and exposure reduction options to
mercury. Abatement techniques and practises employed to reduce
emissions of mercury in the year 2005 are described in a report
prepared for the UNEP Chemicals on the qualitative assessment of
the potential costs/benefits associated with emission reductions of
mercury from various sources [3].

However, a full economic cost-benefit analysis would require
detailed information on alternative strategies and associated costs
of reducing emissions, as well as quantitative source–receptor and
dose–response descriptions and quantified benefits for reducing
the impacts on human health and ecosystems. Since such detailed
information is lacking, a first step towards a full economic cost-
benefit analysis was the merging of information on global anthro-
pogenic mercury emissions [1] with societal costs of mercury
pollution caused by negative impacts on human health in terms of
intelligence quotient (IQ) decrement. The IQ loss is the only prop-
erly monetized damage cost due to methyl mercury (MeHg)
exposure presented in the literature. This led to an assessment
prepared for the Nordic Council of Ministers [4] where the societal
damage costs of continuing the Status Quo of mercury pollution
until 2020 were compared to the economic benefits of globally-
introduced mercury emission controls assessed in the UNEP
Chemical report [3]. The main outcome of this assessment is
presented in this paper. Emphasis is placed on providing
a conceptual understanding of the global mercury pollution
problem caused by the different emission sources, economic costs
from exposure, as well as economic benefits achieved from intro-
ducing mercury emission reduction measures in future emission
scenarios.

2. Atmospheric mercury emission sources

Estimates of atmospheric emissions of mercury from major
sources worldwide in the year 2005 are reported in the UNEP
Chemicals Global Mercury Assessment [1]. Details on how the
mercury emissions were estimated can also be found in Pacyna
et al. [5]. Most of the anthropogenic mercury emitted to the

atmosphere originates frommineral processing undertaken at high
temperatures, such as combustion of fossil fuels, roasting and
smelting of non-ferrous metal ores, coke production and iron and
steel foundries, as well as kilns operations in cement industry [5].
The use of mercury in products may give rise to emissions during
the production phase as well as during use and disposal. The major
uses of mercury include: Chlor-alkali production using the mercury
cell process, artisanal gold mining, amalgam use for dental services
and production, use and disposal of mercury in products including
batteries, measuring and control instruments, electrical lightning,
wiring devices, and electrical switches [5].

The results of the anthropogenic emission estimates are
presented in Fig. 1. About three quarters of the total anthropogenic
emissions of mercury in the year 2005, estimated to be 1930
tonnes, comes from sources where mercury is emitted as a by-
product (i.e. emissions generated unintentionally), with the
remained is emitted during various applications of mercury. The

Table 1
Scenario assumptions made for mercury for the year 2020 (as presented in the UNEP assessment [1]).

Sector SQ 2020 EXEC 2020 MFTR 2020

Large combustion
plants

Increase in coal consumption in
Africa (20%), South America (50%)
and Asia (50%).
Application of current
technology.

SQ 2020 plus:
De-dusting: fabric filters and electrostatic
precipitators operated in combination with FGD.
Activated carbon filters. Sulphur-impregnated absorbents.
Selenium impregnated filters.

SQ 2020 plus:
Integrated gasification combined
cycle (IGCC).
Supercritical polyvalent technologies.
50% participation in electricity generation
by thermal method.

Iron and steel
production

Application of current
technology.

In sintering: fine wet scrubbing systems or fabric filters
(FFs) with addition of lignite coke powder.
In blast furnaces: scrubbers or wet ESPs for BF gas treatment.
In basic oxygen furnace: dry ESP or scrubbing for primary
de-dusting and fabric filters or ESPs for secondary de-dusting.
In electric arc furnaces: fabric filters and catalytic oxidation.

EXEC 2020 techniques in existing
installations plus:
Sorting of scrap.
New iron-making techniques.
Direct reduction and smelting reduction.

Cement industry Increase in global cement
production (50%).

SQ 2020 plus:
De-dusting: fabric filters (FFs) and electrostatic
precipitators (ESP).

SQ 2020 and EXEC 2020 plus:
All plants with techniques for
heavy metals reduction.

Chlor-alkali
industry

Application of current
technology.

Phase-out of mercury cell plants by 2010.

Fig. 1. Global anthropogenic emissions of mercury to air from different regions by
sector in 2005. (From Pacyna et al. 2009 [5]).
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largest share of mercury emissions to the global atmosphere
(almost 46%) originates from the combustion of fossil fuels, mainly
coal in utility, industrial, and residential boilers. These are followed
by artisanal and small-scale gold mining (almost 18%); ferrous and
non-ferrous metal production, including large-scale gold produc-
tion (13%); and cement production, (about 10%).

Asia contributed the largest, as much as 60% of the total global
mercury emissions. China, with more than 2000 coal-fired power
plants and a host of other large mercury-emitting industrial
activities, is the largest single emitter of mercury worldwide.
Equally significant are emissions from combustion of poor quality
coal mixed with various kinds of wastes in small residential units to
produce heat and cook food in rural areas [5]. Together, three
countries – China, the USA and India – are responsible for about 55%
of the total global mercury emissions from by-product sectors
(i.e. 1480 tonnes).

3. Atmospheric mercury emissions: the status-quo scenario

The SQ scenario assumes that, in the year 2020, generation of
anthropogenic mercury emissions will proceed without additional
legislation or control as in the year 2005. The emission abatement
techniques and practises employed to reduce emissions of mercury
in the year 2005 are described in detail in the UNEP Chemicals
report [3]. To summarize, the application of electrostatic precipi-
tators (ESPs), fabric filters (FFs), and flue gas desulphurization
(FGD) installations are taken into account for major point sources of
mercury emissions to the atmosphere, such as large electric and
heat generating power plants, non-ferrous and ferrous smelters,
cement kilns and waste incinerators. It is assumed in the SQ
emission scenario that the 2005 emission factors for these emission
categories will not change until the year 2020.

The economic activities for the production of industrial goods,
including energy, and the consumption of rawmaterials in the year
2020 were obtained from statistical yearbooks and models on
energy and industrial goods production, such as the EU PRIMES
model. This model was used to generate information neededwithin
the CAFÉ (Clean Air for Europe) program (see http://europa.eu.int/
comm/environment/air/cafe/index.htm).

Very little data are currently available to support the development
of future scenarios to 2020 formercury fromproduct use, cremations
of corpseswith dental amalgam, and artisanal goldmining. Increased
global supply and consumption of mercury may lead to increased
emissions via several routes, but if recycling and safe handling is
implemented in more regions, emissions may decrease or stabilise.
Another critical issue is management of household, medical and
industrial waste. For emissions related to the product use of mercury,
the waste sector is responsible for the major part of the emissions.
However, better waste management, recycling and controlled incin-
eration or landfill disposal can reduce mercury emissions substan-
tially. For artisanal gold mining, the use of mercury is likely to
continue or increase since this activity is driven mostly by poverty.
Small-scale gold mining communities are dependent on the use of
mercury for their livelihood and, as pointed out by Hilson [6], the
dynamics of producing communities would have to be understood in
order to resolve the mercury pollution problem. Even if mercury
supply is decreased (e.g., via restricting export and trade from
Europe), illegal trademay replace thismercuryandneworpreviously
active mercury mines may be reopened. For the SQ scenario, it has
been assumed that the intentional use of mercury in the year 2005
will continue at the same level until the year 2020.

An increase of about 25% was estimated in 2020 compared to
the 2005 estimate in the UNEP Chemicals study. The total anthro-
pogenic mercury emissions to air in 2020 were estimated to be
2390 tonnes per year against 1930 tonnes in 2005 [1].

4. Reducing atmospheric mercury emissions beyond the
Status Quo scenario

4.1. Mercury emission reduction measures in 2020

It was concluded in UNEP Chemicals [3] that a number of
technical and non-technical measures are available for reducing
mercury emissions from anthropogenic sources where mercury is
a by-product (e.g. power plants, smelters, cement kilns, other
industrial plants), is used intentionally, or used in waste disposal.
These measures differ with regard to emission control efficiency,
costs, and environmental benefits obtained through their
implementation.

Mercury emissions may often be substantially reduced by
equipment employed to reduce emissions of other pollutants. The
best example is the reduction of mercury emissions using flue gas
desulphurization (FGD) installations. The removal efficiency of FGD
installations for mercury ranges from 30 to 50%. The same applies
to de-NOx installations, and control devices reducing the emissions
of fine particles. Hence, it can be concluded that the technical
measures for mercury emission reduction in some regions are in
place within the major emission sources categories, such as
combustion of coal to produce electricity and heat, manufacturing
of non-ferrous metals, iron and steel production, cement industry
and waste incineration [3].

The UNEP Chemicals study [3] also concluded that efficient,
non-technological measures and pre-treatment methods are
available for the reduction of mercury releases from various uses of
products containing mercury. These measures include a ban on the
use and substitution of products containing mercury and cleaning
raw materials (e.g. coal cleaning), as well as energy conservation
options, such as energy taxes, consumer information, energy
management and improvement of efficiency of energy production
through a co-generation of electricity and heat in coal-fired power
plants. Other potential measures affecting mercury emissions
comprise prevention options, aimed at reducing mercury in wastes
and material separation, labelling of mercury-containing products,
and input taxes on the use of mercury in products [3].

For coal combustion, the incremental cost of mercury emission
reduction varies substantially, depending on several factors such as
the type of coal used, the type of combustion unit, the type of
control devices already in place to control other pollutants, the
facility configuration, and the percentage reduction expected. Wet
scrubbers installed primarily for mercury have been estimated to
cost between US$168,000 and US$384,000 per kg of mercury
removed [3]. On average, these estimates are very close to the cost
of US$234,000 per kg mercury removed, as estimated and used in
the study of the effectiveness of the UN ECE heavy metals (HM)
Protocol and cost of additional measures [7].

In general, high mercury emission control efficiencies,
exceeding 95%, can be obtained through a combination of FGD and
electrostatic precipitators (ESPs) or fabric filters (FFs) with an ‘‘add
on’’ type of equipment, specific for the removal of mercury from
the flue gases, including carbon filter beds and activated carbon
injection. However, the combined solutions are very expensive
and they are used only at a few sites around the globe. In 2005, the
U.S. Environmental Protection Agency (EPA) had estimated that it
would cost between US$149,300 and US$154,000 per kg to
achieve a 90% control level using sorbent injection [8]. But,
according to Sloss [9], there has been a strong decrease in the costs
to achieve 90% mercury capture in recent years as a result from
investments in research and development. Field test results
published in 2007 showed that the cost of 90% mercury control
could be lowered to less than US$10,000 per pound (22,000 per
kg) mercury removed [10].
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4.2. Mercury emissions within the reduction scenarios in year 2020

The efficiency of mercury removal for emission control tech-
nologies, available from the database developed within the EU
ESPREME project (http://espreme.ier.uni-stuttgart.de), was used to
assess emission factors which were then used to estimate the
emissions in future scenarios in the UNEP report on Global Atmo-
spheric Mercury Assessment [1]. These emission factors are also
available in the ESPREME database for individual emission source
categories.

Emissions estimated for the 2020 SQ scenario can be lowered
even below the 2005 emission level by applying technological and
non-technological measures that will reduce emissions of mercury
to the atmosphere by the year 2020. The mercury emissions in
2020, in accordance with the assumptions defined within the EXEC
and MFTR scenarios, are estimated to be 1070 metric tonnes and
860 metric tonnes, respectively. Details on methodology of emis-
sion estimates are presented in the UNEP report on Global Atmo-
spheric Mercury Assessment [1]. A comparison of mercury
emissions from by-product sources in the year 2005 with the 2020
SQ, EXEC and MFTR emission scenarios for various regions in the
world is presented in Fig. 2.

The largest increase of mercury emissions from by-product
sources in the period from 2005 until 2020 is expected in Asia,
assuming that the current mercury pollution will continue until
2020 (the SQ scenario). Detailed analysis carried out within the
UNEP report on Global Atmospheric Mercury Assessment indi-
cates that the increase of Asian emissions is primarily due to the
expected increase of mercury emissions in China followed by
India [1].

A significant decrease in mercury emissions from by-product
sources between 2005 and 2020 is estimated for all continents for
the emission scenarios EXEC and MFTR assuming the imple-
mentation of efficient emission control devices. As expected, the
largest emissions of mercury in 2020 are estimated for Asia. The
decreases of mercury emissions in Europe, North America,
Australia, Japan and Russia are expected to be between 40 and 60%.

Hence, it can be concluded that a decrease by one third of
total emissions of mercury released in 2005 could be achieved by
2020, provided that the assumptions of the EXEC are met.
Furthermore, as much as 50% of the 2005 total emission can be

reduced by 2020, if the assumptions of the MFTR scenario are
met. These decreases would be facilitated by reductions in
mercury emissions resulting from changes in patterns of
consumption for coal used to produce electricity and heat. There
is also a clear decrease in mercury emissions estimated for
various industrial sectors, such as cement production and ferrous
and non-ferrous metal production.

Scenarios for future intentional use of mercury are uncertain
due to the lack of consistent international agreements and policies
to reduce mercury demand. In many countries and regions, large
efforts are nevertheless being made to reduce mercury use in
products and in industrial applications. The potential for a reduc-
tion in use is also large since technologically and economically
feasible alternatives are often available.

5. Atmospheric transport, emission deposition and potential
risks

Mercury has a long atmospheric residence time. Mercury
emitted in industrialised regions can therefore be transported to
other continents or to sensitive ecosystems in remote regions, such
as the Arctic [11]. The relative importance of global versus regional
sources and source–receptor relationships in the Northern Hemi-
sphere was evaluated in Travnikov [12], who concluded that about
40% of annual mercury deposition to Europe originates from
external sources, including 15% from Asia and 5% from North
America. The latter is far more exposed to emission sources from
other continents; up to 67% of total deposition to the continent
originates from external anthropogenic and natural sources. Of this,
about 24% can be apportioned to Asian and 14% to European
sources. In contrast, the contribution of all external sources for Asia
does not exceed 32%.

The UNEP assessment [1] concluded that concentrations of
mercury in ambient air are generally too low to represent any risk
of adverse health effects for humans. The concern over mercury in
the atmosphere is primarily related to its potential to be trans-
ported over long distances and the fact that, following deposition, it
can be taken up by biota and transformed through the food web.
Nevertheless, deposition increases of mercury above threefold have
been documented near emission sources; depositions depend on
stack height, the quantity and chemistry of the emitted mercury,
and local atmospheric chemistry [13,14].

Bacteria in aquatic systems convert a small proportion of the
deposited mercury to methyl mercury (MeHg), which once
transformed through the food web bioaccumulates in fish.
However, aquatic systems vary in the efficiency with which
atmospherically-deposited mercury is transformed to MeHg and
bioaccumulated [15]. For example, the mercury concentration of
fish in adjacent lakes can vary as much as 10-fold, even when
atmospheric mercury levels are comparable [16]. In a given
aquatic system, the production of MeHg is believed to be
approximately proportional to atmospheric mercury deposition
(but with variable response time and magnitude), so it is likely
that historical increases in mercury emissions have increased
MeHg concentrations in fish [15].

Mercury can bioaccumulate and biomagnify in the form of
MeHg in food-webs (particularly aquatic food-webs) to levels
dangerous to organisms, including humans. A major assessment of
the environmental effects of mercury has been carried out within
AMAP [11]. It was concluded that piscivorous fish such as tuna and
top predators experience the greatest exposure to MeHg. Dietary
MeHg could, moreover, adversely affect reproduction in wild
populations of fish in surface waters containing food-webs with
high concentrations of MeHg [11].

Fig. 2. Comparison of emissions of mercury as a by-product in the year 2005 with the
2020 emission scenarios for various regions worldwide. (From Pacyna et al. 2009 [5]).
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6. Human health impacts

Consumption of fish is the major source of MeHg exposure to
humans. For some populations, such as the indigenous groups in
the Arctic, consumption of marinemammals, such as whales, is also
a significant source of exposure to MeHg. Another source of expo-
sure is consumption of animals that have been nourished with fish
feed [11]. Various reference doses with regard to the optimum safe
level of MeHg content in fish have been proposed by various
organizations, such as the Food and Agriculture Organization (FAO),
the European Commission, Health Canada, the U.S. Food and Drug
Administration (FDA), and the US EPA, ranging from 0.1 to 0.4 mg of
methyl mercury per kg of body weight per day [17].

Dietary MeHg is almost completely absorbed into the blood and
distributed to all tissues including the brain; it also readily passes
through the placenta to the fetus and fetal brain. Populations who
regularly and frequently consume large amounts of fish – either
marine species that typically havemuch higher levels of MeHg than
other seafood, or freshwater fish that have been affected by
mercury pollution – are more highly exposed. Because the devel-
oping fetus is the most sensitive to the effects from MeHg, women
of childbearing age are regarded as the population group of greatest
concern [18].

MeHg is a developmental neurotoxicant at dangerously high
environmental levels in many regions of the world. It can cause
neurological effects, including reductions in IQ among children.
Among adults, neurobehavioral effects can be observed at moder-
ately elevated exposures. There is also a body of evidence indicating
elevated risk for cardiovascular diseases, especially myocardial
infarction. In the case of severe exposure, there is a risk for repro-
ductive outcomes, immune system effects and premature death
[18,19].

A database of health end points has recently been compiled
under the EU DROPS project (http://drops.nilu.no) [20]. Neuro-
toxic impacts were found to be the main human health end point
for mercury. The most cited studies on neurotoxic impacts due to
mercury have followed cohorts of children among three
populations in New Zealand [21], the Seychelles [22], and the
Faroe Islands [23], where diets contains a particularly large
portion of seafood. Significant associations between exposure and
neurotoxic impacts have been observed. For instance, based on
these findings, Trasande et al. [24] consider several possible forms
of the dose-response function (DRF) with and without threshold
effect in estimating the societal cost of the IQ decrement in the
USA. These DRFs were revised in Trasande et al. [25]. The revised
function of DRF for mercury by Axelrad et al. [26] is based on an
integrated analysis of the New Zealand, the Seychelles, and the
Faroe Islands studies as well as the estimates of Trasende et al.
[24]. This function is also used in the Spadaro and Rabl [27] study.
The impacts are relevant for children due to the transmission of
toxic substance eaten by the mother during pregnancy. Regarding
the impacts among adults, no significant correlation with neuro-
toxic impacts was found due to the lower sensitivity of the adult
brain [28]. There are other impacts due to mercury at low doses
documented in the literature such as on coronary heart disease.
However, a review by Virtanen et al. [29] shows that the case
seems to be less clear than for neurotoxic impacts (Quoted also in
Spadaro and Rabl [27]).

The slope factor (i.e. the number of IQ point losses due to daily
(yearly) intake of MeHg) in the Spadaro and Rabl [27] study, is
a product of the relation between intake dose of methyl mercury
and concentration, maternal blood concentration, a ratio cord
blood concentration, a ratio hair/cord blood, and a dose–response
function for IQ loss per increase in maternal hair mercury. The
result is a slope factor sDR with a value of 0.036 IQ points per mg/day.

Quoting further Spadaro and Rabl, the lifetime impact on the
offspring is only the product of the slope factor and ingestion above
the threshold dose. Assuming the threshold dose of 6.7 mg/day, the
effect is 0.020 IQ points loss while it is 0.087 IQ points loss for zero
threshold.

7. Costs of damages caused by mercury pollution

The costs referred to here are the external costs associated
with measurable damages to human health and the environment.
For human health, the costs of damages are related directly to the
dose of MeHg received through inhalation of contaminated air
and the ingestion of polluted food. The slope factor links the IQ
changes with the intake of mercury-containing food during
pregnancy, which might have a direct and indirect effect on future
earnings. The direct effect of reduced IQ is traced through its
impact on job attainment and performance. Reduced IQ may also
indirectly lead to reduced educational attainment, which, in turn,
affects earnings. The total cost of damages related to welfare
parameters of changes in development impairment have been
reviewed in the DROPS project [20]. This cost includes those
related to loss of earnings, loss of education, as well as the
opportunity cost while at school [30]. A literature review based
on studies conducted in the USA and related to costs based on IQ
decrement was performed by Rabl and Spadaro [27]. These
damage costs can be listed as follows [24,31–33,34]:

- Lutter (2000) indicates 3,000 V (US$ 4500) per IQ point,
- Grosse et al. (2002) estimate US$ 14 500 per IQ point,
- Muir and Zegarac (2001) estimate US$ 15 000 per IQ point,
- Rice and Hammitt (2005) indicate US$ 16 500 per IQ point and
- Trasande et al. (2005) indicate US$ 22 300 per IQ point.

Spadaro and Rabl [27] concluded on the basis of this literature
review that it is proper to useV12,000 (US$18,000) per IQ point. To
estimate a worldwide average cost of damage per kg of mercury
emitted due to ingestion, the method links statistics on country
specific population and birth rates (i.e. the fraction of the
population affected), to the slope factor and cost of IQ decrement
(see Spadaro and Rabl [27] for more information). The US costs
based on the IQ decrement is adjusted by transferring the country
specific cost to other countries using the Gross Domestic Product
(GDP) per capita expressed as Purchasing Power Parity (PPP) as
a weighting factor. The method, called benefit transfer, uses the
following formula:

ci ¼ cUSA

!
GDPppp =capita

"
i!

GDPppp=capita
"
USA

Ci is a damage cost in a specific country and CUSA is the damage cost
in the USA. Based on this formula, the costs are dependent on the
GDPppp per capita level in the studied country. Thus, a country with
low GDPppp will have a lower cost of IQ loss and vice versa for
a country with a high GDPppp. For a dose threshold of 6.7 g/day of
MeHg per person, the global average estimate was about US$1500
per kg mercury emitted. This is the value used in this paper when
calculating damage costs associated with the ingestion pathway.

As a rough estimate, instead of making the benefit transfer for
each country, estimates for the costs of damages resulting from
inhalation are based on results from the DROPS project for inha-
lation of mercury polluted air [20]. To reflect the differences in
technology composition, damage costs are used for two case
countries, Poland and Germany. The amount of V0.8582
(US$1.2873) per kg of mercury (the case of Poland) is used for the
countries in Asia (except Japan), Eastern Europe, Africa and South
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America, while V1,419 (US$2.1285) per kg of mercury (the case of
Germany) was used for the rest of the world. The procedure was
simply to multiply the damage costs per kg of mercury to the
emissions in the respective country.

The costs of damages resulting from ingestion and inhalation
were estimated in the report to the Nordic Council of Ministers and
revised for this paper for various continents and source categories
in year 2020 at the emission levels defined in the SQ [4]. The
corresponding damage costs for inhalation of mercury are esti-
mated to be US$2.9 million (2005 dollars) in 2020. This is a small
fraction of the costs from ingestion of contaminated food, but it is
important to keep in mind that for some exposed population
groups such as artisanal and small-scale gold miners, exposure to
mercury via inhalation may lead to more serious health impacts
and consequently significant damage costs. The corresponding
global damage costs from ingestion of mercury are US$2.9 billion
(2005 dollars) for by-product emissions and US$0.8 billion (2005
dollars) are from intentional use emissions. By far, the highest
damage cost of by-product emissions is associated with emissions
from coal use, while from intentional utilisation; the highest
damage costs are associated with artisanal and small-scale gold
mining. The results are presented in Fig. 3.

8. Societal benefits from reducing mercury pollution beyond
the Status Quo (SQ) scenario

8.1. Monetized societal benefits

Benefits are, in this paper, estimated as the difference between
the costs of damages determined for the SQ scenario on the one
hand, and the EXEC and MFTR scenarios on the other hand. In this
way, the societal benefits in monetary terms resulting from the
employment of abatement equipment needed to obtain the targets
of emission reductions defined in the EXEC and MFTR scenarios are
separately estimated. The results of these estimates are presented
in Fig. 4.

Fig. 4 indicates that introduction of emission measures in the
period between 2005 and 2020 to obtain the emission reduction
targets defined in the 2020 EXEC scenario would facilitate
decreased societal costs by about a factor of two. The damage cost
reduction for the MFTR scenario is by a factor of 2.5. In addition to

these benefits, significant co-benefits from the emission control for
mercury are expected since control technologies used to reach the
emission levels stipulated in the reduction scenarios are almost all
multi-pollutant emission reduction technologies.

For the intentional uses of mercury, the most relevant compar-
ison is between different end-use categories. This is mainly because
there are large differences between different end-use categories as
well as the difficulties in estimating the regional link between end-
use of a product and the associated emission.

The EXEC scenario reduces the societal damage costs by more
than half, thereby inducing societal benefits of more than US$1.8
billion in total. By implementing the MFTR scenario, additional
benefits of US$0.4 billion would be reached in total.

8.2. Other monetary benefits

Only a few studies attempt to estimate human health benefits in
a more complete way. A case study from 2004 (Rae and Graham
[19]) comprised the South Atlantic coast from North Carolina to
northern Florida. This was an area, at the time, which had 85%
higher exposure levels than the US in general. It was estimated that
human health benefits from avoiding non-fatal heart attacks,
mortality and child hypertension were about seven times higher
than if only the loss of IQ points was estimated. Adverse health
effects were, in this case, valued by the cost of medical treatment to
reverse the injury and work-loss days while the willingness-to-pay
method was applied in valuing irreversible effects such as prema-
ture death [19].

For the evaluation of environmental damage, very little infor-
mation is available on the impacts of mercury. However, a contin-
gent valuation study was conducted in the Eastern USA [35].
Respondents were asked about their willingness-to-pay for
reducing mercury deposition in the Chesapeake Bay area.
Assumptions from this study were used to represent the prefer-
ences of the world population after being adjusted for the differ-
ences in purchasing power between the USA and the world.
Extrapolation from willingness-to-pay estimates for 5, 12, 21 and
35% reduction respectively (with a full effect after 20 years), indi-
cates that households would be willing to pay about US$270 for
a 50% reduction (similar to the EXEC scenario) of deposited
mercury, or 16 (2005 dollars) for the year 2020 (assuming a 3%
discount rate for the years 1999–2005). This implies that average

Fig. 3. Annual damage costs due to ingestion and inhalation of Hg for by-product- and
intentional use source categories in year 2020, SQ scenario, (million 2005 US$).

Fig. 4. Comparison of damage costs and benefits within the 2020 emission scenarios
for by-product emissions and intentional use.
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willingness-to-pay for 50% reduction is US$6 (2005 dollars) per
person for the EXEC scenario and US$8 (2005 dollars) for the MFTR
scenario. The purchasing power in the world is 0.2278 of that in the
USA (UNDP, World Development Report 2007/8). The average
household size in the study was 2.6 persons. Using the Hagen et al.
study-results [19], the average willingness-to-pay in the world
would be US$1.4 per person for the EXEC scenario and 1.8 for the
MFTR scenario. The global benefits for the environment is thus
US$9.4 billion for the EXEC scenario and US$12.1 for the MFTR
scenario since there are about US$6.7 billion persons in the world.
The resulting values from the estimate of damage costs due to IQ-
loss and when taking into account the assumptions derived in the
literature, are shown in Fig. 5.

The societal benefits of reducing IQ-loss are thenmultiplied by 7
tomeet the assumptions made from the Rea and Graham, 2004 [19]
study and is referred to as other human health effects in Fig. 5.
Based on the Hagen et al. [33] study for estimating the societal
benefits on the environment, the total estimate for benefits from
the EXEC and MFTR scenarios are US$24 and 29 billion,
respectively.

From these results, it is evident that the size of the benefits of
reducing mercury emissions varies greatly, and a thorough analysis
of several aspects of these calculations would need to be made
before apply to a quantitative cost-benefit assessment.

9. Uncertainty

Uncertainties are recognised in several stages of the assessment.
First, uncertainties are attributed to the emission estimates, since
they are based on a number of assumptions on emission factors,
technology, consumption, production, use, as well as social and
economic variables. Uncertainties to the emission estimates are
assumed to be þ-25–30% by source category and þ- 27–50% by
geographical continent. A more detailed description of these
uncertainties is presented in the UNEP assessment [1]. Secondly,
uncertainties are attributed to the monetized impact of IQ decre-
ments from the mercury emissions. For a 6.7 mg/day of methyl
mercury dose threshold, Spadaro and Rabl, 2008 [27] ranging the
cost estimate from 126 to 2230 (1500 as the mean value) US$/Kg
mercury emittedwithin a 68% confidence interval. A dose threshold
of 5.7 mg/day of methyl mercury will lead to a range of 800–12,400
US$/Kg mercury emitted [36]. On a regional scale, Trasande et al.
[25] estimated that mercury emissions from American power
plants would impose damage costs due to IQ decrement, of 1.3

billion US$ (range of 0.1–6.5 billion). The U.S. EPA reported in
Regulatory Impact Analysis of the Clean Air Mercury Rule (which now
is vacated) that the benefits gained from less IQ loss from recrea-
tionally-caught fish would be valued from US$0.25–1.56 million
from reduced emissions from U.S. coal-fired power plants [37].
Within the range of uncertainties, this paper presents a global
damage cost range of US$0.1–40 billion (2005 dollars) for IQ
decrement within the Status Quo scenario in 2020.

10. Discussion and conclusions

Mercury contamination can be measured in all regions of the
world due to its capacity for long range, global transport. Large
impacts are expected in highly contaminated areas in the vicinity of
sources, as is the case for many environmental contaminants. These
are of great importance when assessing the overall impacts of
mercury contamination and the benefits of reducing its emissions,
but these assessments can only be made with information about
local conditions and the degree of contamination. However, infor-
mation is very scarce for many regions and a global assessment of
the actual impacts is difficult to make based on the available
measurement data.

Elevated risk of cardiovascular diseases (especially myocardial
infarction), as well as risks for reproductive outcomes, immune
system effects and premature death are all health effects that are
related to severe exposure of MeHg [18,19]. In addition, there are
potentially a number of environmental impacts. For a full anal-
ysis of costs and benefits, several aspects of mercury pollution,
sources, impacts and co-effects need to be considered. Further-
more, it is of great importance to analyze to what extent human
health effects other than IQ loss, and environmental impacts
have on the benefit estimates. Since most studies dealing with
these benefits are locally oriented (with local conditions), it is
difficult to extrapolate these results to global or larger regional
scales.

Quantification of costs and benefits can be a useful tool to
inform decision-makers about the main emitting sectors and the
different options for emission control. Nevertheless, it is important
to acknowledge that the global debate on mercury emissions to
some degreemay appearmisleading, if costs are presented solely in
economic terms without taking into account non- quantifiable
(or difficult quantifiable) impacts that may be relevant for the
outcome of the analysis. For instance, cultures and entire ways of
life can be threatened by pollution e.g. from high levels of methyl
mercury in seafood traditionally eaten by indigenous groups in the
Arctic [11]. A qualitative analysis must be added to the economic
analysis before action or decisions are taken.

There are potentially a number of co-benefits related to the
mercury emission reduction, especially from by-product emission
sources. The control technologies used to reach the emission levels
stipulated in the scenarios are almost all multi-pollutant emission
reducing technologies, except for the most expensive ones, as
mentioned earlier in this paper. Following large reductions in
mercury emissions from coal power plants there will be large
emission reductions of Particulate Matter (PM) and sulphur dioxide
(SO2). PM is known to be related to lung and cardiovascular
diseases, and SO2 induces the acidification and corrosion of build-
ings. A study for the European Environmental Bureau has shown
that, for Europe (which has already reduced much of PM and SO2
emissions), the benefit/cost ratio for introducing best available
technologies for PM and SO2 removal at the 100 largest coal power
plants is 3.4, even though it only accounts for health effects. The
techniques introduced are to a large extent identical to the tech-
niques used to reduce mercury emissions [38].

Fig. 5. Estimated total societal benefits (billion 2005 US$) (see text below for
definitions).
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The Global Atmospheric Mercury Assessment, estimated that
global emissions of mercury to the atmosphere will increase from
about 1930 tonnes in 2005 to about 2390 tonnes in 2020, if no
further action is taken to reducemercury emissions globally (the SQ
scenario) [1]. Consequently, revised estimates from the report to
the Nordic Council of Ministers has shown that loss of IQwill lead to
annual damage costs of US$2.9 billion for emissions from by-
product sources. The corresponding estimate from intentional use
of mercury is US$0.7 billion. The total damage costs to society of
mercury pollution are likely to be considerably higher since
a complete set of potential costs to society was not taken into
account. However, within the uncertainties, the cost range is likely
to be US$0.1–40 billion.

As shown in the emission reduction scenarios, large benefits can
potentially be achieved by introducing technical and non-technical
measures for reduction of global mercury emissions. From reduced
IQ loss alone, the annual damage costs can be reduced significantly
leading to benefits of approximately US$1.8 billion and 2.2 billion,
corresponding to the two different emission scenarios EXEC and
MFTR, respectively.

The decreases of total emissions of mercury between 2005 and
2020 are mostly driven by the decreases in mercury emissions for
the consumption of coal to produce electricity and heat. There is
also a significant decrease in mercury emissions estimated for
various industrial sectors, such as cement production and ferrous
and non-ferrous metal production. The assessment in the UNEP
Chemicals report [3] showed that high mercury removal
efficiencies can be obtained from a combination of flue gas
desulphurization (FGD) and electrostatic precipitators (ESPs) or
fabric filters (FFs) with ‘‘add on’’ type of equipment, specific for
removal of mercury from the flue gases, including carbon filter
beds and activated carbon injection. Non-technological measures
such as ban on use and substitution of products or fuels con-
taining mercury, as well as coal cleaning can potentially be
important for future mercury emission reductions. Additionally,
energy conservation options, such as energy taxes, consumer
information, energy management and improvement of efficiency
of energy production through co-generation of electricity and
heat in coal-fired power plants can prove to be important.
Scenarios for future intentional use of mercury are uncertain due
to the lack of consistent international agreements and policies to
reduce mercury demand. However, as a basis for sound decision-
making, scientific focus should be on achieving more detailed
information on alternative strategies and associated costs of
reducing emissions, as well as quantitative information on
source–receptor and dose–response descriptions in order to
identify benefits from reducing impacts on human health and
ecosystems.
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