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Abstract

A global framework assessing climate-driven hydrology for mineral production was
applied to evaluate water availability for porphyry copper production. Using validated
historical simulations and SSP2-4.5 projections, extractable water from rivers, lakes, and
aquifers was quantified, and monthly mining water stress was calculated under a grade-
based production schedule. Results identified temporal and spatial hotspots where water
demand approached or exceeded local availability, with peak stress exceeding 100% in
northern Chile. The framework demonstrated the feasibility of linking climate-driven
hydrology to mineral-specific production and highlighted the importance of integrating
water resources into mine planning under changing climatic conditions.
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Introduction

Water  availability  constrains  mining
operations through its role in mineral
extraction, processing, dust suppression, and
tailings management (Gunson et al. 2012).
For large-scale metal production, sustained
access to water is required over multi-decadal
timescales, making mining systems sensitive
to long-term changes in hydrological
conditions. ~ Climate  change  alters
precipitation patterns, evapotranspiration,
runoft generation, groundwater recharge,
and surface water storage, directly affecting
the volume and timing of water that can be
physically extracted for industrial use.
Copper is central to electrification and
energy system transitions, and porphyry
deposits account for the majority of global
copper supply. Assessing whether climate-
driven changes in water availability may
constrain  copper extraction therefore
represents a relevant problem for mine water
management and long-term supply planning.
Existing assessments of mining water risk
often rely on static water stress indicators

that do not reflect climate-driven variability
or low-flow conditions relevant to mine
operations (Lakshman 2024) (Northey 2017).
At the global scale, few approaches combine
physically based hydrology, historical
validation against observations, and mineral-
specific water demand in a single framework.
This limits the ability to identify when and
where water availability may act as a binding
constraint on production under evolving
climatic conditions.

Climate-driven ~ changes in  water
availability were evaluated at the global
scale using HyIR, a hydrological aggregation
framework developed to translate climate
projections into physically based estimates
of extractable water. Outputs from the
hydrological framework were then combined
with a process-based model of water
demand for porphyry copper extraction to
assess mining water stress. This application
provided a proof of concept for linking
climate-informed water availability with
mineral-specific production requirements.
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Methods
Climate-driven =~ water  availability =~ was
assessed using the HYdrological and

Industrial Resilience (HyIR) framework,
a global-scale hydrological aggregator
developed to translate outputs from the
Coupled Model Inter-comparison Project
Phase 6 (CMIP6) general circulation models
into physically interpretable indicators of
extractable water (Eyring et al. 2016). The
framework was forced with outputs from the
first Taiwanese Earth System Model TaiESM1
for the historical period and under the Shared
Socioeconomic Pathway SSP2-4.5, reflecting
moderate greenhouse gas emissions scenario
also referred to as “Middle of the road”
scenario, and was applied at the native spatial
resolution of the climate model (1.25° x 0.9°)
with monthly time steps (Lee et al. 2020).

HyIR represents water evolution through
three coupled components: storage in
lakes and reservoirs, groundwater storage
in aquifer systems, and river discharge
including explicit routing (Fig. 1). The
framework produces gridded time series
of gross extractable water, defined as the
volume of water that could be withdrawn
from each component while remaining
physically sustainable, without accounting for
infrastructure constraints, sectoral allocation,
or water rights. Reservoir and lake availability
was based on a fixed fraction of stored
volume ensuring a minimum persistence of
10 years without recharge, river availability
on flows exceeding a 30-day low-flow
threshold defined from long-term quantiles,
and groundwater availability on accessible
aquifer storage limited by permeability and
a 50-year depletion constraint. Indicators
evolved dynamically in response to climate
forcing and were aggregated at the climate
model grid scale.

To better represent basin-scale hydrology
and improve agreement with observed river
discharge, three correction factors were
introduced and calibrated: a redistribution
factor controlling the fraction of infiltration
redirected to surface runoff, a seasonal
baseflow multiplier adjusting groundwater
contribution through the year, and a time-
of-concentration multiplier affecting river
discharge routing. These corrections were
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evaluated against observed discharge from
the Global Runoft Data Centre (GRDC 2026)
using a modified drought-focused Kling-
Gupta Efficiency metric KGE-d (Schaefli and
Gupta 2007). The metric ranges from —eo to 1,
where 1 indicates perfect agreement between
simulated and observed discharge, and is
defined as:

KGEd=1—\/<r—1 )2+(/z—1 2+(-1 )2

where r is the linear correlation coefhicient,
B is the ratio of simulated to observed mean
discharge, and y is the ratio of QMNAS5
low-flow quantiles. QMNAS5 represents the
minimum 30-day mean discharge with a
5-year return period, used here to characterize
low-flow conditions. Following Knoben
et al. (2019), a value of —0.41 was adopted as
the threshold for acceptable performance,
corresponding to the score obtained when
simulated discharge is equal to the observed
mean value, meaning that values above this
threshold perform better than a mean-
flow benchmark. Validation was performed
over the historical period 1850-2015 using
observed and simulated daily discharge for
large river basins with available data.

Water demand for porphyry copper
production was estimated using a process-
based, bottom-up model representing on-site
mining and mineral processing operations up
to the production of copper concentrate. The
model accounted for water inputs, internal
recycling, and losses primarily associated
with tailings management and evaporation
(Fig. 2). Copper production was represented
using a publicly available global database of
porphyry copper deposits (Magnin et al
2025), with water demand computed using
deposit-specific ~ parameters, empirically
derived  production  scheduling rules,
processing configurations, and a conceptual
representation of tailings-related water flows.

Copper production was scheduled
to meet demand trajectories from the
International Energy Agency Stated Policies
Scenario STEPS, reflecting a moderate
energy transition scenario consistent with
the SSP2-4.5 climate pathway, over the
period 2025-2050 (IEA 2024). Scheduling
followed a descending ore-grade order and
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Figure 1 Schematic overview of HyIR.
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Figure 2 Water flows considered in the model.

was scaled to represent global copper supply
by scaling demand to porphyry deposits,
assumed to continuously account for 82%
of identified copper resources. New deposits
were activated as existing operations were
exhausted to reduce the demand-supply gap.
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Monthly mining water stress was
quantified as the ratio of monthly water
demand associated with scheduled copper
production, aggregated spatially to the
hydrological grid, toafixed fraction of monthly
gross extractable water allocated for mining
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within the corresponding grid cell. Where
extractable water availability approaches
zero, the ratio loses interpretability, such
cases were therefore flagged.

Results

Simulated river discharge from HyIR, forced
with historical TaiESM1 data, was compared
to GRDC observations across South
America for the period 1850-2015 (Fig. 3a).
Observations were available for large basins
covering 71.6% of the continent. Using the
—-0.41 performance threshold, 69.9% of
the assessed area exhibited KGE-d values
above the benchmark, indicating that HyIR
simulations forced with historical TaiESM1
data reproduced hydrological variability
more effectively than assuming stationary
mean flows. Lower scores representing 30.1%
of the assessed area were mainly observed in
relatively small coastal basins characterized by
extreme precipitation (>2600 mm a'), where
forcing precipitation exceeded observed
discharge by more than 1000%, indicating
unrealistically wet forcing conditions in
TaiESMI rather than structural limitations of
the HyIR framework.

LFALE

a) Historical validation results
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Using the validated HyIR configuration,
extractable water availability was simulated
from TaiESMI projections under the SSP2-
4.5 moderate scenario. Monthly extractable
water was computed at the climate model
grid scale as the aggregate contribution from
lakes and reservoirs, river discharge, and
groundwater storage (Fig. 3b). The resulting
fields represented physically based estimates
of gross extractable water availability derived
from climate forcing and hydrological storage
dynamics and formed the hydrological
input for subsequent mining water stress
calculations.

Scheduled copper production under the
IEA Stated Policies moderate scenario
was simulated over 2025-2050, producing
a temporal profile of active deposits and
corresponding production (Fig. 4a), with a
total simulated production of 702 Mt compared
to 731 Mt of demand, corresponding to the
depletion of 30.3% of the studied copper
resources. Periods where demand exceeded
the supply capacity of available deposits
were highlighted in the schedule. Of the 852
porphyry deposits considered, 699 met the
minimum mine-life threshold of 10 years and

e

b) Future total extractable water

Figure 3 (a) Historical validation of HyIR using the drought-KGE metric in South America, and (b) projected
extractable water availability under SSP2-4.5, computed as the sum of lake, river, and aquifer contributions.

Kim, D.-M., Miihlbauer, R., Wolkersdorfer, Ch.

455



IMWA 2026 - Sustainability & Efficiency

Cu Porphyry Production Schedule - IEA STEPS Scenario

(a) Copper Porphyry: Demand vs Production (STEPS)

(b) Annual Water Needs for Copper Production
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Figure 4 Global production scheduling (a) and associated annual water demand (b).

were therefore included in the production
assessment, representing 2318 Mt of contained
copper (99.7% of 2326 Mt identified across
all deposits). The 153 excluded deposits
accounted for 7.9 Mt of copper (0.3% of
identified copper). Water requirements for
the activated deposits were simulated (Fig.
4b), the deposit-level water intensity had a
mean of 365 m* t! of copper and a median of
265 m® t'!, with the 10th and 90th percentiles
at 123 and 608 m® t" respectively, variability
being primarily controlled by differences in
ore grade.

Monthly mining water stress was evaluated
for 2030, 2040, and 2050 under TaiESM1
SSP2-4.5 forcing and the applied production
schedule (Fig. 5). Stress levels exceeding
20% were identified in multiple hydrological

grid cells across the assessment period. The
stress classification (<10%, 10-20%, 20-
40%, 40-80%, >80%) was adapted from the
Water Stress Indicator framework (Pfister
et al. 2009). However, as only mining water
demand was considered, the demand values
represented partial withdrawal pressure and
therefore underestimated total water stress.
In mining-intensive, water-scarce countries
such as Australia, Chile, and South Africa,
mining accounted for only 2-4.5% of national
water withdrawals (Brown, 2003), but local
demands could be higher. For this reason,
a representative allocation of 10% of gross
extractable water was applied to mining,
reflecting the coarse spatial resolution and
allowing for meaningful assessment of
mining-related water stress.

Evolution of Cu Porphyry Mining Water Stress Ratio
TaiESM1 ssp245 - IEA STEPS

2030
125 active deposits, 54 stressed
10.39 Mt Cu produced, 61% stressed

2040

144 active deposits, 56 stressed
10.80 Mt Cu produced, 49% stressed

2050
124 active deposits, 52 stressed
10.23 Mt Cu produced, 62% stressed
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Figure 5 Mining water stress under SSP2-4.5 and STEPS scheduling.
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Peak mining-related stress reached
580% in northern Chile in 2034, reflecting
the concentration of high-production
deposits  within a single hydrological
grid cell combined with limited local
extractable water availability. The same cell
exhibited a continuous period above the
20% threshold for 279 months (around 23
years), corresponding to the duration over
which deposits in this cell were activated.
Thus, highlighting a hotspot where copper
production demands reached up to 58% of
the total extractable water for all uses in the
region. Across South America, the fraction
of copper produced from regions exceeding
the 20% stress threshold consistently ranged
between 49% and 66% of total production
throughout the assessment period, indicating
that more than half of future copper
production in the continent was exposed to
medium-to-extreme mining water stress.

Conclusions

Coupling climate projections, hydrological
aggregation, and mining production models
demonstrated the feasibility of assessing
the evolution of water availability for global
mineral production. Application of the
framework to porphyry copper illustrated
its ability to identify spatial and temporal
hotspots where production could be
constrained by local water resources. Results
indicated that a substantial share of future
copper production may occur in regions
exposed to moderate-to-extreme water
stress. Results also indicated the hydrological
limitations of grade-based scheduling,
highlighting the importance of integrating
resource planning with local water availability
when evaluating mining operations under
changing climatic conditions. Extension of
the framework aims to support decision-
making by identifying regions where mineral
production is most viable under combined
production and water availability constraints.
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