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Abstract: The ecological costs of open pit metal mining are quantified, which include lost value of direct eco-services, lost value of 
indirect eco-services, prevention and restoration costs, and cost of carbon emission from energy consumption. These ecological costs 
are incorporated in an iterative ultimate pit optimization algorithm. A case study is presented to demonstrate the influence of 
ecological costs on pit design outcome. The results show that it is possible to internalize ecological costs in mine designs. The pit 
optimization outcome shifts considerably to the conservative side and the profitability decreases substantially when ecological costs 
are accounted for. 
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1 Introduction 
 

The first step in planning an open pit operation is 
generally designing the ultimate pit. Many algorithms 
have been developed for this purpose, such as the 
moving cone algorithm, the graph theory algorithm, the 
improved graph theory algorithm, and the network-flow 
algorithm [1−4]. In the past decade, research on the pit 
design problem has largely focused on two subjects. One 
is the incorporation of various practical conditions and 
different approaches have been proposed. For example, 
FRIMPONG et al [5] incorporated structural, 
hydrological, and geotechnical conditions in an artificial 
intelligence algorithm for ultimate pit optimization. 
JALALI et al [6] considered uncertainties of pit 
geometries and used Markev chains to solve the problem. 
LATORRE and GOLOSINSKI [7] considered the time 
value of money in designing the pit. Another subject of 
extensive research is the consideration of uncertainties in 
market prices and resources [8−11]. 

With growing awareness of sustainable 
development, the mineral industry is under increasing 
pressure to operate mines not only based on economic 

and engineering principles, but also in accordance with 
sustainability principles. Regulations have been enacted 
in various countries requiring environmental impact 
assessment and reclamation planning for mining projects. 
Best practice guidelines have been adopted in some 
countries to promote proactive attention to sustainability 
concerns. Academic research efforts have also been 
directed at addressing environmental issues associated 
with mining. Life cycle assessment (LCA) is one of the 
widely used approaches for assessing environmental 
impacts of mining, mineral processing, smelting, and 
fabrication [12−15]. In most LCA studies, the mining 
system is largely simplified and mining process details 
affecting environmental impacts are rarely taken into 
account. DURUCAN et al [16] presented an LCA model 
that presents the mining system in a more comprehensive 
and detailed way. There are also studies with broader 
scopes which encompass not only the environmental but 
also the social issues of mining [17,18]. 

It is obvious that ecological impacts are closely 
related to mine design for a specific mining project. In 
the case of an open pit operation, the impacts vary with 
the size of the ultimate pit, its average strip ratio, and the 
mine life. However, as briefly reviewed above, studies  
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addressing the pit optimization problem generally do not 
include environmental issues in their optimization 
scheme, while studies addressing the environmental 
issues of mining are rarely concerned with concrete 
design alternatives. The objective of this work is to 
quantify the ecological costs of open pit metal mining 
and to incorporate them in a pit optimization algorithm to 
demonstrate the influence of ecological costs on pit 
optimization outcome. 
 
2 Ecological cost of open pit metal mining 
 

Ecosystems provide a wide range of services to 
human society. Damage to ecosystems either causes a 
total loss of all or some of the eco-services that they 
provide or causes degradation in their service-providing 
capabilities. Therefore, the ecological costs of mining 
may be viewed as the lost values of eco-services caused 
by mining activities and the costs required for restoring 
the damaged ecosystems. The ecological costs of a 
mining operation are defined here to include four major 
components: lost value of direct eco-services, lost value 
of indirect eco-services, prevention and restoration costs, 
and cost of carbon emission from energy consumption. 
The first three components are directly related to the type 
and area of land damaged by mining. Since metal mines 
are generally located in hilly regions, where the land type 
is usually forest, the ecological cost estimation in this 
section is for forest land. 
 
2.1 Land area estimation 

The land areas damaged by an open pit operation 
include pit excavation, waste dump, tailings pond, roads, 
and facility sites. The land areas damaged by roads and 
facility sites are not considered in this study because they 
are negligibly small compared with those damaged by 
the waste dump, pit, and tailings pond. For a given pit 
design, the land area of the pit is directly obtained by 
delineating its surface outline. The land areas occupied 
by the waste dump and tailings pond, Aw and At are 
estimated by 
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where Qw and Qo are the total quantities of material in 
the pit mined as waste and ore, respectively; fs is the 
average swelling factor of waste rock in the dump; ρw 
and ρt are the densities of in-situ waste and tailings in 
pond, respectively; Hw and Ht are the planned height of 
the waste dump and depth of the tailings pond, 

respectively; fw and ft are the shape factors of the waste 
dump and tailings pond, which have a value from 1.0 
(for cylinder and prism like shapes) to 3.0 (for cone like 
shapes); go and gp are the average grades of mined ore 
and concentrate, respectively; r is the metal recovery of 
ore processing. 
 
2.2 Lost value of direct ecological services 

Providing bio-products is one of the most important 
ecosystem services from which human society directly 
benefits. Such services are herein termed direct 
eco-services. The direct eco-service provided by forest is 
producing timber and its value depends on the 
productivity, type, and price of timber. In many cases, the 
land price is a good reflection of the capitalization of the 
expected net gains from the products produced by the 
land in the future. The current price of forest land 
acquisition is used in the case study. 
 
2.3 Lost value of indirect ecological services 

Apart from providing bio-products, ecosystems 
provide a wide range of other services that have indirect 
value to human welfare. Such services are termed 
indirect eco-services. However, human knowledge of 
these eco-services and their functions in relation to the 
welfare of human society is far from complete. 
Quantifying the values of all indirect eco-services is a 
very difficult, if not impossible task. Based on the 
availability of relevant data, the indirect eco-services of 
forest considered in this study include soil erosion 
control, air pollutant absorption, oxygen release, rain 
runoff control, and soil nutrient formation. 
2.3.1 Value of soil erosion control 

The amount of soil retained due to the soil erosion 
control function of forest is calculated using the soil 
retaining capacity of the type of forest destroyed by 
mining. The soil retaining capacity is the difference 
between the amount of soil loss without any vegetation 
and that with forest cover. The economic value of the 
retained soil may be estimated as the lost net revenue if 
the soil was used to form an equivalent area of crop land. 
Thus, the value of soil erosion control, Vs, is calculated 
as 
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where s is the soil retaining capacity of forest; ρs is the 
soil density; hm is the minimum soil thickness required 
for crop land; v is the annual net revenue of local crop 
land. 
2.3.2 Value of air pollutant absorption 

Forest can absorb certain air pollutants, such as CO2, 
SO2, and NOX and suppress dust. NOX is not considered 
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in this study due to availability of relevant data. The 
amount of absorbed CO2 is calculated based on the net 
primary productivity (NPP) of the type of forest 
destroyed by mining, in terms of mass of dry matter, and  
the photosynthesis equation giving the CO2 absorption 
factor, which is the mass of CO2 absorbed per unit mass 
of NPP. The economic value of CO2 absorption is 
estimated using carbon capture and storage cost. The 
amounts of absorbed SO2 and suppressed dust are 
calculated based on the capacity of forest of SO2 
absorption and dust suppression. The economic values of 
SO2 absorption and dust suppression are estimated using 
the costs of SO2 scrubbing and dust control, such as 
those in a coal-fired power plant. Thus, the value of air 
pollutant absorption, Va, is 
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where q is the forest’s NPP; 1.62 is the CO2 absorption 
factor; fC is the mass conversion factor from C to CO2; cC 
is the carbon capture and storage cost; yS and yd are the 
forest’s capacities to absorb SO2 and suppress dust, 
respectively; and cS and cd are the SO2 scrubbing and 
dust control costs, respectively. 
2.3.3 Value of oxygen release 

The amount of released oxygen is calculated based 
on the forest’s NPP and the oxygen release factor given 
by the photosynthesis equation. The economic value of 
oxygen release is estimated as the industrial cost of 
producing the same amount of oxygen. Thus, the value 
of oxygen release, VO, is 
 

OO 2.1 qcV =                                  (5) 
 
where cO is the cost of oxygen production; and 1.2 is the 
oxygen release factor. 
2.3.4 Value of rain runoff control 

The amount of rain water retained due to lower 
runoff is calculated based on the runoff reduction 
coefficient of the type of forest destroyed by mining, the 
annual rainfall, and the proportion of rainfall that causes 
runoff flow. The economic value of the retained water is 
estimated by the cost of storing the same water amount 
in a reservoir. Thus, the value of rain runoff control, Vr, 
is 
 

rrr 10 cpkfV =                                 (6) 
 
where p is the average rainfall; k is the proportion of 
rainfall causing runoff flow; fr is the runoff reduction 
coefficient of forest; and cr is the cost of storing water in 
a reservoir. 
2.3.5 Value of soil nutrient formation 

The amount of soil nutrients, mainly nitrogen (N), 
phosphorus (P), and potassium (K), formed through the 

nutrient circulation mechanism of forest land is 
calculated based on the NPP and the N, P, K contents of 
NPP of the destroyed forest. The economic value is 
estimated using the price of fertilizer. Thus, the value of 
soil nutrient formation, Vn, is 
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where kN, kP and kK are the N, P and K contents in q, 
respectively; pN, pP and pK are the prices of N, P and K 
fertilizers, respectively; and fP is the mass conversion 
factor from P to P2O5. 
2.3.6 Total lost value of indirect eco-services 

The above indirect eco-services are provided by the 
forest on a yearly basis and are lost for each of the years 
beginning when the forest is destroyed and ending when 
vegetation is fully restored. Thus, the total cost due to 
loss of indirect eco-services, Ci, is 
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where Po is the planned annual ore production rate; N is 
the time length for reclamation and vegetation recovery. 
 
2.4 Prevention and restoration costs 

Prevention costs are those spent on environmental 
protection measures, such as waste water treatment and 
toxic waste handling. These costs are treated as 
ecological costs because they are used to protect the 
environment and thus the ecosystems from degradation. 
Restoration costs are those spent on restoring the 
damaged ecosystems to their original or expected 
conditions, including mainly the reclamation cost. Only 
reclamation cost is considered for the case study. 
 
2.5 Ecological cost associated with damaged forest 

land 
The total ecological cost per hectare of forest land 

damaged by any mining activity, CE, is equal to the sum 
of the above three components: 
 

      ridE CCCC ++=                            (9) 
 
where Cd and Cr are the lost value of direct eco-services 
and reclamation cost, respectively. 
 
2.6 Cost of carbon emission from energy consumption 

The major environmental impact of energy 
consumption is global warming associated with 
greenhouse gas emissions (mainly CO2). Directly 
estimating the cost of global warming is hardly practical 
at present due to limited knowledge and data. One of the 
approaches to combat global warming is carbon capture 
and storage, for which pilot tests are carried out in 
several countries [19]. Therefore, the cost of carbon 
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emission from energy consumption of a mining operation 
is estimated based on the emitted carbon amount and an 
assumed carbon capture and storage cost. The amount of 
carbon emitted from direct consumption of fossil fuels 
(diesel and gasoline) is calculated by their carbon 
emission factors, which is the mass of carbon emitted 
from burning unit mass of fuel. Since around 80% of 
total electricity is generated from coal in China, 
electricity consumption is converted to an equivalent 
amount of coal and the amount of emitted carbon is 
calculated by applying the carbon emission factor of coal. 
Thus, the cost of carbon emission from energy 
consumption, ce, of mined or processed material, is 
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where ed and eg are the average diesel and gasoline 
consumptions, respectively, per ton of mined ore or 
waste, equal to zero for ore processing; ee is the average 
electricity consumption per unit mass of mined or 
processed material, which is denoted as eem for ore or 
waste mining and eep for ore processing in Table 1 in the 
case study; fd, fg, and fc are the carbon emission factors 
for diesel, gasoline, and coal, respectively; b is the 

proportion of total electricity generated from coal; and ac 
is the amount of coal required to generate a unit of 
electricity. 
 
3 Ultimate pit optimization with ecological 

costs 
 

A moving cone elimination algorithm is used for pit 
optimization. A cross section of a hypothetical block 
model and the moving cone elimination process is shown 
in Fig. 1. An initial pit is first obtained by projecting 
from a sufficiently large surface boundary outline down 
to the lowest level of the block model, according to the 
specified pit slope angles. Partial blocks are used at the 
pit wall and the ground surface to accurately represent 
the slope angles and the topography. 

The moving cone elimination process starts with the 
initial pit. The apex of the cone, with its shell slopes 
equal to the pit slopes in all directions, is placed at the 
center of a block at the central level of the lowest block 
layer in the pit, as shown by Cone A in Fig. 1. The profit 
of the cone is calculated based on the quantities of ore 
and waste and ore grade in the cone, and the cost, price, 
and recovery parameters. The cone is eliminated from  

 
Table 1 Parameter values used in the case study 

fs 
Ht/ 
m gp/% hm/m cC/ 

( US$·t−1) 
cd / 

( US$·t−1) fr kK fP Cr/ 
( US$·hm−2) 

eep/ 
(kW·h·t−1) b 

1.3 100 66.0 0.5 93.17 40.65 0.26 2.16×10−3 2.2903 65 041 28.5 0.8 

ρw/ 
(t·m−3) fw r v/ 

(US$·hm−2) 
yS/ 

(t·hm−2·a−1) 
cO / 

( US$·t−1)
cr/ 

(US$·m−3)
pN/ 

( US$·t−1)
Po/ 

(Mt·a−1)
ed/ 

(kg·t−1) fd 
ac/ 

(kg·kW·h−1)

2.65 1.80 0.82 3 688 0.1521 66.67 0.98 333.33 1 500 0.56636 0.869 0.404 

ρt/ 
(t·m−3) ft 

s/ 
( t·hm−2·a−1) 

q/ 
( t·hm−2·a−1) 

yd/ 
(t·hm−2·a−1) 

p/ 
(mm·a−1) kN pP/ 

( US$·t−1) N/a eg/ 
(kg·t−1) fg 

ρo/ 
(t·m−3) 

1.75 1.80 60.292 6.56 21.665 800 4.3×10−3 113.82 5 4.1×10−3 0.854 3.33 

Hw/m go/% ρs/(t·m−3) fC cS/ 
( US$·t−1) k kP pK/ 

( US$·t−1)
Cd/ 

(US$·hm−2)
eem/ 

(kW·h·t−1) fc  

200 30.24 1.35 3.6667 142.28 0.4 3.9×10−4 357.72 390 244 1.2 0.7455  

 

 
Fig. 1 Cross section of hypothetical block model and moving cone elimination process 
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the pit if its profit is negative or zero. The cone apex is 
then moved to all the blocks along the same horizontal 
block layer and the ones with negative or zero profits are 
eliminated. The same cone-moving, evaluation and 
elimination process is then repeated by moving the cone 
along the next higher layer of blocks. A round of 
cone-scanning is completed after all the block layers are 
considered from layer 1 to layer M. The cone-scanning 
process is repeated round after round until no cone is 
found in a round with a negative or zero profit, and the 
remaining portion is the optimum pit. 

A problem arises when ecological costs are to be 
incorporated in the above pit optimization algorithm. The 
ecological costs cannot be calculated without knowing 
the quantities of materials mined and the land areas 
damaged, while the quantities and areas are unknown 
before the pit is obtained. Therefore, an iteration process 
is needed as described below. 

Step 1: Optimize the pit using the moving cone 
elimination algorithm without considering ecological 
costs. Three different unit costs for ore mining, waste 
removal, and ore processing are used in the optimization, 
which are referred to as the “original unit costs” when 
ecological costs are not included and denoted by co, cw, 
and cp, in US$/t, respectively. 

Step 2: Determine the damaged land areas 
associated with the pit obtained in Step 1. The mined 
area of the pit, Am, is directly obtained by delineating its 
surface outline. The areas occupied by the waste dump 
and tailings pond, Aw and At, are estimated using Eqs. (1) 
and (2). 

Step 3: Calculate ecological costs and attribute 
them to ore mining, waste removal, and ore processing. 
The total ecological cost associated with the mined area 
of the pit is converted into two unit costs, Δcmo and Δcmw 
in US$/t, which are attributed to the unit costs of ore 
mining and waste removal, respectively, according to the 
ore and waste volumes in the pit. 
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where ρo is the average density of in-situ ore. 

The total ecological cost associated with the land 
area of the waste dump is converted into a unit cost, Δcww, 
which is attributed to the unit cost of waste removal.  

w
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The total ecological cost associated with the land 
area of the tailings pond is converted into a unit cost, Δctp, 

which is attributed to the unit cost of ore processing.  

o
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Let Δco, Δcw, and Δcp be the increase in the unit 
costs of ore mining, waste removal, and ore processing, 
respectively, due to ecological costs associated with 
damaged forest land and energy consumption. Then, we 
have 
 
Δco=Δcmo+ceo                               (15)  
Δcw=Δcmw+Δcww+cew                        (16)  
Δcp=Δctp+cep                               (17)  
where ceo, cew, and cep are the unit ecological costs of 
carbon emission from energy consumption in ore mining, 
waste removal, and ore processing, respectively, 
calculated using Eq. (10) based on their respective 
energy consumption data. 

Step 4: Add Δco, Δcw, and Δcp to the corresponding 
original unit costs, co, cw, and cp, and optimize the pit 
again using the increased unit costs. Ecological costs are 
recalculated for the new pit and the iteration continues 
until the resulting pit converges, that is, when the pit 
obtained in a given round is the same as or sufficiently 
close to the one obtained in the preceding round, the final 
pit is the optimum pit with ecological costs. 
 
4 Case study 
 

The procedure outlined above is applied to a big 
iron ore mine in Northeastern China. The deposit has 
been mined for many years using open pit mining and 
has some 500 Mt of ore remaining. The type of the 
ecosystem damaged by the mining operation is forest. 
The current topography of the mine is taken as the 
starting point to design a pit for the remaining portion of 
the deposit. The original unit costs of ore mining, waste 
removal, and ore processing are 3.90, 2.44 and 21.95 
US$/t, respectively. The price of concentrate is 105.69 
US$/t. The pit slope angles are 34.8°, 34.5°, 51°, 42°, 
48.1°, 47.5°, and 34.8°, respectively, in orientations at 
21°, 41.5°, 119°, 200.5°, 224.5°, 291°, and 352.5° 
measured counter-clock wise from the east. The values 
of parameters in the equations are listed in Table 1. The 
parameter values related to indirect eco-services of forest 
are mainly from ZHAO et al [20]. The carbon emission 
factors for diesel, gasoline, and coal are from ZHANG 
[21]. All monetary values are converted to US dollars 
using an exchange rate of 6.15 RMB to a 1 dollar. 

The pit optimization process converges after five 
iterations. The quantities of materials mined as ore and 
waste, as well as the total profits, for the optimum pits 
with or without ecological costs are given in Table 2. The 
contours of the two pits are shown in Fig. 2. 
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Fig. 2 Ultimate pit contours without (a) or with (b) consideration of ecological costs 

 

Table 2 Ore and waste quantities and profits for pits with or 
without ecological costs 

Pit m(Ore)/Mt m(Waste)/Mt 
Total profit/

US$ 
Without eco-costs 470.80 1 380.87 3 152.48 

With eco-costs 348.41 700.28 2 339.78 

 
The optimum pit with ecological costs is much 

smaller than the optimum pit without ecological costs, 
with the former shrinking mainly on the left-hand side 
and much shallower. The quantities of ore and waste 
mined from the pit with ecological costs are 26.0% and 
49.3% less than those from the pit without ecological 
costs, respectively. The total material mass decreases by 
43.4% when ecological costs are considered. For the 
optimum pit with ecological costs, the unit ecological 
costs attributed to ore mining, waste removal, and ore 
processing are 0.237, 0.512, and 0.997 US$/t, 
respectively, which represent 6.1%, 21.0%, and 4.5% of 
the respective original unit costs. The total profit of the 
optimum pit with ecological costs is 25.8% less than that 
of the optimum pit without ecological costs. Therefore, 
ecological costs do make a difference. 
 
5 Conclusions 
 

1) Estimation of the ecological costs of open pit 
metal mining is outlined and a procedure is given for 
ultimate pit optimization with internalized ecological 
costs. Ecosystem services may be viewed from quite 
different angles and their economic values evaluated 
through different approaches. Therefore, the ecological 

costs of a given mining operation may differ to a large 
extent. Our intention is not to present a definitive method 
of ecological cost calculation, but to show that 
meaningful estimation of a variety of ecological costs is 
possible for a mining operation. 

2) Though the case study is preliminary, it is 
possible to internalize ecological costs in mine designs. It 
also indicates that the pit optimization outcome shifts 
considerably to the conservative side and the profitability 
decreases substantially when ecological costs are 
accounted for. 

3) The total damaged land areas are used in the 
ecological cost estimation for the case study. However, 
land areas are damaged gradually as the mining 
operation proceeds. Therefore, a more realistic approach 
to study the influence of ecological costs on mine 
planning and profitability is to internalize the ecological 
costs in a procedure of mine production scheduling, so 
that these costs are distributed over the time horizons of 
different schedule alternatives. We are working on an 
algorithm to optimize simultaneously the production 
schedule and the ultimate pit with internalized ecological 
costs with an objective of maximizing the total net 
present value. 
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摘  要：量化了金属矿露天开采的生态成本，包括直接生态服务价值损失、间接生态服务价值损失、预防和恢复

成本以及能耗产生的碳排放成本。通过迭代算法把这些生态成本纳入境界优化，并以实例应用说明生态成本对境

界设计结果的影响。结果表明，在矿山设计中内生化生态成本是可能的。考虑生态成本使境界优化结果变得很保

守，盈利也大幅度降低。 

关键词：最终境界；优化；生态成本；露天金属矿 
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