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Abstract
Water and energy are essential requirements for mineral processing plants, and they can be either
scarce or expensive. In the present paper, the implications of a remote water source location (typically
the seashore) are analyzed in terms of a definition for the combined water and energy operational
cost required to transport ore concentrate using long distance pipelines. A typical process route is
defined to expose the relevance of key process variables, including source remoteness and water
reclamation both from tailing storage facilities and thickeners. Both mass and energy balances have
been made to give an estimation of specific energy consumptions for a typical large scale Chilean
mineral processing operations, considering a number of realistic hydraulic design criteria to make a
comparative analysis of different plant processing capacities. In the present cost function definition,
an account has been made on whether the water is either makeup or has been recirculated on the
plant, and a distinction has been made on whether tailings are conventional or thickened, which
allowed to analyze the relevance of in-plant water recovery compared to water recovery from the
tailing disposal site. This has allowed to express the cost of water in terms of the various energy cost
terms, thus showing in this case that the cost of water is ultimately the cost of energy, and therefore
all cost components become proportional to the unit cost of energy. A piecewise constant pipeline
diameter analysis scheme has been defined to allow studying the implications of water recovery
on widely different plant sizes. Results show that for fixed water recovery rates, increasing plant
throughput tends to cause a decrease on the specific energy for water transport. On the other hand,
for fixed pipeline diameters, increasing the throughput causes an increase on the specific energy
consumption, but such increase rate becomes milder at higher throughput rates. This suggests the
advantage of the existence of common makeup water supply systems for mining districts with more
than one mineral processing plant. On the other hand, for constant pipeline diameters, increasing the
water recovery from the tailing disposal site or from thickeners generates a decrease of water specific
energy consumption, where in the case of the water recovery from the tailing disposal site such
decrease rate becomes stronger with the amount of water recovered. Results also shows that, except
for very high solid concentrations, water makeup costs dominate over recirculation ones, supporting
that producing thickened tailings is a more efficient option than conventional ones in the sense of
specific energy consumption, in spite of the additional energy costs due to slurry transport that this
option implies.
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1. Introduction
Water is ubiquitously used in mineral processing plants. While in the plant it is required for valuable
mineral extraction, often via flotation, it is also used as a vehicle for both the transport of the
commercial product (ore concentrate) and the residue (tailing). In either case water acts as a vehicle
both for separation and transport, and is subject to losses in several stages in the process. It is therefore
important to note that water, just like energy, acts as a raw material. Water and energy supply have
been treated in the past as two separate problems the mining industry faces. Common approaches to
the efficient use of resources have been focused on either efficient water management or life cycle
analysis (LCA) to both use less water and maximize recycling. Examples include Boger (2009), who
focuses on the value of thickening and rheology to reduce water footprint, Norgate and Haque (2010),
who suggests, using LCA, the need to improve the efficiency of major energy consuming equipment
such as mills in the context of iron ore, copper and bauxite production. On the other hand, Dunne
(2012) enhances the value of planning and the use of a system-level approach for water management,
and Norgate and Haque (2012), using again LCA, expose the high environmental footprint of the gold
extraction process. Only recently efforts have been devoted to treat the integral problem of efficient
combined use of both. Indeed, only in recent years the notion of decision making after trade-off
values related to water and energy has received attention in the literature. An example is the Mine
Water Network Design (MWND) approach (Gunson et al., 2010) where, after the identification of
the water balance and potential water sources, an optimization of the water consumption based on
minimizing energy requirements via linear programming has been applied to water cooling of mills
and compressors in a mineral processing plant. In the coal industry, the impact of the mine plan on
potential decisions to optimize pumping capacity for dewatering has been depicted in terms of both
the specific energy and water consumption in India (Sahoo et al., 2014) and. The opportunities to
use alternative water sources increasing global efficiency is discussed by (Nguyen et al., 2014, and
references therein). This has included the potential to use another mine’s acquifer. The concept of
water transfer between plants has been exploited in the hierarchical system model that has been
proposed and applied to a Australian plant network to minimize water contamination due to overflow
in plants during extreme events (Gao et al., 2016). In these cases, the explicit metric of interest is
either energy or water consumption.

The interplay between water and energy use has been only relatively recently identified as a plant
efficiency driver. Conceptual approaches have been proposed to expose trade-offs between water and
energy consumption in mining. Donoso et al. (2013) have identified, in light of a simulation of a copper
concentrator, the relevance of particle size through comminution and water recovery. They observed
that larger particles are bonded to reduced energy consumption, and increased water recovery at the
thickeners. However, this optimum does did not match the highest copper concentrate throughput,
making this approach strongly copper and energy cost-dependent. Assuming comminution and
flotation as process data, a water energy index, corresponding to the ratio of available water volume
and energy demand (Nguyen et al., 2014) and a dimensionless parameter for water-energy cost in
slurry transport systems, including ore concentrate and tailings (Ihle et al., 2014) have been defined.
These approaches have in common the requirement of a site-specific assessment (including cost
and location) for a best combined use of both resources. Apart from desalination, water supply cost
and associated greenhouse gas emissions is strongly tide to delivery distances (Hiam-Galvez et al.,
2012; Ihle, 2014). To account for a metric of the ore concentrate transport cost, an energy/water cost
formulation can be used to measure how energy- and water-intensive is the transport process (Ihle,
2013; Ihle et al., 2013a). This approach requires a water and energy cost separately. The result after
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an optimization procedure is a set of optimal concentration and flow conditions given both the unit
costs of water and energy. Adiansyah et al. (2016) have worked an example taking into account the
combined relevance of water and energy in a coal plant using a hierarchical system model (HSM)
software to seek for the best tailing transport and disposal option for thickening solids concentrations
between 30 % and 60 % by weight. They conclude that considering water recovery rates and energy
consumption there is an optimum close to 50 % (in their study the most water saving option was not
the best due to the high energy consumption). Although their computation did not add a metric for
the cost of water and they took a qualitative valuation of the use of water based on recovery, they
reinforce the point made in previous works (e.g. Ihle, 2014) regarding the relevance of considering
both water and energy in plant assessment, with emphasis on the impact of water slurry transport.

The Chilean copper industry is massive on both water and energy consumption and faces several
challenges involving water that range from economical to environmental aspects. While it shares
the common water scarcity and/or competition with other stakeholders (Cochilco, 2008), it also
needs to minimize the use of energy in the especially high energetic Chilean cost scenario (on the
order of 100 USD/MWh as reported by Utreras et al., 2016), that implies CAPEX can be as high as
19 USD/m3 and OPEX 3.5 USD/m3 (Soruco and Philippe, 2012). On the other hand, in Chile, the
water scarcity close to many mineral processing plants in arid regions, even when compared to
other mining countries with present and potential of future development, such as Peru and USA,
has created the need to supply water from the sea (Northey et al., 2017), which somewhat imposes
a new challenge: when resourced from the sea water should be kept to a minimum, not because
it is scarce, but because desalination and transport is considerably expensive (Northey et al., 2013).
In particular, there is a high energy demand associated to both pumping water from sea level to
mountain locations, where most of the concentrators are, and the need to provide the supplementary
energy to account for friction losses. Table 1 shows an example of long distance water transport
lines connecting desalination facilities with mineral processing plants. A complement is detailed in
Philippe (2012), Castillo et al. (2015) and Revista Agua (2016), whereas historical remarks on water
supply pipelines for the mining industry can be found in Ghassemi and White (2007). On the other
hand, a summary of potential desalinated water supply projects in the context of the Chilean mining
is given by Zúñiga (2009). In the particular case of slurry pipelines, some additional operational
challenges arise from the handling of segregating solid matter inside the pipeline. In several cases,
paths for desalinated (or salt water) pipelines are the same than those of ore concentrate pipelines,
which means that part of the water obtained from sea level travels twice the pipeline length. Both in
concentrate and makeup water pipelines, power consumptions due to pumps are commonly in exceed
of 1 MW. This number can be readily justified considering as a rough (and conservative) estimation
of the hydraulic power for transport that it is on the order of the product of the water density, the
acceleration of gravity, the altitude difference and the volume flow (i.e. neglecting friction losses
and pumping efficiencies). Excluding the Balama pipeline case in that table, more than 70 % of the
operations in Table 1 consumes more than 1 MW in water transport.
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In slurry transport systems using pipelines, from a simple mass balance, discussed below, there
might be more than one combination of slurry flow and solids concentration which yields the same
throughput. This suggests that it is possible to find, within the set of feasible input conditions, an
optimal one given a specific criterion. If such criterion is specific energy consumption (i.e. the
amount of energy spent per unit mass of solids), the least specific energy consumption occurs near
the minimum velocity before a sediment bed appears at the pipeline section (Ihle and Tamburrino,
2012). The minimum velocity is defined as the maximum value between the deposition value and
that corresponding to the laminar-turbulent transition, where most often the former controls the
minimum velocity condition at small to moderate solid fraction values (Ihle and Tamburrino, 2012).
In other words, in most operational long distance ore concentrate pipelines, the least specific energy
consumption is controlled by the deposition velocity value. When the objective function is, instead
of the specific energy value, the combined water and energy cost, the conclusion is similar: only
at extremely high concentrations the least (water + energy) cost is driven by laminar-turbulent
transition condition and, in general, it is driven by the deposit limit which, in this case, corresponds
to the highest feasible transport concentrations (Ihle, 2016). This general requirement of moving
to higher concentrations from a simple cost perspective coincides with the known problem of the
mining industry to minimize the use of water for cleaner production (in the sense of Hilson, 2003) in
a framework of best sustainable operational practices (Adiansyah et al., 2015). The disposal of these,
so-called thickened or paste tailings, whose name will actually depend on the flow properties of the
slurries, has well-known environmental advantages (Boger, 2009; Simms, 2017), and is not necessarily
more expensive than conventional technologies in greenfield projects. This conclusion has been
obtained in the review by Fourie (2012b) and, more recently, by Aitken et al. (2016) , who estimated
costs in a 50 000 ton/day ore plant. They found, for their particular case, that high rate thickening with
a secondary flocculation stage implies a lower water recovery cost than paste and filter technology.
Modern semi-quantitative approaches to account for the efficiency in water consumption at plant
level include to consider standard water footprinting procedures based on lifecycle analysis (Northey
et al., 2016). However, information regarding the energy use in processes including makeup from
distant locations is often not available (Northey et al., 2013).

The present paper focuses on the impact of a remote water supply on an ad-hoc definition of water
costs of a typical mineral processing route. Attention is payed on the role of such remote makeup
water replacing losses from the tailing storage facility (TSF) (a thorough discussion, centered on
water saving from other loss origins, has been made by Gunson et al., 2012). The potential for water
recirculation from the concentrate filter plant is analyzed as well. It is shown herein that, under the
imposed conditions, the unit cost of water for transporting ore concentrate is proportional to the
corresponding unit cost of energy. A simplified version of the mass balance of a mineral processing
plant is detailed herein to analyze and parameterize the most important elements that decide such
ore concentrate energy and water transport cost. In particular, the role of thickening is exposed from
an operational cost perspective.

2. Problem description
2.1. Flow diagram
Consider the flow diagram of Figure 1, consisting of a typical concentrator plant dispatching ore
concentrate, and generating residual material dumped on a tailing storage facility (referred to herein
as TSF). The arrows represent the corresponding stream of species (water, ore concentrate or tailing)
connecting the various operations depicted by squares. The leftmost braces represent two distinct
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locations, namely the plant site area (in Chile, typically, in the Andes Mountains), and the water
supply source (commonly at sea level, distant dozens of km from the latter). The problem is to analyze
the impact of in-plant water recovery, at the TSF, in an ad-hoc definition of ore concentrate transport
cost, projected in water and energy components, assuming that water transfer occurs in close conduits
that preclude leaks or evaporative losses. In-plant water losses are also neglected in front of those at
the TSF. This is discussed below.

Figure 1: Plant schematic. Water losses from the ore concentrator plant have been omitted. Both
the water makeup supply and the water losses from the TSF have been highlighted in gray.

In Figure 1, water losses from thickeners and flotation cells due to evaporation have been omitted
for simplicity. These are, in general, considerably small when compared to those at tailings disposal
sites, excluding filtered tailings (not studied herein), because of the wide difference between wet
and humid areas exposed to the environment in both cases. This schematic also shows the presence
of a plant area and an off-site one. Several Chilean large scale mining operations rely on remote
seawater sources, which imply the requirement of several of dozen kilometer pipelines both for the
ore concentrate and the makeup water. It is exposed herein the relevance of this fact on a metric of
transport, water recirculation and makeup cost. Such cost definition is described in Section 2.2.

2.2. Ore concentrate transport cost function
In the present work the ore concentrate is assumed as the sole product of the mineral processing plant.
The role of water in operational cost is to participate in comminution (wet grinding), concentration,
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transport and tailing disposal operations. The potential for water savings within the plant are out of
the scope of the present paper, and the focus is placed on the role of water on the costs associated to
transport and tailings disposal.

From the product perspective, a transport cost function for the ore concentrate can be written
as (Ihle, 2013):

Ω = 𝑄WC𝜃W + 𝑃𝜃E, (1)

where the units of Ω are currency/time, 𝑄WC is the water flow component in the concentrate (in
volume of water/time), 𝑃 is the pumping power (energy/time) and the unit cost variables are 𝜃W and
𝜃E for the water cost (currency/water volume, e.g. USD/m3) and the energy cost (currency/energy,
e.g. USD/MWh). The energy unit cost, 𝜃E, is a constant of the problem. In contrast, the water unit
cost requires a more diverse origin. In particular, the water cost comes from:

1. Makeup (𝜃WM), including:

(a) Desalination, when present
(b) Transport from the filter plant or the desalination plant area to the mineral processing plant
(c) The potential recovery of filtered water using the pumping capacity of the desalination plant

and the pipeline

2. Water reclamation from or near the plant area

(a) Thickeners (both concentrate and tailings)
(b) TSF (total, including water pond and contour channel reclamation).

Among the most important environmental problems related to water management in mineral
processing operations is precisely the amount of makeup required, which gives a measure of the
lack of closure of the mass balance in the system. In the following section, the water balance for the
proposed system is described and the various terms are interpreted in light of a cost item to eventually
configure the water cost, 𝜃W.

3. Results and discussion
3.1. Mass balance
Centering a water mass balance in the mineral processing plant, the following relation holds:

𝑄WM −𝑄cons −𝑄loss = 0, (2)

where𝑄cons and𝑄loss are the water flows corresponding to consumption and water losses, respectively.
The term consumption points to the use of water that ships with the ore concentrate (Wills and
Napier-Munn, 2011) and does not return to the cycle, and thus needs to be supplied externally,
as part of the makeup. On the other hand, 𝑄loss corresponds to seepage and evaporation losses,
which in principle can be minimized (Boger, 2009) but hardly completely eliminated (some figures on
evaporation rates may be found in Bleiwas, 2012). In ore concentrate plants, evaporation losses occur
mainly at the TSF and the surface of the thickeners. However, in most Chilean mineral processing
plants it is easy to verify using satellite imaging that evaporation areas in thickeners are, in most
cases, between 1 % and 3 % of the effective evaporation areas at TSF’s, potentially reaching hundreds
of hectares in plants processing more than 100 000 tons/day, as can be directly inferred from Gunson
et al. (2012), and also observed from satellite images.
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Considering steady-state operation, the water balance in the concentrator plant is given by the
relation

𝑄WM +𝑄TDR −𝑄CTU −𝑄TTU −𝑄other = 0, (3)

where the subscripts denote water makeup (WM), water reclamation from the TSF (TDR), concentrate
thickener underflow (CTU ), tailing thickener underflow (TTU ) and other losses, such as evaporation
from thickeners (other). The water flow recovered from the TSF, 𝑄TDR, may be expressed as a fraction
of the underflow of the tailing thickener, as:

𝑄TDR = 𝜆TDR𝑄TTU, (4)

with 0 < 𝜆TDR < 1. The term𝑄other, related to water losses within the plant may be neglected given its
little relevance compared to water evaporation and/or by seepage at the TSF. Using (4), it is therefore
assumed:

𝑄WM ≈ 𝑄CTU +𝑄TTU(1 − 𝜆TDR), (5)

which allows obtaining an order of magnitude of the impact of the water losses at the TSF in the
water balance of the plant. It is noted that, when desalination plants are present, part of the water
corresponding to the concentrate stream is also recovered. This has not been considered at this point
because such recovery occurs at a distant location from the mineral processing plant (water recycling is
defined here as the in-plant or near-plant recovery of water). To make it possible, considerable energy
cost, related to a long distance transport, must be taken into account. For this reason, such stream
has been considered as water makeup, although subtracting desalination costs. This is discussed in
section 3.2.

On the other hand, the TSF is a variable mass system, as it accumulates solids and residual water
content in the tailing. A schematic is shown in Figure 2. This residual water content in the TSF can
be on the order of 15 % of the solid in Chilean copper sulphide deposits (Osorio, 2009; Conejera and
Pasten, 2016, and references therein). Depending on the presence of clay content, this value can be
considerably higher (e.g., the measurements reported by Wels and Robertson, 2003) for a Chilean
copper mine in the desert.

The corresponding mass balance at the TSF for both the water (𝑚𝑙 ) and the solid content (𝑚𝑠 ) is
given by the following expressions:

d𝑚𝑙

d𝑡
= 𝜌W𝑄TTU(1 − 𝜆EI − 𝜆TDR) (6)

d𝑚𝑠

d𝑡
= 𝐺s,TSF, (7)

where 𝑄TTU is water part of the thickener underflow stream, 𝜌W is the density of water, 𝜆EI is the
fraction of the water entering the TSF that is lost due to evaporation and infiltration and 𝐺s,TSF is the
solid part of the tailing disposed in the TSF. The residual content of water in the TSF (neither lost to
the environment nor recovered to the mineral processing plant) can be interpreted as a progressive
water accumulation. Given the liquid-to-solid mass retained fraction, 𝜆ret and the expression for the
water accumulation d𝑚𝑙/d𝑡 = 𝜆ret𝐺s,TSF.

In Chilean copper concentrate plants, typical ore grades are 1 % (feed, denoted fg), 0.1 % (tailings,
denoted tg) and 28 % (Gunson et al., 2010) (concentrate, denoted cg) (a progression of Chilean copper
ore feed grades is detailed in Ocaranza, 2017). It is thus noted that, given a plant feed throughput, 𝐺F

(i.e. the solid material entering the plant, and a weight recovery 𝑌 , which can be calculated from the
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Figure 2: Schematic of the flows at the TSF. It is noted that both solid and liquid accumulation
occurs.

grades as fg−tg
cg−tg ), the concentrate throughput, equal 𝑌𝐺F, is on the order or less than 2 % of the total

amount of mineral processed (Northey et al., 2014), with associated tailing deposits which commonly
exceed volumes of 1 billion cubic meters after few decades of operation (Rico et al., 2008; Icold, 2017).
From a water balance, the terms 𝑄CTU and 𝑄TTU are straightforward to obtain:

𝑄CTU =
𝑌𝐺F

𝜌W

(
1

𝐶CTU
− 1

)
(8)

𝑄TTU =
(1 − 𝑌 )𝐺F

𝜌W

(
1

𝐶TTU
− 1

)
, (9)

where 𝐶TTU and 𝐶CTU are the solid fractions by weight at the underflow of the tailing thickeners and
in the ore concentrate pipeline, respectively. In both cases, the water flow at the thickener feed is
assumed to be controlled by the same feed concentration as it is shown below for the case of the
concentrate:

𝑄F =
𝑌𝐺F

𝜌W

(
1
𝐶F
− 1

)
, (10)

where 𝐶F is typically on the order of 30 % (Gunson et al., 2012).
In spite there is wide international agreement on the need to produce tailings with reduced

amounts of water (Davies and Rice, 2001; Boger, 2009; Edraki et al., 2014; Northey et al., 2016), there
is a considerable number of mineral processing plants operating within the so-called conventional
range, with 𝐶 ≈ 50 %, which makes the present analysis especially relevant in that context.

The solid part of the tailings disposed at TSF sites verify the relation 𝐺s,TSF = (1 − 𝑌 )𝐺F. This
implies that the water retention rate corresponds to d𝑚𝑙/d𝑡 = 𝜆ret(1 − 𝑌 )𝐺F and that, by virtue of (7)
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and (9), the following relation holds:

𝜆TDR = 1 − 𝜆EI −
𝐶TTU𝜆ret

1 −𝐶TTU
. (11)

The water make up flow can thus be computed using (5) and (8) as:

𝑄WM =
𝑌𝐺F

𝜌W

(
1

𝐶CTU
− 1

)
+ (1 − 𝑌 )𝐺F

𝜌W

[(
1

𝐶TTU
− 1

)
𝜆EI + 𝜆ret

]
(12)

=
𝑌𝐺F

𝜌W

(
1

𝐶CTU
− 1

)
+ (1 − 𝑌 )𝐺F

𝜌W

(
1

𝐶TTU
− 1

)
(1 − 𝜆TDR) . (13)

Here, instead of expressing results in terms of the amount of water lost to the environment and
within the TSF due to water retention, it is considered hereafter 𝜆TDR as single control parameter
for the water makeup, as in (13). Knowing the retention rate, an estimation of the losses due to
evaporation and infiltration in the system can thus be estimated using (11).

Figure 3 shows the makeup normalized by the plant throughput. This dimensionless result can be
expressed in the more familiar index of liters of water per tonne of processed mineral by multiplying
the ratio 𝜌W𝑄WM/𝐺F by 1000. For the relatively typical case of 𝐶TTU = 52 %, often corresponding to
conventional copper tailings‡ (Fourie, 2012a), it is seen that increasing the water recovery from the
TSF from 35 % to 50 % of the underflow of the tailing thickener causes additional water savings on the
order of 120 L/ton, or about 24.5 % compared to a typical makeup water use of 490 L/ton (Ocaranza,
2017) (Figure 3a), which in a large scale mineral processing plant (processing 100 000 ton/day of
mineral or more) might imply water savings on the order of 10 000 m3/day depending on the size. On
the other hand, for a fixed water recovery ratio, the 1/𝐶TTU dependence of the makeup makes that for
smaller concentrations the impact of thickening on water makeup is stronger. For instance, increasing
the tailings thickener underflow concentration from 50 % to 55 % when recovering about 30 % of the
water from the TSF causes water savings of about 60 L/ton (Figure 3b). In a higher concentration
range, decreasing water consumption becomes more difficult and, as expected, the best opportunity
for water savings appears through 𝜆TDR.

The solids concentration at the concentrate thickener underflow, 𝐶CTU, is similar to 𝐶TTU, the
concentration at the tailing thickener underflow. In contrast, the parameter𝑌 differs significantly from
1−𝑌 . Taking this into account, comparing the first and second terms of the right hand side of Eq. (13) it
is concluded that most of the makeup is associated to tailings rather than ore concentrate. Considering
the dispatch of concentrate downstream the filter plant as a minimum requirement for water makeup,
from a water balance in the filter plant, an absolute minimum for 𝑄WM is 𝑄∗WM =

𝑌𝐺F
𝜌W

𝐻
1−𝐻 , where 𝐻

is the cake humidity of the dispatched concentrate (in humid base), typically on the order of 8 % (e.g.
Concha, 2014, Chap. 9). Therefore, in practice, 𝑄∗WM ≪ 𝑄CTU ≪ 𝑄TTU.

The generation of thickened and paste tailings has been indicated as the best technique for tailings
disposal both in the sense of physical/chemical stability and from the point of view of water savings (e.g.
Boger, 2009; Fourie, 2012b, and references therein). However, the hydraulic transport costs of paste and
thickened tailings is energy-intensive compared to water or conventional tailings. In existing plants
where infrastructure is suited for the generation of conventional tailings and it is not economically

‡Strictly speaking, the classification is rather dependent on the rheology of the slurries than on the solids concentrations,
but the values referred to herein are commonly found in large scale copper sulphide tailing facilities. The use of mass
concentrations instead of the yield stress (Boger, 2009) is useful to center the analysis on the mass balance expressions, due
to the water-saving oriented focus of the present paper.
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Figure 3: Makeup water mass flow normalized by plant throughput for 𝜆ret = 15 %, 𝑌 = 2.5 %,
𝐶CTU = 65 %. (a) As a function of the fraction of water recovery from the TSF and (b) in terms of
tailings thickener underflow concentration.

feasible to switch for high dewatering systems, an alternative strategy to maximize water recirculation
is to increase the water recovery from the TSF as depicted in Figure 3. In the forthcoming sections it
is shown that, if possible, the best option is related to maximizing water recovery from the thickener.

3.2. Ore concentrate transport cost components
Following the cost function definition described in Section 2.2, the water cost per unit volume, 𝜃W

(Eq. 1), is written as the weighted sum of the makeup cost and the in- or near-plant recirculation cost:

𝜃W = 𝜃WM𝜆WM + 𝜃WR𝜆WR, (14)

𝜆WM + 𝜆WR = 1. (15)

Here, the subscript W stands for water, WM for makeup and WR for water recirculation. It is noted
that, with regard to water recovery, in the context of the present work, the concepts recirculation
and reclamation are used with the same meaning. On the other hand, the parameters 𝜆WM and 𝜆WR

denote the fraction of makeup water and recirculated water. They correspond to the fractions of
makeup and recirculation of the total volume flow, respectively.

The cost dimension that depends on water reclamation, 𝜃WR, is expressed as follows:

𝜃WR = (𝐸TDR𝜆TDR + 𝐸TT𝜆TTO + 𝐸CTO𝜆CTO)𝜌W𝑄WR𝜃E (16)

𝜆TDR + 𝜆TTO + 𝜆CTO = 1, (17)

with the specific energy components (with units of energy per recovered water unit weight, denoted
as energy/kgwater) corresponding to the TSF (𝐸TDR), tailings thickener array overflow (𝐸TT) and
concentrate thickener array overflow (𝐸CTO). The term 𝐸TT does not only include the energy input
related to the recirculation from the tailing thickener overflow, but also considers the energy used for
pumping thickened or paste tailings from the thickener underflow to the TSF, which is indirectly a cost
of recovering water. The weighting factors multiplying the specific energy components correspond
to the ratio between the water volume flow of the stream of interest and the total recirculated flow.
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The latter is assumed herein as the sum of the three water recovery components, associated to the
overflow of the tailings and concentrate thickeners and the TSF:

𝑄WR =
𝐺F

𝜌W

{
1
𝐶F
− 𝑌

𝐶CTU
− 1 − 𝑌
𝐶TTU

[1 − 𝜆TDR(1 −𝐶TTU)]
}
, (18)

On the other hand, the makeup unit cost, 𝜃WM, is expressed as:

𝜃WM =
[
(𝐸MD + 𝐸WM)𝜆MD + 𝐸WM𝜆MC

]
𝜌W𝑄WM𝜃E (19)

𝜆MC + 𝜆MD = 1, (20)

where 𝐸MD and 𝐸WM are the specific energy requirements for desalination and makeup transport,
respectively. They are measured in energy/kgwater. Such specific energy requirements are applied to
different streams. The weighting factor 𝜆MC the stand for the volume flow fraction of the makeup
that comes from the filtered concentrate, and consequently does not need desalination. On the other
hand, the weighting factor 𝜆MD corresponds to the part of the makeup that requires desalination.

In case there is an available pipeline to pump the recovered water from the filter plant back to the
mineral processing plant, from a water balance, then 𝜆MD > 0. In particular, the corresponding water

flow, assumed as the remainder of the water that is left in the concentrate, is given by 𝑌𝐺F
𝜌W

(
1

𝐶CTU
− 1

1−𝐻

)
.

Hence,

𝜆MD = 1 − 𝑌𝐺F

𝜌W𝑄WM

(
1

𝐶CTU
− 1

1 − 𝐻

)
, (21)

with 𝜆MC corresponding to (minus) the second term on the right hand side of the latter expression,
thus verifying (20). Using (21) and 𝑄WM (Eq. 5), the part of the makeup that requires desalination is
𝑄MD = 𝜆MD𝑄WM:

𝑄MD =
𝐺F

𝜌W

[
(1 − 𝑌 ) (1 − 𝜆TDR)

(
1

𝐶TTU
− 1

)
+ 𝑌𝐻

1 − 𝐻

]
, (22)

where it is seen that, as 𝑌 ≪ 1 and 𝐻
1−𝐻 is small compared to the unity, only a small part of the

makeup is recovered from the plant through the concentrate pipeline stream.
Figure 4 shows the relative importance of the various components of the total water recirculation

flow as a function of the tailing thickener underflow concentration. Apart from the obvious fact that
increasing the underflow concentration reduces the requirement of water recovery from the TSF, the
figure shows that increasing the overall water recirculation within the plant for a fixed thickening
rate, requires increasing water reclaim recoveries from the TSF, a process that becomes increasingly
expensive and challenging at high recovery rates.

3.3. Specific energy components
The expressions (16) and (19) show that the cost of water depends critically on the energy required to
handle it in the corresponding pipeline systems.

The values of 𝐸WM, 𝐸TDR and 𝐸CTO depend on a number of design conditions, including the value of
the makeup flow, the pumping efficiency, the pipeline diameter, and the transport distance. Pipeline
aging is an important element because it conditions the internal wall roughness, which controls
pressure losses at high Reynolds numbers. To obtain figures in the present analysis, an approach
based on imposing a specific value of mean velocity in the pipeline given a particular nominal volume
flow condition, pipeline roughness and pumping efficiency has been considered, using as a reference
commercial steel pipelines (API 5L Sch. 80 or the thickest wall available depending on the size) in the
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Figure 4: Relative fractions of the total water recirculation, corresponding to water reclaimed
from the TSF, water recycled from the concentrate and tailing thickeners (acronyms CT and TT,
respectively), for (a) 𝐶TTU = 50 %, (b) 𝐶TTU = 55 %, (c) 𝐶TTU = 60 % and (d) 𝐶TTU = 65 %. Here,
𝜆WR is the fraction of the total flow which is recirculated in the plant.

final diameter choice (e.g. PM, 2017). It is noted that the required amount of material can range from
about 65 kilograms of steel per meter pipe to more than 100 kg/m in large diameter pressure pipes.

An implication of the use of commercial steel pipelines is that the diameter choice possibilities
are discrete. Additionally, following a closest commercial diameter approach as a design criterion
causes to adopt a constant diameter within an operational range. An advantage of this approach, as
opposed to continuously computing the pipeline diameter for specific process conditions, is that it
allows to expose the effect of process variations for a constant local diameter and, at the same time,
switch to significantly differing conditions via a different pipeline diameter. A continuous variation
of the diameter would make this impossible, as this parameter would couple with variation in process
conditions. The transitions between pipeline diameters are readily identified as discontinuities in the
corresponding specific energy curves. The contrast between continuous and discrete computations is
shown in Figure 5.

A key requirement to compute the specific energy consumption is to identify a method for the
calculation of the pipeline pressure losses. Consider that the water delivery point is located at a height
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Figure 5: Pipeline diameter determination for ore concentrate using (a) a continuous approach
and (b) the choice of the closest commercial available value, for different slurry volume fractions.
In the present nomenclature, the 𝑥-axis corresponds to the concentrate throughput, equal to
𝑌𝐺𝐹 . Present values of the volume solids fraction of the concentrate are similar to those in real
concentrate pipelines (Betinol and Jaime, 2004; Ihle and Tamburrino, 2012). Ore concentrate
reference throughput values are on the order of those reported for large scale Chilean mining
operations (Consejo Minero, 2002).

Δ𝑧 > 0 above the head pumping station. Assuming that the water discharge occurs at atmospheric
pressure, an energy balance between both points yields the relation:

Δℎ = Δ𝑧 + 𝑓 𝐿

𝐷

𝑣2

2𝑔
, (23)

where 𝐿 is the pipeline length, 𝐷 is the internal diameter, 𝑣 is the mean flow velocity (𝑣 = 4𝑄/𝜋𝐷2,
with 𝑄 the applicable volume flow), and 𝑔 is the acceleration due to gravity. Here, 𝑓 is the Darcy
friction factor, which in the case of water can be computed using the well known Colebrook-White
equation or an equivalent expression (Granger, 1987). The pumping power for the corresponding
stream is computed as 𝑃 = 𝜌W𝑔𝑄Δℎ/𝜖 , with 𝜖 the global efficiency of the pumping system, and the
associated specific energy requirement is expressed as 𝑃/𝜌W𝑄 . Thus, for the water makeup and
reclamation streams 𝐸WM, 𝐸TDR and 𝐸CTO, the following expression holds:

𝐸 =
1
𝜖

(
𝑔Δ𝑧 + 8

𝜋2

𝑓 𝐿

𝐷5𝑄
2
)
, (24)

where Δ𝑧, 𝑓 , 𝐿,𝐷 and𝑄 should be used at the water makeup, reclamation from the TSF and concentrate
thickener overflow pipelines, considering for notational purposes the appropriate subscripts.

From (24), it is noted that the specific energy consumption increases with the square of the water
flow and decreases with the fifth power of the pipeline internal diameter, and thus both can be applied
at design or operational level to seek for optimal infrastructure and operational points. However, a
limitation of increasing the internal diameter to decreasing the energy consumption is given by the
cost of the pipeline, which is proportional to the required amount of steel per unit length. This is a
growing function of both the square of the internal diameter and the pipeline thickness (Ihle et al.,
2013b). An exact result would therefore be the outcome of an economical analysis, which is out of the
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scope of the present paper. However, it is commonplace that the resulting mean velocities are close
to or slightly above 1 m/s (e.g. Saskatchewan Environment, 2004). In the present calculations, mean
velocity values on this order have been used. To this purpose, a commercial pipe diameter has been
set accordingly. On the other hand, a set of distances and height differences between reclamation and
delivery points reflecting the case of ore concentrate plants in Chile will be assumed to give a sense
of reality to present calculations. A detail of the corresponding values is given in A.

3.3.1. Desalination energy requirements
The parameter 𝐸MD depends on the efficiency of the desalination process. It is accepted that a relatively
efficient reverse osmosis plant spends about 3 kWh/m3 of water (Chong et al., 2015), but values can
range from 2 kWh/m3 to 7 kWh/m3 (Lattemann and Höpner, 2008, and references therein). In a
recent report, a value of 3 kWh/m3 for desalination in Chile has been assumed (Castillo et al., 2015).
For simplicity, the latter value is considered throughout the present calculations.

3.3.2. Specific energy for water recirculation from ore concentrate thickeners, 𝐸CTO

The underflow concentration in copper concentrate thickeners is mostly between 65 % and 70 % by
weight. From a plant-wide mass balance perspective, it affects a very small fraction of the total mass
passed through the plant (it is recalled here that the ratio of concentrate to feed mineral by mass is 𝑌 ).
The effect of concentration with plant feed throughput is computed using Eq. (24), and considering
the concentrate thickener overflow 𝑄CTO = 𝑄F −𝑄CTU. From (8) and (10), it follows that:

𝑄CTO =
𝑌𝐺F

𝜌W

(
1
𝐶F
− 1
𝐶CTU

)
. (25)

The result is shown in Table 2, and suggests that comparatively smaller throughputs are related
to higher specific energy values. Increasing the plant throughput requires to increase the pipeline
diameter (at relatively constant design mean flow velocity). Replacing 𝑄 by 𝜋𝐷2𝑣/4 in (24) implies
that the specific energy consumption depends on 1/𝐷 , a trend that becomes weaker when increasing
the volume flow requirement. A relevant outcome of this result is that small and medium-sized
operations might benefit from merging their makeup streams into a single pipeline, a thing that has
been recently explored an implemented in the Chilean context, including CVWS (Table 1) and the
agreement for shared water supply between Teck Resources Ltd and Collahuasi (Reuters, 2016). The
potential to reduce specific energy consumption at this point in larger-scale pipelines naturally offers
opportunities for water supply for local communities and agriculture. An example is the case of
Cerro Verde copper operation (CV), near Arequipa, Peru, which reached to an agreement with the
local community where CV would, on one hand, participate on the construction and operation of a
wastewater plant and receive, in exchange, a guaranteed volume of the treated wastewater for the
plant (Fraser, 2017). In this context, water distribution networks can be optimized together with the
location desalination plants (Herrera et al., 2015).

3.3.3. Specific energy for water recirculation from tailing thickeners, 𝐸TT

The energy estimation for water reclamation from the overflow of thickeners has the same calculation
method explained above. However, tailing thickeners may deliver slurries that can be either easily
transported to the TSF by gravity using open channels or, at higher concentrations, may require addi-
tional mechanical energy for their transport, using either centrifugal or positive displacement pumps.
At concentrations exceeding 𝐶TTU ≈ 60 %, they commonly have a strong non-Newtonian behavior,
with more energy requirements and differing infrastructure from conventional tailings (Concha, 2014).
Therefore, the estimation of the specific energy for water reclamation for thickeners will critically
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Table 2: Estimation of specific energy consumption of overflow water recovery from concen-
trate thickeners. Here, (𝑌,𝐶F,𝐶CTU) = (2.5 %, 30 %, 65 %) has been considered. The rest of the
computational assumptions are given in Table 6 (B).

𝐺F(kton/day) 𝐸CTO (J/kgwater)
50 600.3
150 466.3
250 319.6
350 322.8

depend on the underflow solids concentration or, more specifically, the rheology of the tailings that
are to be produced. Thus, the specific energy consumption related to water reclamation from tailing
thickeners has an additional component related to tailing transport. This value is highly variable, as
it strongly depends on the specific value of the thickener underflow concentration and, given a fixed
value of concentration, on the fine contents, including the potential for clays, and the physicochemical
characteristics of the slurry. In this regard, there are numerous examples of influential variables on
flow properties, including zeta potential (Zhou et al., 2001), origin for a similar process tailing (the case
of red mud is exposed in Sofrá and Boger, 2002), and presence of clays (Ndlovu et al., 2014; Zhang et al.,
2015). Also, solid-liquid separation process itself is also affected by these elements (Addai-Mensah
et al., 2007). Given such a broad range of parameters that can add variability to the results, a reported
reference value for 𝐸TTO, will be assumed. Here, as the corresponding energy consumption is rather
interpreted as a water reclamation cost, it is convenient to convert it to energy per water unit weight.
If 𝐸 is the specific energy per solid unit mass, then 𝐸 = 𝐸/𝜌W𝑄TTU is the specific energy per water unit
mass. Assuming that total specific energy consumption corresponds to the sum of the contributions
of the thickener underflow and the overflow pumping, then:

𝐸TT =
𝐶TTU𝐸TTU

1 −𝐶TTU
+ 𝐸TTO, (26)

where the first term on the right hand side corresponds to the energy requirement due to the tailing
disposal using (either centrifugal or positive displacement) pumps, and the second corresponds to the
energy consumption due to water transport from the overflow of the thickeners to the recirculation
delivery point in plant. In the particular case of gravitational transport, 𝐸TTU = 0 and 𝐸TT = 𝐸TTO, as
expected. A reference value for 𝐸TTU = 0.7 J/kgsolids has been estimated from data related to large
scale copper district in North Chile (Rayo et al., 2009), for the TSF pipeline length considered herein
(B), within the so-called economic range for using this technology (Nguyen and Boger, 1998, and
references therein). In conventional tailing TSF’s, it is common to obtain the dam fill material from
the coarse fraction of the tailing (Blight, 2010). This has not been considered in the present analysis,
as the costs involved are strongly dependent on the topography, and thus the site closure conditions.
An implication of this hypothesis is that, at equal water-to-energy costs for concentrate transport, it
is better to use thickened tailings rather than conventional ones.

The specific energy consumption of tailing thickeners depends strongly on the concentration
range at the underflow. Whereas high rate thickeners report much more water at the overflow than
conventional units —similarly as in Eq. (25), the water recovery from the thickeners is proportional
to 1

𝐶F
− 1

𝐶TTU
—, the existence of paste flows impose the need for tailing pumping to the TSF. Figure 6
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shows the impact of the underflow concentration on the specific energy required per kg water, in
terms of the thickener underflow concentration and various feed plant throughputs. The steep change
on the specific energy at 𝐶TTU = 0.54 corresponds to the imposition of slurry pumping above that
value. Although this definition is arbitrary, it gives some insight on the energetic impact of producing
thickened or paste tailings. In the present example, the specific energy related to recycling water
using conventional or thickened/paste tailings from the thickener nearly triplicates. On the other
hand, it is noted that for a constant pipeline diameter, the specific energy tends to increase with
concentration. This is explained by the fact that increasing the underflow concentration cause an
increase on the water overflow at the thickener. From (27) (Section 3.3.4), this roughly implies an
increment of the specific energy with 𝑄3

TTO. While in the lowest throughput value (50 kton/day) the
hydraulic conditions for pumping required several different diameters (suggesting giving a slight
tendency to decrease), in the higher throughput cases only two pipe diameters appear. However, as
mentioned, this decreasing tendency of the specific energy can be somewhat misleading because
occurs at different pipeline diameters, a situation that is no possible in operating plants.
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Ê
T

TO
(J

/k
g w

at
er
)

CTTU

GF = 50kton/day
GF = 150kton/day
GF = 250kton/day
GF = 350kton/day

102

103

104

0.4 0.45 0.5 0.55 0.6 0.65

Ê
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Figure 6: Specific energy consumption for water recovery from the tailing thickeners (Eq. 26).
The sawtooth-like form of the curves are explained by the multiple diameters assumed for
the sake of the analysis. (a) Specific energy corresponding to water recovery from thickener
overflow. (b) Specific energy including pumping energy of underflow for thickened and paste.
The discontinuity at 𝐶TTU = 0.54 corresponds to the transition between gravitational underflow
transport and pumping. The specific energy for solids transport considered is given by 𝐸.

3.3.4. Specific energy related to water makeup
The specific energy associated to water makeup depends critically on both the water makeup flow
(Eq. 13), and the calculation hypotheses indicated on Section 3.3. The effect of the thickener underflow
concentration is exemplified on Figure 7. For constant diameters of the makeup line there is a tendency
to reduce the specific energy consumption with the 𝐶TTU. This should not be confused with the
direct consequence of reducing the makeup by increasing the recycled water from the plant (from the
overflow of the tailing thickeners). The result shows, indeed, that the water transport becomes least
expensive per unit weight of makeup water given a single pipeline diameter. While this is true varying
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the solids concentration ceteris paribus, it is also noticeable for various different pipeline lengths.
Figure 7 shows that for fixed pipeline diameters, reductions on the specific energy consumption
are significantly lower for 200 km pipelines than for 50 km pipelines, whereas the corresponding
constant-diameter slope of curves are roughly constant for given pipeline lengths.
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Figure 7: Specific energy component related to water makeup (𝐸WM), in terms of the thickener
underflow concentration, 𝐶TTU, with 𝑌 = 0.025. In the legend, values in brackets correspond to
thousand tonnes per day for 𝐺F and pipeline length in kilometers in the case of the variable 𝐿.

Figure 8 shows the effect of throughput on the specific energy consumption linked to makeup. For
fixed pipeline diameters, the energy consumption tends to increase with throughput, as previously
concluded in similar calculations (Nguyen and Boger, 1998). On the other hand, higher throughputs
imply higher pipeline diameters because the required slurry flow is higher. Computations show
that progressively increasing the pipeline diameter causes a progressive decrease on the energy
consumption for makeup. Figure 8 also shows that the slope of each constant diameter segment
decreases increasing the throughput. This reveals that at higher tonnages, the specific energy
consumption becomes less sensitive to local changes on the throughput.

Figure 9 shows the effect of the fraction of water recovered from the TSF, 𝜆TDR, on the specific
energy consumption for makeup. The resulting set of curves shows a tendency to increase the value
of 𝐸WM with 𝜆TDR. However, given a constant makeup pipeline diameter, increasing 𝜆TDR would
cause steeper decreases on 𝐸WM. That means that in existing systems, improving water recovery
will decrease the makeup cost per m3 of water. The corresponding (negative) slopes become steeper
increasing the pipeline length, as inferred from (24). The slope of each section, on the other hand,
tends to decrease with pipeline length.

3.3.5. Specific energy requirement for dispatched ore concentrate, 𝐸OCP

Concentrate is dispatched using a long-distance pipeline in a natural topography. At the end of the
transport system a dissipation station is installed to provide for the necessary tilting of the energy
line to avoid that the energy line crosses the topography and thus pressures going near the vapor
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Figure 9: Specific energy component related to water makeup (𝐸WM), in terms of the fraction of
water recovery from the TSF, 𝜆TDR, with 𝑌 = 0.025. In the legend, values in brackets correspond
to thousand tonnes per day for 𝐺F and pipeline length in kilometers in the case of the variable 𝐿.

value. The specific energy requirement is computed considering a high point located at position
𝑥HP = 𝜆HP𝐿, with 0 ≤ 𝜆HP ≤ 1 (Figure 10a). The existence of such highpoint is most common in
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Chilean concentrate pipelines, given that both in the north and central regions in the country there
are two major mountain formations, namely the Andes Mountains and the Coastal Mountains.

From the energy standpoint, the most energy-efficient option is to set the transport so that the
energy line is as close as possible to the high point (Ihle, 2016). Assuming the limiting condition that
the energy line is exactly touching the high point, then, an energy balance reveals that the specific
energy consumption (measured per unit solids) 𝐸OCP = 𝑃/𝑌𝐺F, is given by:

𝐸OCP =
𝜌sl𝑄sl

𝑌𝐺F𝜖sl

[
𝑔(𝑧HP − 𝑧PS)sl +

8
𝜋2

𝜆HP 𝑓sl𝐿sl𝑄
2
sl

𝐷5
sl

]
, (27)

where 𝜌sl = 𝜌𝑠,𝑖𝜙 + 𝜌W(1 − 𝜙) is the slurry density, and 𝑄sl is the slurry flow. Here, 𝜌𝑠,𝑖 is the solid
phase density, where 𝑖 can be either T (tailings) or C (concentrate) and the subscript W denotes water.
On the other hand, 𝑧HP and 𝑧PS are the elevation of the high point and the pump station, respectively.
The variables 𝑓sl, 𝐿sl, 𝐷sl and 𝜖sl follow the definitions of the variables in (24), albeit this time related
to the slurry transport system, as denoted by the subscript sl. It is noted that (27) can be further
reduced and expressed in terms of the plant throughput noting that, by solid mass conservation,

𝑌𝐺F = 𝜌s𝜙𝑄sl, (28)

where 𝜌s is the solids density. Thus,

𝐸OCP =
1

𝜙𝜖sl

[
𝑔(𝑧HP − 𝑧PS)sl +

8
𝜋2

𝜆HP 𝑓sl𝐿sl𝑄
2
sl

𝐷5
sl

]
. (29)

It is noted that the presence of a high point in the pipeline often requires the definition of some
degree of point energy dissipation in the line, which is commonly achieved using a dissipation station.
Alternatively, an energy generation station can be used. In either case, it is required that the energy
line must be above the topography and as close as possible to the highest point (Ihle, 2016).

If the stream of interest is water and the delivery point is above the pump station, (24) can be
expressed, using the high point location instead of the delivery point, as:

𝐸w =
1
𝜖W

[
𝑔(𝑧HP − 𝑧PS)W +

8
𝜋2

𝜆HP 𝑓W𝐿W𝑄2
W

𝐷5
W

]
, (30)

Figure 10b shows a schematic with the axes definition used for this case, with two pumps stations
(the number of pumps connected in series is irrelevant in steady state and if pipeline has a constant
internal diameter). The details of the hydraulic design assumptions for the computation of (27) in the
present case, are given in A.
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(a)

(b)

Figure 10: Schematic of the topography and energy components considered in the specific
energy calculation for single diameter pipeline with the energy line with virtually zero relative
pressure at the high point, located at 𝑥HP = 𝜆HP𝐿. (a) Ore concentrate pipeline, (b) Water pipeline.
In (b), the facility has been shown with two pump stations. This has no influence on the specific
energy analysis result during steady state when all the pipeline segments have constant diameter.
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Figure 11 shows the resulting specific energy obtained from computation algorithm utilized herein.
It is noted that, as a consequence of the relatively stronger impact of the volume flow in comparison
with the slurry concentration on the specific energy (Eq. 27), the system requires lower transport
energies per unit solids (everything else kept constant), for lower flow rates, (i.e. for higher concen-
trations) the specific energies are lower. On the other hand, Figure 11 shows that increasing the
throughput causes an increase on 𝐸OCP, thus causing that, at equal solid transport concentrations
and a single pipeline used for the transport, large scale plants have higher energy requirements that
small scale ones. This unavoidable effect is a consequence of both the nonlinear dependence of the
consumed hydraulic power with the slurry flow, (Eq. 27) and the linear dependence of the concentrate
solid flow with the slurry flow, 𝑄sl, as seen in (28). In this Figure, the value 𝑌𝐺F is kept constant, but
fluctuations on feed ore grade cause fluctuations on the concentrate throughput, and consequently
on the tailing flow. For instance, given a reference value for grades of fg = 0.8 %, tg = 0.1 % and
cg = 28 %, a 10 % fluctuation of the ore feed grade would propagate to fluctuations of 11 % in 𝑌 .
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Figure 11: Specific energy consumption in the ore concentrate pipeline, 𝐸OCP, as a function of
the solids volume fraction.

3.4. Effect on costs
The relations (16) and (19) are proportional to the unit cost of energy, 𝜃E. This means, in light of (1),
that under the present set of hypotheses, the cost function for ore concentrate transport may be
expressed as to be proportional to the unit cost of energy, thus reducing in one degree of freedom
the problem. This approach effectively implies a difference with the slightly more general approach
adopted in Ihle (2013) and Ihle et al. (2013a), where 𝜃E and 𝜃W are treated as independent variables. It
is thus convenient to express the corresponding cost results normalised by the unit cost of energy.
In particular, the normalised transport cost Ω/𝜃E, has units of power (energy per unit time). On the
other hand, the ratio of water to energy costs has units of energy per volume.

Figure 12 shows the ratio between water and energy unit costs in terms of the thickener underflow
concentration,𝐶TTU, where a strong tendency to reduce the normalised unit cost of water is observed
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with an increase of water recovery from tailing thickeners is observed. Present computations show
that such drop on the water cost has a greater slope for underflow concentrations below 0.54. This
corresponds to the imposed transition between pumping requirement (above 0.54) and gravitational
flow to the underflow. An important result is that, from the operational cost standpoint, water costs
tend to drop when increasing recovery from thickeners, in spite of the additional energy requirement
related to thickened or paste tailing transport. It is also shown that, while the length of the makeup
line has a slight effect on results, the throughput has a major influence on the normalized water costs,
with higher unit costs associated to higher throughputs.
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Figure 12: Ratio between water and energy unit costs in terms of the thickener underflow
concentration. In the legend, values in brackets correspond to thousand tonnes per day for 𝐺F
and pipeline length in kilometers in the case of the variable 𝐿.

Figure 13 shows separately the recirculation and makeup components, in terms of the underflow
thickener concentration, 𝐶TTU. Increasing the recirculation via the value of 𝐶TTU, causes an increase
of the value of the recirculation per unit weight of water, whereas the opposite occurs with the
makeup, with monotonically decreasing curves. Trends are similar when the components of the water
unit cost are plotted against the fraction recovered from the TSF, 𝜆TDR (Figure 14). This is explained
by the fact that both water input streams are in parallel.

The water cost, 𝜃W, is proportional to 𝜃E, and consists of the contributions of water recirculation
and makeup, as shown on the relations (14), (16) and (19). Figure 15 shows the ratio of the recirculation
to the makeup component of the water cost. The monotonically increasing characteristic of this curve
is the direct consequence of the trade-off between makeup and recirculation. The non-linear increase
of the recirculation component compared to the makeup above𝐶TTU = 0.54 is, again, the consequence
of the tailing transport cost downstream the underflow of the thickener. Here, the rheology of
high density slurry plays a substantial role on the energy consumption at high concentrations (this
relevance is reproduced herein in a simple way using a Krieger-type model, as detailed in A). Figure 15
also shows that at high thickener underflow concentrations, some combinations of throughput and
pipeline length may outstrip the unit cost of makeup. This is controlled by (24), where it is revealed
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Figure 13: Components of the ratio between water and energy unit costs in terms of the thickener
underflow concentration, 𝐶TTU, for fixed values of the pipeline length and the fraction of water
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that shorter pipelines reduce the cost, but higher throughputs and the nonlinearity of the rheology
with the concentration tends to increase it.

An interesting implication of the curves given by Figure 15 is that both the threshold where the
tailing needs to be pumped (here set at 𝐶TTU = 0.54) and the growth rate of the ratio 𝜃WR/𝜃WM will
depend critically on the value of 𝐸 (kept fixed herein), which depends on the microstructure of the
suspension, including the rheology of the solid-liquid mixture and the consolidation characteristics.
While it is desirable to decrease the energy requirements during the transport phase (i.e. the mean
slope on the rightmost segment of Figure 15), and thus parameters such as the viscosity of the tailing,
thickened and paste tailings are disposed at beach slopes between 1 % and 4 % (Simms, 2017), where
disposal is at the expense of rheological/geotechnical properties such as the yield stress. In particular,
if the yield stress is high enough, centrifugal pumps may perform poorly (Wilson et al., 2006) and
be replaced by positive displacement pumps, whose capital costs are significantly higher. On the
other hand, rheological attributes such as time-dependency of the tailing may play a substantial role
on their behavior during the transport-disposal phase (Nguyen and Boger, 1985). Thus, there is a
major challenge to produce thickened tailings that can be treated in a suitable manner (both from
a hydrodynamic and chemical point of view) to optimize the transport-disposal process, seen as a
whole. Although some attempts have been made using thickener flocculants downstream spigot
discharges at the TSF (Jewell, 2012), there is not a widely accepted strategy to tackle this problem.
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Figure 15: Ratio between recirculation and makeup components of the water unit cost, as a
function of the thickener underflow concentration. In the legend, values in brackets correspond
to thousand tonnes per day for 𝐺F and pipeline length in kilometers in the case of the variable 𝐿.

It is noted that the notion of cost acts as metric of importance, which can be adapted to other
factors than those strictly economic. For instance, the shared water routing example worked by Gao
et al. (2016) in a coal district might also be interpreted in terms of cost of pollution by unregulated
discharges in front of extreme climatic events, thus looking for optimal water storage and transport
values globally and for each plant in the district.
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4. Conclusions and final remarks
4.1. Conclusions
In the present work, it has been shown that both the costs of water recirculation and makeup can be
included in a single water cost function, associated to the product (ore concentrate). If seawater is
considered as a water source, then the cost of water actually becomes the cost of energy. A metric
for the water cost for concentrate transport in concentrate processing plants with a remote water
makeup source location has been proposed. From an operational perspective, the effect of having
a remote makeup water source location has significant implications on the supply costs of water,
both from a bulk perspective and from the point of view of unit costs. In particular, increasing water
recovery both from thickeners and from the TSF in existing plants helps reducing the makeup specific
energy cost.

Given the relatively common configuration of large scale Chilean mineral processing operations
presented herein, computations suggest that using thickened tailings offers a cost effective alterna-
tive to conventional tailings, complementing previous works on the environmental benefits of this
approach. Although in light of present results very high thickening may be costly due to underflow
transport requirements, it seems this might be so only in a limited set of cases of very high tailing
concentrations or considerable distances between the thickener underflow and the disposal sites (it is
assumed herein a fixed thickener underflow pumping distance for thickened and paste tailings of
1000 m which, if reduced, would imply that even paste-like tailings would require specific energies
virtually proportional to such tubelength).

For those operational plants that produce conventional tailings (below the limit where pumps are
required for hydraulic transport), results reveal that the energy required for makeup is on the order
of 80 % (or even more for solids concentrations close to 50 % in copper sulphide tailings) the energy
required for the concentrate hydraulic transport. The main controlling factor in this water cost ratio
(even over pipeline length) is thickener underflow concentration.

Water reclamation from the TSF, and thus the need to optimize disposal management, appears as a
key point to put efforts for better resource utilization. However, as the water reclamation process itself
is a secondary stage downstream the thickener underflow, the efficiency of this process is bounded
by the inevitable water retention in the tailings, the rate of evaporation and the need to operate
pumping equipment on the tailing disposal site. This, again, places the focus on the convenience of
increasing thickener downstream concentrations to enhance water recovery in the plant, where even
a single additional point of solids concentration may imply thousands (or even millions) of cubic
meters of water over the lifespan of an operation. This observation holds under the present set of
hypotheses including relatively small distances between the mineral processing plant and the TSF,
and to have thickening infrastructure within the plant area. In particular, given a constant pipeline
diameter, increasing the water recovery from the TSF or the concentration from the tailing thickeners
decreases the specific energy consumption and the makeup component of the cost. From a mass
balance perspective, variations on the water content in the concentrate stream are irrelevant on water
savings.

4.2. Final remarks
The present work suggests the need for a broader integration between neighboring mining operations
in the sense of water resourcing. Both from the capital cost and the operational cost perspectives, the
use of mainstream pipelines to source more than one operation would tend to reduce the specific
energy consumption for each of them. This naturally suggests the need for integrated project plan
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at district level, potentially requiring co-ordination and combined efforts of more than one mining
companies.

Focusing separately on the control of the tailing transport and the disposal would help promoting
the minimization of head losses in the hydraulic transport system and subsequently, maximizing
the geotechnical stability at high slopes. This is a challenge that lies close to the boundary between
process engineering, material science and geotechnical engineering. The development and adaption
of multi-process additives, is also an aspect to look at, both from a cost perspective and from a
environmental one. In particular, a reduced use of water in the system (and therefore less make up)
implies a reduced potential for chemical destabilization of the TSF in the long term due to acid mine
drainage of sulphide mineral tailings.

The present work has not assessed the impact of capital costs, which are strongly site-dependent.
However, it is worth noting that conventional tailing infrastructure can compete with higher density
one, especially when the water supply has to occur by means of a hundred kilometer long pipeline of
several inches in diameter, implying dozens of kilograms per meter pipe, where every additional inch
in diameter implies considerable investment differences that may play, both from a purely economic
and from carbon footprint standpoint, in favor of increasing thickener underflow solid content as
much as possible.
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List of symbols

cg concentrate grade
𝐶 solids concentration by weight (can be fractional or percent)
𝐷 pipeline internal diameter
𝐸 specific energy (energy per weight solid or water depending on the subscript)
fg feed grade
𝑔 gravity acceleration magnitude
𝐺 plant throughput
𝐻 humidity (humid base)
𝑙𝑥 ore grade of species 𝑥
𝐿 pipeline length
OCP acronym for ore concentrate pipeline.
𝑄 volume flow
tg tailing grade
TSF acronym for tailings storage facility.
𝑌 concentrate to feed weight ratio (1 − 𝑌 denote tailing)

Greek letters

𝜖 pump efficiency
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𝜙 slurry volume fraction
𝜆 fraction
𝜃 cost component
𝜌 density

Subscripts and superscripts

C concentrate
CTO concentrate thickener overflow
CTU concentrate thickener underflow
EI evaporation and infiltration
E energy
F feed
HP high point
PS pump station
ret fraction of water retained in the TSF
s solid phase
sl slurry
T tailing
TT tailing thickener
TDR water recovered from the TSF
TTO tailing thickener overflow
TTU tailing thickener underflow
W water
WC water content in concentrate stream
WM makeup water
WR TSF recirculation stream
𝑥 𝑥 , per kg solids
𝑥 𝑥 , per kg water

A. Calculation hypotheses
A.1. Slurry pipeline (ore concentrate)
For simplicity, the present slurry has been assumed as a Bingham plastic (see Ihle, 2013, and references
herein), which means that to the slurry viscosity, a yield stress representing the local solid to liquid
transition is a required parameter.

The problem presented herein requires the choice of the pipeline diameter the mean flow velocity
and the corresponding concentration, given the plant throughput. On the other hand, the diameter
determination requires an additional criterion. Following the conclusions of Wu et al. (2010) and Ihle
(2016), a least energy criterion has been adopted as a design guideline for slurry transport, which
implies that the applicable mean flow velocity has to be as close as possible without the formation of
dunes or any on the other sort of solids bed within the pipeline section. Assuming additionally that
the flow regime must be turbulent, the minimum velocity is defined herein as the maximum value
between the deposit velocity and the laminar-turbulent transition velocity. Once this parameter is set,
given the mass balance in the slurry that relates the throughput with the flow (Eq. 28), the pipeline
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diameter is computed for a given slurry concentration. The slurry flow iteration cycle has been made
following the steps given in Algorithm 1.

Algorithm 1 Iterative algorithm for the computation of the pipeline diameter (𝐷) and the mean flow
velociy (𝑄sl/𝐴 = 𝑣min), where 𝐴 = 𝜋𝐷2

sl/4 is the (circular) cross-sectional area of the pipeline. The
Hedström number, used herein, is defined in (32)

Require: First guess for pipeline diameter, 𝐷0, and an auxiliary variable 𝐷sl

Ensure: Initialize 𝐷sl ≠ 𝐷0 for first iteration
1: while

���1 − 𝐷sl
𝐷0

��� > 𝜖 {𝜖 ≪ 1} do
2: 𝐷sl ← 𝐷0

3: Compute He (Hedström number)
4: Compute Re𝑐 (critical Reynolds number)
5: Obtain laminar-turbulent transition velocity (𝑣𝑇 ) from Re𝑐 , 𝐷sl and slurry properties
6: Obtain deposition velocity (𝑣𝐷 ) from 𝐷sl and slurry properties {A safety factor may be applied

to 𝑣𝑇 and/or 𝑣𝐷 }
7: 𝑣min = max(𝑣𝑇 , 𝑣𝐷 )
8: 𝐴← 𝑄sl

𝑣min
{𝑄sl is known from (28)}

9: 𝐷0 ← 2
√︃

𝐴
𝜋

10: end while
11: 𝐷sl ← 𝐷com {𝐷com is the closest commercial diameter}

The algorithm is dependent on the method followed for the computation of the critical Reynolds
number and the deposition velocity. Here, we consider for the computation of the critical Reynolds
number the model proposed by Slatter (2001) for large Hedström numbers, a common result in ore
concentrate pipelines:

Re𝑐 = 26
√
He, (31)

where He is the Hedström number, defined as

He = 𝜌sl𝜏𝑦 (𝐷sl/𝜂)2, (32)

where 𝜏𝑦 is the slurry yield stress and 𝜂 is the slurry viscosity. It is noted that in the reference
above, this result is expressed with dimensions, in terms of the transitional velocity, proportional to√︁
𝜏𝑦/𝜌sl. To build the expression (31), the slurry viscosity has been determined using a Krieger-type

model (Ovarlez et al., 2006):
𝜂

𝜇
=

(
1 − 𝜙

𝜙𝑚

)−2

, (33)

where 𝜇 is the viscosity of water and 𝜙𝑚 = 0.5 is a loose packing concentration value suitable for the
present application (see Ihle, 2013, for a broader discussion).

The yield stress has been computed following the empirical form (e.g. Heymann et al., 2002):

𝜏𝑦 =
𝛼𝑦

(𝜙𝑚 − 𝜙)𝛽𝑦
, (34)

where 𝛼𝑦 and 𝛽𝑦 are empirical constants that give a reasonable order-of-magnitude estimation of
𝜏𝑦 for the present slurry of interest (on the orden of 1 Pa, Betinol and Jaime, 2004). Their values are
detailed in Table 6, in B.
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The deposition model has been assumed as in Ihle (2013), following Poloski et al. (2010), which has
been calibrated for fine slurries, thus being appropriate for many ore concentrates and tailings. The
corresponding values for the various parameters described herein are detailed in Table 6.

The resulting flow and pipeline diameter is used in the specific energy model for ore concentrate
transport, as expressed in Eq. 27. To finalize this calculation, the friction factor (𝑓sl in Eq. 27) needs to
be computed out the pipeline diameter, flow and slurry data. To this purpose we consider here the
model proposed by Chilton and Stainsby (1998), based on the Blasius empirical model for the friction
factor which, for a Bingham plastic (assumed herein) has the form 𝑓sl = 0.316(1 − 𝜏𝑤

𝜏𝑦
)Re−1/4, where

𝜏𝑤 is the wall stress. From the definition of the Darcy friction factor, 𝑓sl =
8𝜏𝑤

𝜌sl (𝑄sl/𝐴)2 , this relation can
be explicitly expressed in terms of the Reynolds and Hedström numbers as:

𝜏𝑤

𝜏𝑦
=

1
2

(
1 −

√︂
1 − 32He

0.316Re7/4

)
. (35)

On the other hand, the hydraulic calculation in Eq. 29 depends on the slurry efficiency, which
becomes poorer with the solids fraction (Wilson et al., 2006). To account for this effect, a linear pump
derating scheme (in a similar fashion to that proposed by Kazim et al., 1997) has been used:

𝜖sl = 𝜖sl0 −
𝜖sl0 − 𝜖sl1

𝜙𝜖sl1

𝜙. (36)

The corresponding values of the parameters 𝜖sl0, 𝜖sl1 and 𝜙𝜖sl1 are given in Table 6, in B.

A.2. Water pipelines
Water pipelines, in contrast to slurry pipelines, don’t have strong lower flow restrictions imposed by
the physics. They, however, have economical restrictions as too small mean flow velocities are bonded
to high diameters and thus expensive capital costs. In the present work, a water mean flow velocity
of 1.5 m/s is assumed as a design criterion. Although there is not an economic analysis behind this
decision and the assumed value is certainly arbitrary, the choice is within the common value range
for this kind of infrastructure.

Given the aforementioned velocity criterion, once the diameter is estimated from the water volume
flow as in lines 8 and 9 in Algorithm 1, the final diameter choice corresponds to the closest commercial
diameter. The specific energy requirement is finally computed using Eq. 24.

B. Parameter values
Table 6 shows the assumed values for the various parameters used throughout the present work.

30



Ta
bl

e
6:

Pa
ra

m
et

er
va

lu
es

us
ed

in
pr

es
en

tc
om

pu
ta

tio
ns

,e
xc

ep
tt

ho
se

sp
ec

ifi
ed

in
th

e
fig

ur
es

D
es

cr
ip

tio
n

va
lu

e
ca

lc
ul

at
io

n
in

vo
lv

ed

Sp
ec

ifi
c

en
er

gy
fo

r
w

at
er

de
sa

lin
at

io
n

(𝐸
M

D
)

3
kW

h/
m

3
Eq

.1
9

W
at

er
re

cl
am

at
io

n
pi

pe
lin

e
(T

SF
-p

la
nt

,𝐿
)

30
00

m
Eq

.2
4

T
hi

ck
en

er
ov

er
flo

w
w

at
er

pi
pe

lin
e

le
ng

th
(𝐿

)
10

00
m

Eq
.2

4
C

on
ce

nt
ra

te
ov

er
flo

w
w

at
er

pi
pe

lin
e

le
ng

th
(𝐿

)
10

00
m

Eq
.2

4
Ta

ili
ng

di
sc

ha
rg

e
pi

pe
lin

e
(p

la
nt

-T
SF

,𝐿
)

20
00

m
Eq

.2
6

Sp
ec

ifi
c

en
er

gy
fo

r
un

de
rfl

ow
th

ic
ke

ne
d

ta
ili

ng
tr

an
sp

or
t(
𝐸

T
T

U
)

0.
7

J/
kg

so
lid

s
Eq

.2
6

Sl
ur

ry
pu

m
p

effi
ci

en
cy

at
𝜙
=

0
(𝜖

sl
0)

0.
7

Eq
.2

9
Sl

ur
ry

pu
m

p
effi

ci
en

cy
re

fe
re

nc
e

vo
lu

m
e

fr
ac

tio
n

(𝜙
𝜖

sl
1
)

0.
4

Eq
.2

9
Sl

ur
ry

pu
m

p
effi

ci
en

cy
at
𝜙
=
𝜙
𝜖

sl
1

(𝜖
sl

1)
0.

4
Eq

.2
9

Ta
ili

ng
s

so
lid

s
de

ns
ity

in
𝜌

sl
(𝜌

𝑠
,T

)
27

00
kg
/m

3
Eq

.2
9

C
on

ce
nt

ra
te

so
lid

s
de

ns
ity

in
𝜌

sl
(𝜌

𝑠
,C

)
42

00
kg
/m

3
Eq

.2
9

Po
si

tio
n

of
hi

gh
po

in
ti

n
co

nc
en

tr
at

e
st

re
am

(𝜆
H

P
)

0
Eq

.2
9

El
ev

at
io

n
di

ffe
re

nc
e

be
tw

ee
n

hi
gh

po
in

ta
nd

pu
m

p
st

at
io

n
in

co
nc

en
tr

at
e

st
re

am
(𝑧

H
P
−
𝑧

PS
)

25
00

m
Eq

.2
9

W
at

er
pu

m
p

effi
ci

en
cy

(𝜖
W

)
0.

7
Eq

.3
0

H
ig

h
po

in
tl

oc
at

io
n

in
w

at
er

re
co

ve
ry

st
re

am
fr

om
T

SF
(𝜆

H
P
)

1
Eq

.3
0

El
ev

.d
iff

.b
et

w
ee

n
hi

gh
po

in
ta

nd
pu

m
p

st
at

io
n

in
w

at
er

re
co

ve
ry

fr
om

T
SF

st
re

am
(𝑧

H
P
−
𝑧

PS
)

10
0

m
Eq

.2
9

H
ig

h
po

in
tl

oc
at

io
n

in
w

at
er

re
co

ve
ry

st
re

am
fr

om
th

ic
ke

ne
rs

(𝜆
H

P
)

1
Eq

.3
0

El
ev

.d
iff

.b
et

w
ee

n
hi

gh
po

in
ta

nd
pu

m
p

st
at

io
n

in
w

at
er

re
co

ve
ry

fr
om

T
SF

st
re

am
(𝑧

H
P
−
𝑧

PS
)

15
m

Eq
.3

0
Pa

ck
in

g
co

nc
en

tr
at

io
n

as
su

m
ed

in
vi

sc
os

ity
an

d
yi

el
d

st
re

ss
m

od
el

s
(𝜙

𝑚
)

0.
5

Eq
s.

33
/3

4
Yi

el
d

st
re

ss
em

pi
ri

ca
lp

ar
am

et
er

s
(𝛼

𝑦
,𝛽

𝑦
)

(0
.0

13
Pa
,1
.8

2)
Eq

.3
4

31



References
Addai-Mensah, J., Yeap, K. Y., McFarlane, A. J., 2007. The influential role of pulp chemistry, flocculant

structure type and shear rate on dewaterability of kaolinite and smectite clay dispersions under
couette Taylor flow conditions. Powder Technology 179 (1), 79–83.

Adiansyah, J. S., Rosano, M., Vink, S., Keir, G., 2015. A framework for a sustainable approach to mine
tailings management: disposal strategies. Journal of Cleaner Production 108, 1050–1062.

Adiansyah, J. S., Rosano, M., Vink, S., Keir, G., Stokes, J. R., 2016. Synergising water and energy
requirements to improve sustainability performance in mine tailings management. Journal of
Cleaner Production 133, 5–17.

Aitken, A., Rivera, D., Godoy-Faúndez, A., 2016. Cost-effectiveness of strategies to reduce water
consumption in the copper mining industry. In: 5th International Congress on Water Management
in the Mining Industry. Gecamin, Santiago, Chile.

Alfaro, J. C., 2014. Informe Consolidado No 1 de Solicitud de Aclaraciones, Rectificaciones y/o
Ampliaciones al Estudio de Impacto Ambiental del Proyecto "Proyecto Santo Domingo". Tech. rep.,
Minera Santo Domingo SCM, (Accessed on 11/18/2017). URL

Armitage, N., Baxter, B., 2012. Final Environmental Impact Assessment (EIA) for the Proposed Xstrata
Coal Water Reclamation Scheme. techreport Report No. 10613280 - 11760 - 8, Golder Associates,
(Accessed on 11/07/2017). URL

Ausenco, 2010. Bao tou iron concentrate, water & thickened tailings systems | case study | ausenco.
URL, (Accessed on 11/07/2017).

Baralla, 2015. Baralla realiza la obra de un acueducto en Cerro Negro (Chile). URL, (Accessed on
11/07/2017).

Betinol, R. G., Jaime, H. E., 2004. Startup of dual concentrate pipeline for Minera Escondida Limitada,
Phase IV. In: 16th International Conference on Hydrotransport, Santiago, Chile.

BHP, 2017. Olympic Dam expansion IES — water supply. Tech. rep., BHP Billiton, (Accessed on
11/07/2017). URL

Bleiwas, D. I., 2012. Estimated water requirements for the conventional flotation of copper ores. Tech.
rep., US Geological Survey.

Blight, G., 2010. Geotechnical Engineering for Mine Waste Storage Facilities. CRC Press.
Boger, D. V., 2009. Rheology and the resource industries. Chemical Engineering Science 64 (22),

4525–4536.
Casares, M., 2006. Planta desalinizadora Minera Escondida: Tecnología del mar al cielo. Tech. rep.,

Revista BiT, (Accessed on 11/18/2017). URL
Castillo, E., Hernández, J., Cantallopts, J., 2015. Proyección del consumo de agua al 2026. Tech. rep.,

Comisión chilena del cobre (COCHILCO), in Spanish.
Chilton, R. A., Stainsby, R., 1998. Pressure loss equations for laminar and turbulent non-Newtonian

pipe flow. Journal of Hydraulic Engineering 124 (1929), 522–529.
Chong, T. H., Loo, S.-L., Krantz, W. B., 2015. Energy-efficient reverse osmosis desalination process.

Journal of Membrane Science 473, 177–188.
Clayson, L., 2011. Report for Southdown Magnetite Project — Cape Riche Seawater Desalination Plant.

Tech. rep., Grange Resources, (Accessed on 11/07/2017). URL
Cochilco, 2008. Buenas prácticas y uso eficiente de agua en la industria minera. Tech. rep., Comisión

chilena del cobre (COCHILCO), in Spanish.
Concha, F., 2014. Solid-liquid separation in the mining industry. Springer.

32

http://infofirma.sea.gob.cl/DocumentosSEA/MostrarDocumento?docId=f1/66/cf7c8077b3940a0adda1fd602edccd170edd
www.jhg.cl/desarrollo/carolina/Empresas y Pptos/MEL/Cambios Plataforma/Minera Escondida/Planta desalinizadora Minera Escondida.doc


Conejera, C., Pasten, C., 2016. Efecto de la estructura en el comportamiento monótono no drenado de
un relave integral. In: Sociedad Chilena de Geotecnia (Ed.), IX Chilean Conference of Geotechnical
Engineering. URL

Consejo Minero, 2002. Informe de la gran minería chilena (in Spanish). Tech. rep., Mining Council,
Chile, (Accessed on 10/19/2017). URL

Davies, M. P., Rice, S., Jan. 2001. An alternative to conventional tailings management “dry stack"
filtered tailings. In: Proceedings of the Eighth International Conference on Tailings and Mine Waste
’01. Fort Collins, Colorado, USA, pp. 411–420.

Davis, A., 2017. 15 km HDPE water supply pipeline for new Mozambique graphite mine. URL,
(Accessed on 11/07/2017).

Donoso, M., Robles, P. A., Gálvez, E. D., Cisternas, L. A., 2013. Particle size effect on the efficient
use of water and energy in mineral concentration processes. Industrial & Engineering Chemistry
Research 52 (49), 17686–17690.

Dunne, R., 2012. Water Water Everywhere and Not a Drop to Drink, Nor Do I Know Its Whereabouts.
Water in Mineral Processing, 1.

Edraki, M., Baumgartl, T., Manlapig, E., Bradshaw, D., Franks, D. M., Moran, C. J., 2014. Designing
mine tailings for better environmental, social and economic outcomes: a review of alternative
approaches. Journal of Cleaner Production 84, 411–420.

Fourie, A., 2012a. Paste and thickened tailings: has the promise been fulfilled? In: GeoCongress 2012:
State of the Art and Practice in Geotechnical Engineering. pp. 4126–4135.

Fourie, A. B., 2012b. Perceived and realized benefits of paste and thickened tailings for surface
deposition. Journal of the Southern African Institute of Mining and Metallurgy 112 (11), 919–926.

Fraser, J., 2017. Peru Water Project: Cerro Verde Case Study. Tech. rep., Canadian International
Resources Development Institute, (Accessed on 11/17/2017). URL

Gao, L., Hou, C., Chen, Y., Barrett, D., Mallants, D., Li, W., Liu, R., 2016. Potential for mine water
sharing to reduce unregulated discharge. Journal of Cleaner Production 131, 133–144.

García, F., 2015. Sierra Gorda SCM - Un nuevo actor (in Spanish). Construcción Minera(Accessed on
11/18/2017). URL

Ghassemi, F., White, I., 2007. Inter-basin water transfer: case studies from Australia, United States,
Canada, China and India. Cambridge University Press.

González, S., Ramírez, M., Muñoz, R., Zúñiga, J., 2012. The impact of corrosion on mine water supply
systems. In: 3rd International Congress on Water Management in the Mining Industry. Gecamin,
Santiago, Chile.

Granger, S., 1987. Engineering Fluid Mechanics. Dover, New York.
Gunson, A. J., Klein, B., Veiga, M., Dunbar, S., 2010. Reducing mine water network energy requirements.

Journal of Cleaner Production 18 (13), 1328–1338.
Gunson, A. J., Klein, B., Veiga, M., Dunbar, S., 2012. Reducing mine water requirements. Journal of

Cleaner Production 21, 71–82.
Herrera, S., Cisternas, L. A., Gálvez, E. D., 2015. Simultaneous design of desalination plants and

distribution water network. In: Gernaey, K. V., Huusom, J. K., Gani, R. (Eds.), 12th International
Symposium on Process Systems Engineering and 25th European Symposium on Computer Aided
Process Engineering. Vol. 37 of Computer Aided Chemical Engineering. Elsevier, pp. 1193 – 1198.

Heymann, L., Peukert, S., Aksel, N., 2002. On the solid-liquid transition of concentrated suspensions
in transient shear flow. Rheologica Acta 41 (4), 307–315.

33

http://www.congresosochige.cl
https://cirdi.ca/wp-content/uploads/2017/09/Cerro-Verde-Case-Study-.pdf
https://catalogo.extension.cchc.cl/cgi-bin/koha/opac-detail.pl?biblionumber=36474


Hiam-Galvez, D., Osores, O., Fleming, H., Ghobeity, A., 2012. Water supply in Peru and Chile — the
challenges and the solutions. In: 3rd International Congress on Water Management in the Mining
Industry. Gecamin, Santiago, Chile.

Hilson, G., 2003. Defining “cleaner production" and “pollution prevention" in the mining context.
Minerals Engineering 16 (4), 305–321.

Icold, 2017. Icold chile — presas relave, in spanish. URL, (Accessed on 05/18/2017).
Ihle, C. F., 2013. A cost perspective for long distance ore pipeline water and energy utilization. Part I:

Optimal base values. International Journal of Mineral Processing 122, 1–12.
Ihle, C. F., 2014. The need to extend the study of greenhouse impacts of mining and mineral processing

to hydraulic streams: long distance pipelines count. Journal of Cleaner Production 84, 597.
Ihle, C. F., 2016. The least energy and water cost condition for turbulent, homogeneous pipeline slurry

transport. International Journal of Mineral Processing 148, 59–64.
Ihle, C. F., Montserrat, S., Tamburrino, A., 2013a. A cost perspective for long distance ore pipeline

water and energy utilization. Part II: Effect of input parameter variability. International Journal of
Mineral Processing 122, 54–58.

Ihle, C. F., Tamburrino, A., 2012. Variables affecting energy efficiency in turbulent ore concentrate
pipeline transport. Minerals Engineering 39, 62–70.

Ihle, C. F., Tamburrino, A., Montserrat, S., 2013b. Putting together water, energy, investment and
environmental metrics in long distance slurry pipeline projects: an attainable goal. In: Rio Pipeline
Conference & Exposition 2013. Brazilian Institute for Oil, Gas and Biofuels (IBP), Rio de Janeiro,
Brazil.

Ihle, C. F., Tamburrino, A., Montserrat, S., 2014. Identifying the relative importance of energy and
water costs in hydraulic transport systems through a combined physics-and cost-based indicator.
Journal of Cleaner Production 84, 589–596.

Jewell, R. J., 2012. Putting beach slope prediction into perspective. Journal of the Southern African
Institute of Mining and Metallurgy 112 (11), 927–932.

Kazim, K. A., Maiti, B., Chand, P., 1997. A correlation to predict the performance characteristics of
centrifugal pumps handling slurries. Proceedings of the Institution of Mechanical Engineers, Part
A: Journal of Power and Energy 211 (2), 147–157.

Klein, A., 2006. Black Mesa Project — Draft Environmental Impact Assessment. techreport DOI DES
06-48, US Department of Interior, Office of Surface Mining Reclamation and Enforcement.

Lattemann, S., Höpner, T., 2008. Environmental impact and impact assessment of seawater desalination.
Desalination 220 (1), 1–15.

Martínez, O., 2014. Centinela optimiza sinergias. In Spanish. (Accessed on 11/07/2017). URL
Minería Chilena, 2011. Lomas Bayas se proyecta a 2039 (in Spanish). URL, (Accessed on 11/08/2017).
Minería Chilena, 2014. Proyecto Sierra Gorda culmina construcción de acueducto (in Spanish). (Ac-

cessed on 11/18/2017). URL
Mining Magazine, 2017. Water supply pipe installed at Balama. URL, (Accessed on 11/07/2017).
Mining Technology, 2017. Sino Iron Project, Cape Preston - Mining Technology. URL, (Accessed on

11/07/2017).
Montes, C., 2016. Proyección de consumo de agua en la minería del cobre 2016–2027 (in Spanish).

Tech. rep., Comisión Chilena del Cobre (COCHILCO).
Ndlovu, B., Forbes, E., Farrokhpay, S., Becker, M., Bradshaw, D., Deglon, D., 2014. A preliminary

rheological classification of phyllosilicate group minerals. Minerals Engineering 55, 190–200.
Nguyen, M. T., Vink, S., Ziemski, M., Barrett, D. J., 2014. Water and energy synergy and trade-off

potentials in mine water management. Journal of Cleaner Production 84, 629–638.

34

https://www.icoldchile.cl/presas-relave/
https://www.equipo-minero.com/contenidos/centinela-optimiza-sinergias/
https://www.mch.cl/negocios-industria/tercera-fase-de-lomas-bayas-costaria-unos-us1-600-millones/
https://www.mch.cl/sustentabilidad/una-tuberia-de-kghm-llevara-442-000-metros-cubicos-de-agua-diarios-del-mar-sierra-gorda/
https://www.miningmagazine.com/management/news/1331566/water-supply-pipe-installed-balama
http://www.mining-technology.com/projects/sino-iron-project-cape-preston/


Nguyen, Q. D., Boger, D. V., 1985. Thixotropic behaviour of concentrated bauxite residue suspensions.
Rheologica Acta 24 (4), 427–437.

Nguyen, Q. D., Boger, D. V., 1998. Application of rheology to solving tailings disposal problems.
International Journal of Mineral Processing 54 (3-4), 217–233.

Norgate, T., Haque, N., 2010. Energy and greenhouse gas impacts of mining and mineral processing
operations. Journal of Cleaner Production 18 (3), 266–274.

Norgate, T., Haque, N., 2012. Using life cycle assessment to evaluate some environmental impacts of
gold production. Journal of Cleaner Production 29, 53–63.

Northey, S., Haque, N., Mudd, G., 2013. Using sustainability reporting to assess the environmental
footprint of copper mining. Journal of Cleaner Production 40, 118–128.

Northey, S., Mohr, S., Mudd, G. M., Weng, Z., Giurco, D., 2014. Modelling future copper ore grade
decline based on a detailed assessment of copper resources and mining. Resources, Conservation
and Recycling 83, 190–201.

Northey, S. A., Mudd, G. M., Saarivuori, E., Wessman-Jääskeläinen, H., Haque, N., 2016. Water foot-
printing and mining: Where are the limitations and opportunities? Journal of Cleaner Production
135, 1098–1116.

Northey, S. A., Mudd, G. M., Werner, T. T., Jowitt, S. M., Haque, N., Yellishetty, M., Weng, Z., 2017. The
exposure of global base metal resources to water criticality, scarcity and climate change. Global
Environmental Change 44, 109–124.

Ocaranza, J., 2017. Yearbook: Copper and other Mineral Statistics. Comisión Chilena del Cobre
(COCHILCO), (Accessed on 07/24/2017). URL

Osorio, B., 2009. Static and cyclic resistance of integral tailings. Ph.D. thesis, University of Chile.
Ovarlez, G., Bertrand, F., Rodts, S., 2006. Local determination of the constitutive law of a dense

suspension of noncolloidal particles through magnetic resonance imaging. Journal of Rheology
50 (3), 259–292.

Philippe, R., 2012. Seawater supply for the mining industry: lessons learned in project development.
In: 3rd International Congress on Water Management in the Mining Industry. Gecamin, Santiago,
Chile.

PM, 2017. API 5L X52, X56, X60 X65 X70 Welded & Seamless Pipe. URL, (Accessed on 11/18/2017).
Poloski, A. P., Etchells, A. W., Chun, J., Adkins, H. E., Casella, A. M., Minette, M. J., Yokuda, S. T., 2010.

A pipeline transport correlation for slurries with small but dense particles. Canadian Journal of
Chemical Engineering 88 (April), 182–189.

Quinn, P. M., 2011. Estudio de impacto ambiental Planta desalinizadora Minera Candelaria (in Spanish).
Tech. rep., Compañía Contractual Minera Candelaria, (Accessed on 11/17/2017). URL

Rayo, J., Fuentes, R., Orellana, R., 2009. Large scale tailings disposal - conventional versus paste. In:
Proceedings of the Twelfth International Seminar on Paste and Thickened Tailings. Australian
Centre for Geomechanics, Santiago, Chile, pp. 271–278.

RETEMA, 2014. IDAM Mina Cerro Negro Norte. Revista Técnica de Medio Ambiente(Accessed on
11/17/2017). URL

Reuters, May 2016. Collahuasi and teck resources agree to chile mining partnership. URL, (Accessed
on 11/17/2017).

Revista Agua, 2016. Conoce las plantas desaladoras del sector minero (in Spanish). URL, (Accessed on
11/07/2017).

Revista Electricidad, 2009. Proyecto por US$ 248 millones para abastecer de agua a minería de Copiapó
(in Spanish). URL, (Accessed on 11/08/2017).

35

https://www.cochilco.cl/web/download/875/2017/9791/anuario-de-estadisticas-del-cobre-y-otros-minerales-1997-2016.pdf
www.api5lx.com/api5lx-products/api5lx-pipe.php
http://seia.sea.gob.cl/documentos/documento.php?idDocumento=4790073
http://www.retema.es/articulo/desaladora-de-mina-cerro-negro-norte-copiapo-chile-G9cKk
https://www.revistaei.cl/?s=agua+miner%C3%ADa+248+millones&et_pb_searchform_submit=et_search_proccess&et_pb_include_posts=yes&et_pb_include_pages=yes


Rico, M., Benito, G., Salgueiro, a. R., Díez-Herrero, A., Pereira, H. G., 2008. Reported tailings dam
failures. A review of the European incidents in the worldwide context. Journal of Hazardous
Materials 152 (2), 846–852.

Riffo, E., 2008. Informe Consolidado de la Evaluación de Impacto Ambiental de la Declaración de
Impacto Ambiental del Proyecto “Abastecimiento de Agua Desalada Mantoverde" (in Spanish).
Tech. rep., Anglo American Norte S.A., (Accessed on 11/17/2017). URL

Sahoo, L. K., Bandyopadhyay, S., Banerjee, R., 2014. Water and energy assessment for dewatering in
opencast mines. Journal of Cleaner Production 84, 736–745.

Saskatchewan Environment, 2004. Water pipeline design guidelines. Saskatchewan Environment.
Simms, P., Apr. 2017. 2013 Colloquium of the Canadian Geotechnical Society: Geotechnical and

geoenvironmental behaviour of high-density tailings. Canadian Geotechnical Journal 54 (4), 455–
468.

Slatter, P. T., 2001. Sludge pipeline design. Water Science & Technology 44 (10), 115–120.
Sofrá, F., Boger, D. V., 2002. Environmental rheology for waste minimisation in the minerals industry.

Chemical Engineering Journal and the Biochemical Engineering Journal 86 (3), 319–330.
Soruco, L., Philippe, R., 2012. Upcoming trends in water supply costs for copper mining in arid regions.

In: 3rd International Congress on Water Management in the Mining Industry. Gecamin, Santiago,
Chile.

Utreras, M., Goharriz, K., Mora, G., Quintanilla, A., 2016. 2015 energy statistical yearbook chile. Tech.
rep., Chilean National Energy Commission.

Wels, C., Robertson, A., 2003. Conceptual model for estimating water recovery in tailings impound-
ments. In: Tailings and Mine Waste: Proceedings of the Tenth International Conference, Vail, CO.
Colorado State University, October 12. Vol. 15. pp. 87–94.

Wills, B. A., Napier-Munn, T., 2011. Wills’ mineral processing technology: an introduction to the
practical aspects of ore treatment and mineral recovery. Butterworth-Heinemann.

Wilson, K. C., Addie, G. R., Sellgren, A., Clift, R., 2006. Slurry transport using centrifugal pumps.
Chapman and Hall, London.

Wu, J., Graham, L., Wang, S., Parthasarathy, R., 2010. Energy efficient slurry holding and transport.
Minerals Engineering 23, 705–712.

Zhang, M., Peng, Y., Xu, N., 2015. The effect of sea water on copper and gold flotation in the presence
of bentonite. Minerals Engineering 77.

Zhou, Z., Scales, P. J., Boger, D. V., May 2001. Chemical and physical control of the rheology of
concentrated metal oxide suspensions. Chemical Engineering Science 56 (9), 2901–2920.

Zúñiga, A., 2009. Consumo de agua en la industria minera chilena (in Spanish). URL, (Accessed on
11/16/2017).

36

http://infofirma.sea.gob.cl/DocumentosSEA/MostrarDocumento?docId=81/15/4c64e3791e0ce375a9d53ea14bd442b694be

	Introduction
	Problem description
	Flow diagram
	Ore concentrate transport cost function

	Results and discussion
	Mass balance
	Ore concentrate transport cost components
	Specific energy components
	Desalination energy requirements
	Specific energy for water recirculation from ore concentrate thickeners, CTO
	Specific energy for water recirculation from tailing thickeners, TT
	Specific energy related to water makeup
	Specific energy requirement for dispatched ore concentrate, OCP

	Effect on costs

	Conclusions and final remarks
	Conclusions
	Final remarks

	Calculation hypotheses
	Slurry pipeline (ore concentrate)
	Water pipelines

	Parameter values

