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A B S T R A C T

Joint research between economists and hydrologists increasingly contributes to optimising the economic value
gained from water, while safeguarding its social and environmental values. The application of hydro-economic
analysis to mining regions, however, is limited. This paper examines why this is the case and how to confront it.
The paper focuses on identifying and describing features of large-scale mines and mine regions that are chal-
lenging to analyse such as: magnitude of capital involved, time-scale and remoteness of projects, inherent en-
vironmental risks, and strong negative perceptions about mining's impacts on water. These characteristics may
limit the applicability of established hydro-economic concepts and methods, thus risk-based metrics are dis-
cussed as complementary tools. We also contend that further research and development in water-related eco-
system services should be a priority, in order to better quantify trade-offs between the economic benefits of
water use by mining and competing users, including environmental flows. Case studies of mining regions in
Chile, Madagascar and Sweden are summarised to illustrate some of the issues raised. While data limitations are
an obstacle, new and extended case studies are required to explore how the challenges may be addressed.

1. Introduction

Collaborative approaches between hydrologists and economists have the
potential for optimising the instrumental value of water without irreparable
ecological harm. This approach has been termed “hydro-economics”
(Brouwer and Hofkes, 2008) and has particular salience in mining regions.
On one hand, the mining industry must manage water-related economic
risks associated with water scarcity, floods, pollution and community con-
flicts, amongst others. On the other hand, due to the large volumes of water
consumed and discharged, the mining industry is a major investor in, and
manager of, water infrastructure. Efficient fulfilment of these water man-
agement roles requires good understanding of the links between water
management options and their economic costs and benefits. Furthermore,
these links are of substantial interest to governments and other water sta-
keholders, when developing views about allocations of land and water to
mining projects.

The term ‘hydro-economics’ may be defined as the discipline of un-
derstanding the current and potential economic value of water, using hy-
drologic, economic and social perspectives (Brouwer and Hofkes, 2008;

Harou et al., 2009). A hydro-economic model (HEM) is the formalisation of
that understanding, generally built into a numerical tool supporting quan-
titative scenario analysis and/or optimisation. The field of hydro-economics
has increasing prominence, partly due to the relatively new emphasis placed
on water as an economic good (United Nations, 1992; Seyam et al., 2003),
and partly due to the increasing need for governments and industry to
improve water management and promote transparent decision making
(WBCSD, 2013; Canadian Council of Ministers of the Environment, 2010).
The field aims to give water users and managers objective information for
use in decision-making frameworks.

Although hydro-economics is a well-established discipline, there are
few reviews or applications that address the important technical and
conceptual challenges of applying hydro-economic techniques to
mining applications. We identify the major challenges as follows:

• The high revenues from large-scale mining, and high capital and
operational costs involved, mean that water supply is often a rela-
tively minor, and typically, fixed cost. However, mining's presence
in catchments or in water markets may make water unaffordable for
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some alternative users.

• Due to hydrological variability and topography (i.e. some mines are
below the groundwater table), many mines alternate between per-
iods of water scarcity and water excess.

• The longevity of large-scale mine projects and consequent economic
and hydrological uncertainties also requires a risk-based approach
to hydro-economic analysis.

• The importance of large-scale fresh water consumption efficiency
improvements.

• Increasing scrutiny of the mining industry's social and environ-
mental performance increases the relevance of quantifying the so-
cial value of water and ecosystem services impacts.

In summary, it is the scale of investments and revenues frommining, the
large spatial and temporal extent of large-scale mining projects, and the
particular social and environmental perceptions and risks, which make
hydro-economic analysis of mining regions special. While some of these
features apply to other sectors, they are arguably more common and pro-
minent in large-scale mining regions. Yet, to date, the mining industry and
mining regions have scarcely been addressed in the hydro-economic lit-
erature. This review paper analyses this gap, and its objectives are:

• To establish and describe the features of large-scale mining that pose
special challenges for hydro-economic analysis.

• To review the applicability of established economic and hydro-
economic concepts and metrics, in light of the challenges.

• To present a view on the way forward for addressing these chal-
lenges to enable transparent economic assessments of water man-
agement options for mines and mining regions, covering both in-
dustry and societal interests.

This review paper first develops the argument that regions with
mining projects are special in the hydro-economic context, and dis-
cusses the applicability of commonly-used economic concepts and
metrics. Then, it reviews the components of HEMs, and lists some
considerations when including mine water users in them. Finally, it
presents case studies that illustrate some of the challenges described,
and suggests pathways to address them. We restrict our analysis to
regulated, large-scale mining. While artisanal and small-scale mining
are also relevant in many regions, they present a separate set of chal-
lenges, which we do not explore in detail here. We also focus on the
direct economic benefits of mining, and only briefly mention the in-
direct ones.

2. Why Mining Is a Special Case

Mines vary greatly in terms of geological features, as well as hydro-
logical and socio-economic settings. However, for a typical large-scale mine,
main water uses include: separating minerals from the waste; dust sup-
pression; cleaning equipment; drinking water and sanitary supplies; and for

conveying tailings and concentrate (SMI-MCA, 2014). A detailed review of
mine water usage and the risks that a mine project poses for regional water
resources, summarised in Fig. 1, can be found in Younger andWolkersdorfer
(2004) and Department of Resources Energy and Tourism - Australian
Government (2008). This section will focus on describing the characteristics
of mining that create special challenges when including these uses in hydro-
economic analysis.

2.1. The High Revenues from and Costs of Mining

Average revenues per unit volume of water abstracted in the mining
industry tend to be high compared to its main competitor for water,
agriculture (Moran et al., 2008). Typical revenues for copper and gold
mining operations are shown in Table 1. Information on production
costs per mine site is rarely publicly available; thus, it is difficult to
estimate net revenues per unit of water abstracted.

Similarly, Fig. 2 shows the Gross Value Added (GVA) values per unit
water consumption for major water-consuming sectors of the Australian
economy between 2008 and 2014. This figure shows that mining and
mining-related activities (e.g. manufacturing of metals) provide high
economic value to Australia in terms of GVA per unit water input. This
is not unique to Australia. Mining and agriculture in Chile contributed
around 8% and 4% respectively to the country's Gross Domestic Product
(GDP) in 2005, while consuming around 8% and 73% of water con-
sumptive rights (World Bank, 2011). Such comparisons are potentially
powerful in terms of influencing water policy, which raises the question
of what complementary metrics are needed to provide a broader view
of hydro-economic performance, which will be addressed in Section 3.

The high revenues at stake, and the high capital investment and
operational costs involved, also mean that compromising water demand
in times of water shortage is not regarded as an option during mine
planning. Furthermore, as water costs represent a small fraction of total
capital and operational costs, mines may be willing to pay sums of
money often unaffordable for other users to ensure they have a reliable
source of water under any demand scenario (Young and Loomis, 2014).
This suggests that water may be seen as a fixed, rather than a variable
input, for the mining industry.

2.2. Water Excess and Discharge

Most mine projects face the challenge of avoiding water deficit
while minimising excess. A possible switch from input water being an
asset to being a liability for the mining operation is illustrated in Fig. 3.
Before point (1), the figure shows that available water is not enough to
allow production, thus its value is either 0 or negative, in cases where
operational costs are still incurred in its management. Between points
(1) and (2), production is possible in the mine site and the value of
water may increase linearly (dashed line) or in a discrete way (points),
depending on whether mine production can respond to incremental
increases in available water.

Fig. 1. Overview of mine water uses and regional impacts.
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Mine water surplus is shown in the figure beyond point (2), and this
occurs when groundwater inflows, surface water runoff into the mine
site, and precipitation into the mine site exceed the consumptive de-
mand and storage capacity. The excess water may leave the site in a
regulated manner, usually involving treatment to improve its quality, or
through unregulated spillages and diffuse runoff or seepage. In the
worst case mines may be forced to stop operations due to floods, or face
regulatory penalties and reputational damage due to unregulated dis-
charges (Barrett et al., 2014; Gao et al., 2014).

These discharges may have large spatial and temporal impacts

(Younger, 1997; Kossoff et al., 2012), and examples of this exist
worldwide (Amezaga et al., 2010; Veiga and Hinton, 2002; Salvarredy-
Aranguren et al., 2008; Lovingood et al., 2004; Rojas and
Vandecasteele, 2007; Nazarro, 2008; Younger et al., 2005).

Problems involving tailings water, acid mine drainage, mercury and
cyanide, have received special attention due to their complex interac-
tions with the environment and potential toxicity (Oyarzún et al., 2012;
Dold, 2014; Salvarredy-Aranguren et al., 2008). However sediments,
salts, hydrocarbons and radio-active materials may also be sources of
risks (Younger and Wolkersdorfer, 2004). Therefore, while managing
water excess is a challenge across many sectors, the physico-chemical
risks associated and the scrutiny of mining discharges mean that
management costs can be especially large for mining.

It is important to mention that water scarcity and surplus, and
quality of discharges, should be analysed relative to local conditions
(Moran, 2006). The same abstraction of water, or discharge of pollu-
tants, could have very different effects in a dry and in a wet catchment.
Metrics which can account for local conditions would help to standar-
dise the assessment of water-related risks for mines.

2.3. The Longevity of Mine Projects and Potentially Perpetual Impacts on
Water Resources

The operational life of a mine is often beyond 50 years, and may be
preceded by decades of exploration and planning, and then may be
proceeded by years of rehabilitation and post-closure management. The

Table 1
Estimations of revenue per m3 of water consumed in the production of copper and gold, based on 2013 data.

Mineral Source Method Revenue per m3 of water consumed (US $/m3) Range of values (US $/m3)

Copper (Northey et al., 2014)a Pyrometallurgy $80.36
(Northey et al., 2014)a Hydrometallurgy $105.22
Own calculationsb Both $78.80 $70.1–94.61

Gold (Northey et al., 2014)a Non-refractory $182.98
(Northey et al., 2014)a Refractory $157.86
Own calculationsb Both $271.39 $38.73c–709.23

a Based on the process modelling in Northey et al. (2014) along with average copper and gold prices in 2013 prior to the decline in metal prices that started in 2014.
b Based on production data published by governments and company sustainability reports for a sample of large-scale mines in Peru, Papua New Guinea, Turkey, Chile, China and USA,

along with average copper and gold prices. Only mines with clear information about volumes of minerals produced and water abstracted in 2013 were included. Reports with lumped
information from several mines or several countries were excluded.

c The lower bound is from a mine site in PNG, whose relatively wet tropical climate does not require mines to improve efficiency in consumption. This shows the influence of local
conditions in the value of water.

Fig. 2. Gross Value Added (GVA) per unit water usage to the Australian economy between 2008 and 2014.
(Australian Bureau of Statistics, 2015).

Fig. 3. Example of the possible dynamics of the total value of water on a mine site.
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long life means that the economic valuation of a mine project must
involve projections of commodity demand and prices, and operational
costs, which include the costs of securing a water supply. Thus, hy-
drological predictions over a time-scale of 50-plus years are often
needed. The uncertainty in long-term forecasting of water supply, as
well as other components of costs and revenues suggests that hydro-
economic analyses should account for uncertainty and variability, and
be risk-based (Li et al., 2008; Correa et al., 2016).

Furthermore, water-related problems are the most common en-
vironmental impacts when closing mines (Laurence, 2011); and pollu-
tion impacts can last for decades or centuries due to the gradual phy-
sical and chemical weathering of rocks that are exposed to water and
atmosphere (Younger, 1997; Lovingood et al., 2004). The problem can
continue until pollutant sources have been confined during mine clo-
sure or land rehabilitation phases, or until they are exhausted (Younger,
1997; Northey et al., 2014; Rojas and Vandecasteele, 2007).

Although adopting best practice guidelines for managing waste-rock
and tailings effectively reduces risks (European Commission, 2009; The
Mining Association of Canada, 2011), uncertainties in long-term cli-
mate, hydrology and performance of mitigation strategies (Kuipers
et al., 2006), mean that residual risks always exist, including the po-
tential for catastrophic impacts (e.g. tailings dam failures) (Amezaga
et al., 2010; Salvarredy-Aranguren et al., 2008). This has led to calls for
costs of recovery from pollution events and costs of long-term pollution
management to be integrated into risk-based economic metrics (Kim
and Kaluarachchi, 2016; Farber et al., 2002; Evans et al., 2006; Esteve
et al., 2015).

2.4. Water Efficiency and Alternative Sources of Water

Mines in water-stressed regions invest considerable resources in
water-efficient processes, reduction of water losses and seeking alter-
native sources of water (seawater or brackish groundwater). The water
efficiency gains realised by these efforts tend to be large ‘step-changes’
rather than gradual changes (ICMM, 2012; Espejo et al., 2016). These
efforts contribute to the high economic value of fresh water for mining,
as water is expected to pass several times through the production
process (Gunson et al., 2012).

Furthermore, as many water efficiency measures are energy-in-
tensive processes (e.g. desalination), water costs and risks may be
transferred to energy costs and risks. Thus, analysing energy cost and
carbon emissions may become necessary from both cost-benefit and
sustainability perspectives (Woodley et al., 2014; Nguyen et al., 2014;
Northey et al., 2014; Simpson et al., 2014; Rivera et al., 2016).

2.5. Social and Environmental Performance

Water-related conflicts between mine projects, communities, en-
vironmental groups and other land and water stakeholders, arising from
actual or perceived impacts, have the potential to diminish the success
of mine projects (Kemp et al., 2010; Franks et al., 2014; Rivera et al.,
2016). This suggests that from a mining company perspective, hydro-
economic analysis should include broad considerations of how a project
is perceived to protect and augment regional water resources compared
to other users. This may include analysing how investments in water
supplies for communities, without the project obtaining any direct
economic benefits (Quintero et al., 2009), may influence the social li-
cense to operate (Franks et al., 2014).

3. Applicability of Economic Evaluation Metrics and Concepts

Economic valuation of water should ideally include all benefits that
are accrued from it, net of all costs incurred (WBCSD, 2013; Morgan
and Orr, 2015). The value may be higher than prices paid (e.g. to pump,
treat or trade), as in many places water is free, subsidised or commer-
cialised below its full value (Damigos, 2006; Kochhar et al., 2015).

Lange (1998), for example, found that water subsidies for mining in
Namibia are around 19% of their operating costs, and it is argued that
this type of subsidies have adverse impacts in the environment (Clinch
et al., 2002; OECD, 2003).

The selection of an economic value metric is affected by multiple
factors (e.g. temporal and spatial scales, and whether a private or social
point of view is taken) (Harou et al., 2009; Young and Loomis, 2014;
Brouwer and Hofkes, 2008; Seyam et al., 2003; Medellín-Azuara, 2006).
The specific metric to be used may change depending on the scope of
the analysis. This section examines the applicability of selected eco-
nomic metrics and concepts to appraise the economic value of water.

3.1. Revenues per Volume of Water Consumed

The average revenue per volume of water consumed (as in Table 1),
could be used to show that the economic value of using water in mining
is higher than for alternative users (e.g. agriculture). An alternative
metric, although more difficult to calculate, would be average revenues
net of costs, hopefully including capital expenditure related to water
use, to take into account the different capital structures of users in the
analysis. This could be achieved through deductive methods (George
et al., 2011; Davidson et al., 2010), which involve a “construction of
empirical and behavioural models, from which specific parameters or
shadow prices are deduced” (Young and Loomis, 2014).

An independent observer or government may be more interested in
defining region-wide benefits offered by mining per unit volume of
water consumed, during the whole life of the mine. These would in-
clude estimations of closure/rehabilitation costs, as well as other pro-
duction costs. This could be achieved, for example, by extending Net
Present Value (NPV) calculations to include social and environmental
economic values.

From a government perspective, it may also be important to analyse
how much of the revenues generated by mining stay in the national and
local economies (Fleming and Measham, 2014; Black et al., 2005), and
what their effects on national and local economies are (Khan, 1999;
Petkova et al., 2009). In addition, governments may be interested in the
number of jobs, and especially the number of low-skilled jobs (i.e. those
that are more likely to employ lower income citizens), that will be
generated by projects. The latter are macro-economic features that are
not usually included in HEMs, but may be relevant to government of-
ficials analysing HEMs' results.

3.2. Marginal Productivity

An alternative to average values (e.g. revenue per volume of water
consumed) are metrics of marginal value such as marginal productivity.
This metric describes the change in production due to a unit change in
one input, assuming that all other quantities are kept constant (Farber
et al., 2002; Varian, 2010). Marginal productivity can be complemented
with the market price of the output, to define the economic value of
marginal productivity (i.e. marginal revenue product or value marginal
product) (Young and Loomis, 2014). This indicates the revenue or net
revenue obtained by the sale of the additional units of output produced
with the additional unit of input.

This metric is useful for optimisation purposes, when maximising the
regional economic value of water, by allocating it to the uses with the
greatest marginal revenue product until equilibrium is reached. Marginal
analysis, however, assumes that users see water as a variable input, and
thus they can adjust their production processes accordingly (Young and
Loomis, 2014). Agriculture within well-developed water markets and
some industries may be able to adapt (Grafton et al., 2012; Wheeler et al.,
2014; Dupont and Renzetti, 2001), but for mining this would depend on
the design of the processing plant, which tends to be the largest consumer
of water in the mine. Typically, mine production cannot adapt smoothly
to changes in water supply, and large processing units may be taken off-
line when water supply drops below critical levels.
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3.3. Willingness to Pay and Ecosystem Services

In addition to the previously described methods to define the value
of water from a producer's point of view, approaches to defining users'
willingness to pay are useful to approximately monetise mining's im-
pacts on environmental flows. Young and Loomis (2014) give a detailed
description of the most common methods, which can be divided in
three groups. Revealed references approaches derive values from the
observation of the behaviour of users in existing markets for related
economic goods (e.g. Hedonic Pricing, Travel Cost Methods and Da-
mage Cost Methods).

Stated preference approaches rely on direct answers from users to
constructed surveys which elicit water users' willingness to pay for the
benefits which water provides to them (e.g. Contingent Valuation
Method and Choice Modelling). A third approach, benefit transfer, uses
values derived for case studies at other locations or settings. These
methods can be complemented with Ecosystem Services frameworks
(Millennium Ecosystem Assessment, 2005; DEFRA, 2007), to support
the understanding of how environmental flows provide services to
humans and hence the indirect economic impact of water use by mines.

In mining regions, while there is recognition of the need to quantify
these values, only preliminary applications of willingness to pay have
been undertaken (BSR, 2015). Damigos (2006) applied them to de-
termine the loss of environmental value due to three mine projects. He
concluded that willingness to pay methods produced rough, but useful
estimates of social and environmental liabilities of the mines. However,
the alternative methods gave differences of up to two orders of mag-
nitude, highlighting the importance of doing sensitivity analyses, and of
clearly communicating analytical assumptions.

Li et al. (2011) and Bai et al. (2011) evaluated the ecosystem ser-
vices losses resulting from coal operations in the Mentougou region of
China, and found that over the past 50 years, the loss of ecosystem
services outweighs the value of the coal resources. These findings are
consistent with a more recent study of coal mining in Colombia
(Cardoso, 2015). However, these estimates are susceptible to assump-
tions, as guidelines for quantifying the ecosystem service impacts of
mining and other industries are not well developed (Hamilton, 2013).

An alternative approach is using pre-determined environmental
standards (e.g. fixed through political agreements or international re-
quirements). This approach does not directly define the intrinsic value

of the environment, but does an indirect approximation, by determining
the required investments to achieve the standards (Baresel et al., 2006;
Younger and Wolkersdorfer, 2004; Hasler et al., 2014) or the cost of
opportunity to alternative uses of water (Medellín-Azuara, 2006). This
approach, however, can be criticised because the environmental stan-
dards may be defined subjectively, without detailed/scientific assess-
ments of the services they can provide.

3.4. Risk-Based Metrics

Beyond the financial risks of mining projects, frequently related to
the magnitude of capital and operational expenditure required
(Bertisen and Davis, 2008), water-related risks may also strongly im-
pact projects. The latter group includes risks associated to unforeseen
extreme flooding or drought, large-scale water-related accidents (e.g.
tailings dam failures), uncertainty regarding mine closure and re-
habilitation efficiency (Kahn et al., 2001; Kuipers et al., 2006), and poor
relations with local communities. This means that risk-based ap-
proaches, involving the analysis of the probability of a range of possible
scenarios and their impact in the project (Younger et al., 2005), are
particularly useful when analysing the mining industry, and should
ideally be included in HEMs.

3.5. Water Markets

Within the spectrum of economic metrics and concepts related to
HEMs, water markets stand out as important. They can be used to un-
derstand the economic value that users get from water, but they can
also be included in models to explore how the redistribution of water
amongst competing users can achieve an optimal allocation.

‘Water market’ is a generic term describing a system under which
users buy and sell the right to access water (Grafton et al., 2011). They
are expected to foster the flow of water towards more profitable uses,
particularly during water scarcity (i.e. from low-value agriculture to-
wards high-value agriculture, mining or industry (Young and Loomis,
2014, Donoso, 2015)), arguably distributing water more efficiently
than government allocation systems (Thobanl, 1997).

Water markets may provide observed evidence of the economic
value of water to different users, and allow examination of how these
values vary under changing economic and hydrologic conditions. Fig. 4

Fig. 4. Average price of one l/s of long-term consumptive water entitlement by state/region in the USA and Chile in 2008. Antofagasta and Antofagasta-NoMine represent the values in
the region with and without the referenced mining transaction (Bren School of Environmental Science and Management - University of California, 2010; DGA, 2015). This Figure was
constructed after carefully reviewing water prices, however, it is acknowledged that these datasets have limitations, including price transparency, thus they are mainly presented for
illustrative purposes.
(Grafton et al., 2011; Hearne and Donoso, 2014).
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shows regional differences in average trading prices of consumptive
long-term entitlements/rights in several states/regions of the USA and
Chile, and illustrates the spatial differences in water prices, which are
strongly correlated to economic and hydrologic conditions. The very
high value of water in Antofagasta region in Chile is a consequence of a
single purchase from a mining company (compare the values with and
without the mine transaction in Fig. 4), probably reflecting mining's
long-term water security needs and risk aversion.

Grafton et al. (2011), however, found that price transparency is low
in most water markets, which means that observed prices may not be
representative of users' underlying valuations of water. Hearne and
Donoso (2014) confirmed this for Chile and mentioned that the lack of
publicly available market data is a cause of price dispersion. Further-
more, while in some cases, mainly in agriculture, water markets have
achieved their aim (Hansen et al., 2014; Donoso, 2015; Grafton et al.,
2011; Young and Loomis, 2014; Rivera et al., 2016), in many regions
obstructions have prevailed (Tisdell and Ward, 2003).

3.6. Mining Participation in Water Markets

The mining industry has been a relatively minor participant in most
water markets, even in the most developed ones (e.g. Chile, Australia
and western USA) compared to agricultural or urban water users (MCA,
2009; National Water Commission, 2014). One reason for this is the
design of the markets (i.e. institutional foundations), which defines key
aspects such as the users who are allowed to trade and the initial al-
locations (Hearne and Donoso, 2014; Grafton et al., 2011; MCA, 2009).
In Australia, the Minerals Council of Australia has stated that mining
has faced more obstacles to trade than anyone else, due to cultural
perceptions against mining and limited development of markets in
some mining regions (MCA, 2009).

Water quality-related markets have also been used to trade emission
allowances, with the aim of optimising the use of streams to dilute and
disperse contaminated wastewater and runoff. The Hunter River
Salinity Trading Scheme in Australia is an example where mining is a
principal player in a salts emission market (Department of Environment
and Conservation NSW, 2003). There is also a potential to use water
markets to assign value to low quality water (Barrett et al., 2010), in-
cluding worked water, contaminated runoff and tailings water. These
markets could be fostered amongst users who do not necessarily require
high quality water (Kunz and Moran, 2014; Barrett et al., 2010), and
they would allow using resources that are currently seen as waste
(Petritz et al., 2009; G.T. Dale et al., 2013).

It is important to recognise that there are mixed views on water
markets, and in mining's participation in them. Although stakeholders
generally agree that criteria beyond economic efficiency (e.g. social
equity) should be taken into account when implementing water trading
(MCA, 2009, National Water Commission, 2014), there are cases where
trading water like a commodity is seen to have benefited mining
companies at the expense of low-income and vulnerable communities
(e.g. low-value agriculture farmers) (Babidge, 2016; Perreault, 2013).

4. Hydro-Economic Modelling in Mining Regions

4.1. Characteristics of Hydro-Economic Models

Hydro-economic modelling combines hydrologic and economic ap-
proaches to understand, predict and optimise the value of water in a
catchment (see Fig. 5), promoting an efficient allocation of water
amongst competing uses. The hydrologic component describes the time
and space dynamics of water storage and transfer, while the economy
component describes the economic value of water. The method used to
couple the two components determines how their interactions are
modelled (i.e. availability of water influences users' behaviour, while
economic activities modify the storage and transfer of water). Fig. 5
illustrates an example of how inputs, components, outputs and external

factors can be related in a hydro-economic model.
A comprehensive review of HEMs, including examples, can be found

in Harou et al. (2009) and Bekchanov et al. (2015), while detailed
examples of implementations can be found in Cai et al. (2006) and
Medellín-Azuara (2006).

Table 2 summarises the key features of HEMs and comments on how
these features influence the applicability of HEMs to mining regions,
based on the discussion in Section 2 and Section 3 of this paper. This
table, does not suggest a specific approach to analyse catchments with
mining projects, but highlights criteria that should be taken into ac-
count when developing a model in these regions. Some of these points
will be further discussed in the case study section of this paper.

Affecting all the issues raised in Table 2, is the general issue of data
support for developing and evaluating HEMs. This may be especially
important in mining regions, as the location of mineral deposits often
leads to mines being in hydrologically extreme and poorly accessible
areas (e.g. high-altitude mountains and deserts) where observed cli-
mate data are sparse (McIntyre et al., 2016) and high quality modelled
data-sets are not available (Jeffrey et al., 2001; Jones et al., 2009).
Furthermore, in some regions climate is complex due to the interaction
between weather systems and steep topography (Ragettli et al., 2014).
This means that developing hydrological models with high temporal
and spatial resolutions (see Table 2), is often not possible, and the
modeller is forced to spatially and temporally aggregate the available
data more than would usually be considered appropriate in hydro-
logical modelling (van Heerden et al., 2008; Davidson et al., 2010;
Harou et al., 2009).

Lack of economic input data may also be a challenge, particularly
relating to confidentiality of data for individual mining projects. Using
industry average values may be the only alternative, however, some
projects may operate far from these averages. Data limitations on both
sides – hydrologic and economic – emphasise the case for conducting
uncertainty management using formalised, best practice principles
(Refsgaard et al., 2007).

Also, affecting the long-term approach to analyse the mining in-
dustry is the challenge of predicting changes in climate conditions
(Barrett et al., 2014; Gao et al., 2014), especially in mountain areas
(Barnett et al., 2005). General Circulation Models coupled with Re-
gional Climate Models, or other climate downscaling approaches, could
be used to predict these changes (Kigobe et al., 2011), however, their
performance is still far from satisfactory (Buytaert et al., 2010).

5. Case Studies of Hydro-Economics Applications in Mining
Regions

Although mine water use in HEMs has not received as much at-
tention as agriculture, urban uses and environmental flows, in terms of
number of case studies and detail of models (Harou et al., 2009;
Bekchanov et al., 2015), there are some examples worth highlighting.
In this section three of these are reviewed, including a brief summary of
the models, and an analysis of the extent to which they successfully
address the special challenges of mining regions (as reviewed in Section
2 of this paper), and how the considerations in Table 2 have been in-
cluded.

5.1. Aconcagua River Catchment

The first example is the Aconcagua River in central Chile, a catch-
ment with increasing competition for water between agriculture, urban
development, hydro-electricity and mining (Aitken et al., 2016). A
large-scale copper mine, which produced 224.3 kMT of copper in 2015,
is located in the headwaters, at around 3500 m above sea level.
Downstream, the central valley supports intensive agriculture including
fruits, fodder, legumes and cereals crops, while several urban areas are
located throughout the catchment. All water rights have been allocated,
thus a relatively active water market exists in the catchment (Hearne
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and Donoso, 2014), although mine participation in the water market is
infrequent (Figueroa San Martin, 2016).

Correa Ibanez et al. (In Press) calibrated a hydrological model for
the sub-catchment where the mine project is located, analysed the
impacts of future climate conditions through three climate scenarios,
and did an economic assessment of alternatives for securing future
water supply for the mine. The compartment approach was taken, and
it was assumed that the economic model output did not affect any re-
levant aspects of the hydrology. The hydrological component was a
lumped model of the sub-catchment, which was run continuously with
monthly time-steps during the calibration and long-term future scenario
periods. Flows were aggregated by years in the scenario period to run
the economic calculations.

This model is a good example of the merging of water resources and
economic calculations for the purpose of cost-benefit analysis from a
mine project planning perspective, including analysis of the impacts of
long-term future climate conditions. Reviewing how the paper ad-
dresses the special challenges of mining regions highlights the fol-
lowing:

1. Regarding the high revenues from and costs of mining: The eco-
nomic assessment involved capital and operational expenditure of
the alternatives for future water supply, and an estimation of the
average value of water based on the costs of lost production.
However, the selection of the alternative was taken using a no water
risk logic, which illustrates the characteristic of mining that water
demand is seen as a fixed input to be met at any cost.

2. Regarding water efficiency and new sources of water: The solution
identified as optimal was recycling water from the tailings dam,
which is a resource that was previously not exploited. The study
therefore illustrated the opportunities for mines to free up regional
water resources, and thus economic opportunities, by finding new
and potentially low quality sources of water that meet mine needs.

3. Regarding social and environmental performance: The authors did
not analyse the benefits or impacts of the water supply alternatives
on other water users or environmental flows, but they acknowl-
edged that quantifying these would affect the business cases for the
alternative options. This calls for greater attention to integrating
social and environmental metrics into hydro-economic models of
mine regions in order to respond to the close scrutiny placed on
mine water use.

4. Regarding the modelling of water scarcity and excess: The authors
highlight the uncertainty in current and future climate conditions as
a constraint, in particular limiting the accuracy of drought estima-
tion (the key source of risk for the mine site). The study recognises
these limitations and recommends that sensitivity of results to input
uncertainty is examined more deeply.

5.2. The Ankeniheny–Zahamena Corridor

The second example is the Ankeniheny–Zahamena Corridor in
Madagascar. The World Bank's Wealth Accounting and the Valuation of
Ecosystem Services global partnership (Portela et al., 2012), used this
region as an example of how to measure return on investment of water
consumption for development alternatives, including large-scale mining
(cobalt and nickel).

Annual water supply estimates for the catchments of analysis were
generated using the Artificial Intelligence for Ecosystem Services
(ARIES) model (Bagstad et al., 2011), in yearly time-steps (Portela
et al., 2012). The economic component was defined separately using
Cobb-Douglass production functions, in order to define the economic
value of marginal productivity of agriculture, mining, tourism and
hydro-electricity sectors. Furthermore, the project analysed two eco-
system services; carbon storage and sequestration, and sediment re-
tention, although the later was not monetised.

This is one of few examples of including the mining water use in a
regional ecosystem service analysis, setting a pathway for holistic ap-
proaches to hydro-economic analysis of mine regions. However, the
study also illustrates major difficulties in doing so, related to the special
challenges of mining:

1. Regarding the analysis of revenues and costs: A production function
for mine water use was employed, however the study does not
comment on the applicability of marginal analysis to this mine site.
Also, from the report is not possible to determine the sufficiency of
the data for selecting the Cobb-Douglas function. Regarding their
results, Table 3 shows that nickel mining, and to a lesser extent
cobalt mining and residential electricity use, generate the highest
economic value of marginal productivity from water. However, it is
not clear if costs were subtracted from the prices of the output when
defining the economic value of marginal productivity.

Fig. 5. Schematic representation of a hydro-economic model in-
cluding inputs, components and outputs.
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Table 2
Considerations for the development of a hydro-economic model in a catchment with mining projects.

Modelling
consideration

Alternatives Examples Potential importance when developing HEMs in a mining
region

Simulation or
optimisation

Simulation models that answer “what are the effects
in the output due to changes in one or some inputs”
(i.e. “what if” questions).

George et al. (2011),
Graveline et al. (2014)

Normal
This is entirely a function of the scope of the model.
Simulation models are easy to implement, but optimisation
models can be robust tools to define the ideal allocation of
resources. A mid-point is optimising some components of the
model only. This is a common consideration of all HEMs and is
not specially challenging for mining catchments.

Optimisation-based models that answer “what are the
best” set of inputs to achieve the optimal output.

Harou et al. (2010), Satti et al.
(2015)

Time resolution Fine (e.g. daily or monthly) to better model
hydrological variability and seasonality.

Ringler and Cai (2006), Kite
(2001)

Normal
The mine water demand tends to be constant throughout the
year, thus yearly time-steps would be acceptable. However,
the supply changes as a function of climate seasonality, which
requires monthly or smaller time-steps. This is a common
consideration across HEM applications.

Coarse (e.g. yearly) to fit production patterns and
their associated economic value.

Fernández et al. (2016), Kim
and Kaluarachchi (2016)

Space resolution Models can represent key catchment features as nodes
connected by links.

Medellín-Azuara (2006),
Esteve et al. (2015)

High
Models aggregating several catchments may dilute mine water
consumption by the larger demand by agriculture, and may
not be suitable for analysing demands and supply in the
vicinity of the mine. Distributed analyses allow a spatially
detailed analysis of runoff, groundwater flows and transport of
pollutants, which are key hydrological processes determining
available water, risks of drought and flood, and mine
environmental impacts, but may be very complex to develop.
Node-link models simplify the calculations of water supply by
aggregating sub-catchments in nodes, but allow representing
mine water demand as a distributed model may do, in one or
multiple (e.g. pit, tailings dam and processing plant) nodes.

Using pixels to develop a distributed analysis. Hasler et al. (2014), L.L. Dale
et al. (2013)

Models can aggregate the entire river in a node to do a
macro-scale analysis.

Kim and Kaluarachchi (2016)

Time frame Analysis undertaken for past climate conditions. Harou et al. (2010) Very High
The longevity of mine projects and of mine environmental
impacts mean that if the HEM is used for understanding the net
economic values of mining, it should involve long time-
horizons. HEMs analysing existing projects or past conditions
should try to involve the long-term costs or at least discuss
their impacts in the catchment.

Analysis undertaken for future conditions (e.g. short/
medium term simulations or long-term planning
approaches).

Lee et al. (2011), Hurd and
Coonrod (2012)

Space frame Analysis of sub-catchments or whole catchments. Cai et al. (2006) High
If very large regions are analysed in the HEM mine water
demand may be eclipsed by agricultural demand. Thus, if a
detailed scrutiny of social and environmental performance of
mining is required, an analysis of only the sub-catchments
most influenced by the project would be desirable (i.e. those
affected by the mine, tailings storage facility, and processing
plant).

Analysis of larger regions (e.g. countries or group of
countries).

Hasler et al. (2014), Ringler
and Cai (2006)

Economic depth Direct impacts on particular users in the local
environment only.

Qureshi et al. (2013) Very High
Due to the high revenues from and costs of mining, a detailed
analysis of the direct effects of mining is important. However,
due to the scrutiny of social performance and the potential
environmental impacts of mining, including projects' indirect
costs and benefits affecting macro-economic variables may be
desirable for certain users, and this is particularly relevant
when the mining industry is involved in HEMs.

Direct and Indirect effects of water management in
the whole economy of a country or region.

van Heerden et al. (2008),
Medellín-Azuara et al. (2015)

Integration Hydrology and economic components can be run
separately and results retrofitted to each other
(compartment approach).

George et al. (2011),
Medellín-Azuara et al. (2015)

Normal
Although in principle holistic models represent powerful tools,
in practice they require assumptions and simplifications about
interactions between the two systems that may create
uncertainty and make it difficult to interpret model outputs.
The modeller has to identify a balance between the level of
coupling used and keeping the model practical to use. This,
however is a common consideration in using HEMs, and is not
unique for applications to mining regions.

The components can be coupled and run together so
that the interlinking is internal to the model (holistic
approach).

Cai et al. (2006), Cai (2008)

Uncertainty analysis Models can be run with deterministic inputs and
parameters.

Satti et al. (2015) High
Due to the relevance of risk-based approaches, HEMs applied
to mining regions should involve uncertainty analysis of some
kind, to allow understanding how sensitive the results of the
model are to changes in key inputs (e.g. prices of commodities
or climate conditions). More detailed risk-metrics could also
be helpful to better represent mining risk perceptions, as done
for other water users (Fernández et al., 2016, Petsakos and
Rozakis, 2015, Younger et al., 2005).

Inputs and parameters can be specified as a range of
values or probability distribution functions so that
results have an associated range of variability.

Kim and Kaluarachchi (2016),
Jeuland and Whittington
(2014)

(continued on next page)
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2. Regarding social and environmental performance, and the longevity
of mine projects and potentially perpetual impacts on water re-
sources: The study attempts to address these challenges by analysing
water supply as an ecosystem service related to other ecosystem
services. However it does not clearly overcome the challenges of
implementation, for example it was not able to monetise the values
related to sediment retention, and their relationship with water
supply. Furthermore, the other ecosystem service, carbon storage
and sequestration, did not analyse potential links to water supply
(e.g. carbon footprint of the energy required to manage water re-
sources). While this study provides a valuable template for advances
in mine region hydro-economics, the assumptions limit the robust-
ness of results in Table 3.

3. Regarding water efficiency and new sources of water: As
Madagascar is a relatively wet country, water efficiency measures
seem not to be as relevant as in drier contexts (e.g. Chile). Thus, the
study did not mention nor analyse alternative sources of water like
tailings water recycling or desalination. In addition, the report does
not clearly differentiate “water use” and “water consumption”,
which are important concepts in the mining context, where high
recycling and re-use ratios mean that metrics such as those in
Table 3 are sensitive to exact definitions.

5.3. Mine Rehabilitation in the Dal River Catchment

The last example is slightly different from the previous two as the
hydrological component is not focused on water supply, but on the
abatement of pollution from a post-operational mine site. Baresel et al.
(2003) present a case study of a region in Sweden where closed mines

are responsible for zinc, copper and cadmium loads to the river. The
authors explained that the hydrologic component assessed the capacity
of different rehabilitation techniques to reduce pollution in the re-
ceiving streams. The economic component, on the other hand, did not
calculate the economic value of mine water, but the cost to implement
each one of the abatement technologies.

The coupled model was used to minimise the cost of achieving
different pollutant reduction targets, presenting a good example of the
application of HEMs in optimisation mode, to the long-term economic
liability aspect of mining. There are several features to highlight re-
lating to the special challenges of mining:

1. As the model is focused on mine land rehabilitation, it does not
analyse revenues and costs from the industry, but the costs of ad-
dressing environmental impacts in the short and long run.

2. Regarding water excess and discharge, and the longevity of mine
projects: The model is focused on the problem of water discharge
from the mine site and the associated liability in the long term,
therefore directly addressing this challenge. Together with the
ecosystem service approach of the previous case study, it provides a
complement of water supply analyses for developing a holistic, life-
of-mine calculation of the net value of mining.

3. Regarding social and environmental performance: While the HEM
directly addresses environmental impacts, it does not define func-
tions describing the intrinsic value of the environment that may be
used to optimise the net value of abatement options, rather it uses a
series of predetermined water quality standards. However, authors
included different standards, to address the problems of subjec-
tiveness when defining one only.

4. Regarding data availability issues: The authors considered different
levels of performance of each pollution abatement measure, to take
into account the lack of data regarding their effectiveness.
Furthermore, they also include different implementation costs of
wetlands, as the costs of this abatement measure were deemed very
uncertain. This explicit treatment of uncertainty is consistent with
good modelling practice to address risks.

6. Conclusions

This paper has presented the case that large-scale mines pose special
challenges for hydro-economic analysis, and assessed the applicability
of some commonly used hydro-economic metrics and concepts. While

Table 2 (continued)

Modelling
consideration

Alternatives Examples Potential importance when developing HEMs in a mining
region

Static or dynamic Static models give a snap-shot in time, excluding the
potential future impacts of current decisions.

Hasler et al. (2014) Normal
Although the snap-shot type of model may support the
understanding of multiple factors in the catchment, analyses of
several years are more illustrative of the dynamics of the value
of water, including the effect of several continuous dry/wet
years. This, however, is a consideration for most HEMs and not
only for those with mining users.

Models can represent changes in hydrologic and/or
economic conditions over time, and delayed effects of
decisions.

Lee et al. (2011)

Economic functions/
tools used

Functions based on average values (i.e. values do not
change as a function of water availability).

Satti et al. (2015) Very High
This is one of the key questions faced when including mining
in HEMs and there is a lack of literature providing guidance.
Use of average or marginal values should be defined after
understanding if water should be seen as a fixed or variable
input in the mining production process. Willingness to pay
calculations should be included where it is possible and
relevant to analyse environmental and social impacts of
mining.

Marginal values used based on continuous demand or
production functions

Cai et al. (2006)

Willingness to pay calculations Damigos (2006)

Water markets Water markets are included in the HEM. Cai et al. (2006), Medellín-
Azuara (2006)

High
Although currently the participation of the mining industry in
water markets is not large, the potential economic value of
trading raw, worked and tailings water should be explored, as
this represents an alternative to reduce water stress in mining
regions.

Water markets are omitted from the HEM. George et al. (2011)

Table 3
Economic results of the Madagascar's Ankeniheny–Zahamena Corridor analysis (adapted
from Portela et al., 2012).

Economic sector Economic value of marginal productivity (2012
USD/m3)

Cobalt mining 7541
Nickel mining 11,906
Rice agriculture 469
Luxury segment tourism 50
Residential electricity use 6980
Industrial electricity use 680
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various conclusions might be drawn from the discussion, here we focus
on those we consider to be the primary outcomes.

The magnitude of revenues and costs of large-scale mining means
that it is often difficult to compare the economic contributions of
mining with those from other sectors. Furthermore, the lack of in-
formation on how the mine production process responds to changes in
water availability hinders the definition of economic functions (e.g.
water demand curves) for mining.

Environmental risks associated with mining (e.g. acid mine drainage
and accidental emissions) may be mitigated by good environmental
regulation and mine water management planning. Nevertheless, ex-
perience shows that there are substantial residual risks that should be
encompassed in net economic benefit calculations, particularly the
long-term impacts of mining. This requires research in environmental
science, but also monitoring closed and rehabilitated projects, in order
to learn from their efficiency and the magnitude of costs involved.

Events such as commodity price fluctuation, tailings dam failures,
floods and droughts, and water-related protests against mining projects,
highlight the relevance of taking risk-based approaches when including
mining in hydro-economic models. This may be addressed by including
uncertainty in medium to long-term projections of hydrology and
commodity markets, and by including risk frameworks that help ad-
dress unlikely events that considerably affect the expected net eco-
nomic benefit of projects.

The lack of data is an issue for hydro-economic models of all kind,
however, this may be particularly challenging for mining regions, as
minerals are often located in remote areas with few long-term climate
observations, and this industry tends to be quite confidential with its
project-level economic and financial data.

Finally, at present, there are few hydro-economic case studies de-
scribed in sufficient depth and supported by sufficient databases, thus
the development of more examples is important to foster improved
analysis of hydro-economics in mining regions. Further case studies
should aim to:

• Improve the functions describing the economic value of water for
mine users, based on a better understanding of the use of water in
their production process, and their perception of water as a fixed or
variable input.

• Appraise the impacts of mining projects on environmental and social
values of water at a catchment scale, with emphasis on the long-
term.

• Analyse the sensitivity of model results to changes in input variables
and apply risk-based approaches to deal with the various un-
certainties in model inputs.

• Include indirect economic benefits on different water user groups, as
macro-economic features, such as employment and contribution to
the local and national economies, tend to be arguments in the de-
bate over new mine projects.

• Analyse the trading of raw and worked water, as this may alleviate
water stress in catchments with mining projects.
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