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Abstract: The ecological impacts of mining and the instability of slopes are the key factors restricting
the safe, efficient, and low-carbon production of open-pit mines. This study focused on the ultimate
pit limit (UPL) optimization under the concept of sustainability by integrating consideration of the
economic benefit, ecological impact, and slope geometry. The integrated UPL optimization model
based on the floating cone method was proposed by establishing a quantitative model for ecological
impacts arising from open-pit coal mining in arid or semi-arid weak ecological land and a cost
calculation model of slope reinforcement based on the Monte Carlo method. The case study revealed
that steepening the slope angle of given regions resulted in random variations in the quantity of ore
rock and the limit morphology. There was an average economic profit rise of USD 9.54M with every
1° increase in slope angle, but the probability of slope instability and the reinforcement cost grows
exponentially. In the arid or semi-arid weak ecological land, the ecological costs exceeded 20% of the
mines’ average pure economic gains. The proposed optimization method contributes to obtaining an
integrated optimal UPL, improving the benefits and the ore recovery rate.

Keywords: open-pit coal mine; ultimate pit limit optimization; vulnerable ecological regions;
ecological cost; slope safety

1. Introduction

Sustainable development (SD) concepts have been integrated into mining design
for more than 30 years. In the initial stage, strategic research integrated these concepts
within the mining industry [1-4]. Subsequently, researchers devised framework systems
of SD indicators to quantitatively guide the design and production in mining [5,6]. Adibi
et al. proposed a quantitative method that integrated SD factors into the ultimate pit limit
(UPL) design, transforming UPL optimization into a multiple-attribute decision-making
problem and solving it using the similarity to the ideal solution method [7]. This seminal
study facilitated a deeper integration of SD within the mining industry. However, this
method predominantly focused on weight distribution, which somewhat constrained its
ability to holistically and objectively account for economic, environmental, safety, and other
considerations. While several subsequent quantitative studies have explored the impact of
mining activities on SD [8-12], their practical application to mining design remains limited.

Previous research identified five dimensions of sustainable mining practices: economy,
environment, community, safety, and efficiency [13,14]. However, integrating these factors
as internal parameters within the mining industry proves challenging. These factors
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are not only difficult to quantify but also interact with each other, which can lead to
potential conflicts during the optimization process, resulting in failures. The author has
been committed to developing quantitative mining optimization models to integrate by
considering these factors as cost parameters. In past studies, the author proposed several
algorithms to integrate by considering both economic and environmental factors in mining
design [15-17]. Building on this foundation, the present study further refines the ecological
cost quantitative model based on the environmental conditions around a coal mine and
introduces safety as an additional SD factor in the UPL optimization algorithm.

The ecological impact of mining activities is influenced by various factors. Numerous
studies on the ecological issues of mining seek to develop a system for environmental
evaluation indicators [18-20]. These evaluation models primarily aim to quantify the
environmental harm caused by mining. To further determine the impact of mining on the
ecological environment, the concept of ecological cost, which traces back to the Principles of
Economics proposed by Marshall [21], was proposed to evaluate the environmental issues of
open pit mines. This concept correlates the economic and ecological benefits by considering
the external costs consumed in the production process as ecological costs. Ugochukwu
et al. developed a health-risk-based pollution economic costing model that considered
heavy metal pollution in surface and ground water, as well as soil, to evaluate the health
and environmental costs caused by mining activities [22]. Meanwhile, Badakhshan et al.
assessed the ecological cost of a mine using a framework-based approach, factoring in
the human development index, mining scale, location of the mine, mining method, type
of mineral, and environmental and ecosystem sensitivities [23]. However, the primary
application of these models is for ecological reclamation rather than mining design. Ba-
diozamani and Askari-Nasab proposed an integrated long-term mine planning model that
considered the tailings model, the reclamation plan, and the waste management within a
single framework [24]. Furthermore, the author has quantified the ecological harm in min-
ing regions based on the ecological footprint theory and the energy consumption intensity.
An ecological cost model was established that internalized environment factors as costs
within the economic benefit of UPLs, and thereby effectively integrated the concept of SD
into the mining design [16].

In terms of safety, the slope stability of open-pit mines is particularly important. As
a primary parameter of UPL, the slope angle affects the geometry of the mine and the
quantity of stripping, as well as the production safety and the area of land degradation [25].
Slackening the slope angle increases the stripping ratio, subsequently exacerbating envi-
ronmental impacts. Conversely, steepening the slope angle reduces the mining cost but
heightens the risk of landslides [26,27]. Numerous previous studies have aimed to establish
calculation approaches for evaluating pit slope stability [28-36]. However, integrating these
noteworthy achievements into UPL optimization design remains challenging due to the
ambiguous relationship between landslide risk and mining benefits. Recent studies on
UPL optimization [37-40] frequently underscore the characteristics of slope angle, which
directly reflects land degradation, carbon emissions, and waste amount, with minimal
focus on its environmental impacts.

The instability of high and steep slopes and the ecological impacts caused by mining
are the key factors restricting the pursuit of safe, high-efficiency, and low-carbon mining
production. Factors such as profitability, slope stability, and ecological impacts of open-
pit mining intensify the intricacy of the UPL optimization process when synergistically
considered. To assimilate the SD factors of environment and safety into UPL optimization,
this study introduces a refined UPL optimization method tailored for open-pit coal mines.
The study was delineated over three phases. The first stage involved developing an
ecological cost model, specifically for arid or semi-arid mining of weak ecological lands, to
precisely evaluate the environmental impacts caused by mining activities in the Heishan
open-pit coal mine. The second phase was mainly focused on the formulation of a safety
cost model to elucidate the correlation between the geometric parameters of slope and
associated costs. The final step was to integrate the ecological and safety cost models
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into the UPL optimization model based on the floating cone method. The results from
this study are pivotal in advancing sustainable, low-carbon, safe, and efficient mining in
open-pit mines.

2. Methods
2.1. UPL Optimization Using Floating Cone Method

The UPL design can be formulated using several theoretical methods, such as the
floating cone method [41,42], a type of quasi-optimization method, and other mathemat-
ical methods like the Lerchs—Grossmann graph theory method. Due to the anisotropic
characteristics of open-pit slopes on lithologic joints and fissures, distinct slope angles are
observed for different directions and depths. The inclination of the cone can be adjusted
based on the parameters of direction and depth (see Figure 1). A more realistic solution
within the accepting error will be obtained. Thus, the UPL optimization of the open-pit
mine involved in this paper is carried out based on the floating cone method. The previous
works by the author have delineated the theoretical and calculative methods for UPL
optimization [16,17].

Cone apex

(a) (b)

Figure 1. The 3D cone and conical shell template; (a) 3D cone; (b) cone shell template.

2.2. Ecological Cost Model of Open-Pit Coal Mine in Arid or Semi-Arid Weak Ecological Land

Open-pit coal mining results in expansive pits occupying vast land areas, with the
stripped waste rocks further demanding substantial storage space. Such mining activity
disables the biomass production capability of the land and removes the plants in dig-
gings, thereby disrupting ecosystem functions. Drawing inspiration from previous studies,
primarily focused on the thermo-ecological cost of hard coal [43], this study presents an
ecological cost model encompassing the entire mining cycle of open-pit coal mines.

2.2.1. Evaluation Method of Occupied and Damaged Area Caused by Mining

The occupied and damaged area caused by mining can be divided into three categories,
including the surface area of the open-pit mine (A;;(®), hm?), the area occupied by ancillary
facilities (Ao, hmz), and the area taken up by waste stones and tailings (A (D), hmz). Here,
D (@1, 2, @3, - -, @n) represents a finite set of slope angles in various directions within the
UPL. ¢, denotes the slope angle in the n-th direction. A,,(®) is determined by the UPL
design. A, is regarded as a constant obtained from blueprints. A, (®) can be calculated
as follows: y

Ap(®P) = Qw(cb)ngwsw 1
where Q, (®) is the volume of waste rocks in the optimized UPL based on the slope angle
set (m?), Yw is the expansion coefficient of the stacked waste rock, Hy, is the height of the
waste rock field (m), and Sy, is the morphology coefficient of the waste rock field.

2.2.2. Direct Economic Loss

Mining activities can result in land degradation, impeding the capacity of land for
biomass production. Compensation for land expropriated for mining typically reflects the
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combined economic value. Thus, the direct economic loss (C;(®), USD) can be calculated
based on the land expropriated price and the total area of land occupation, expressed as:

Co(P) = c2(Am (D) + Aw(P) + Ao) )
where c; is the land expropriation price (USD/hm?).

2.2.3. Exogenous Ecological Value Loss

The concept of exogenous ecological value loss serves to evaluate the damage to
the ecosystem and the land degradation of ecological functions due to surface vegetation
destruction during mining activities. This study proposes a new calculation model, which
focuses on arid or semi-arid weak ecological land based on the previous study [17]. The
service functions provided by grassland ecosystems mainly contain water conservation,
soil conservation, carbon sequestration, biodiversity maintenance, grassland recreation,
oxygen release, air purification, and nutrient cycling.

The value of water conservation (V(,p,0) (®), USD/a) can be calculated by Formula (3):

F

Vigh,0)(®) = ) 10JKR(C(py,0) + L) Ai(P) @3)
i=1

where F is the number of grassland types occupied by the mining activities, A;(®) is the
area of grassland type i (hm?), ] is the average rainfall in mining area (mm/a), K is the
proportion of runoff rainfall to the total rainfall volume in the mining area, R is the runoff
reduction coefficient comparing grassland to bare land, Cy,0) is the unit price of the water
resource (USD/m?), and L is the cost of water purification (USD/m?).

The value of soil conservation (Vys(®), USD/a) can be calculated by Formula (4):

F 4 ‘ E:Pa:

Vgs(q)) _ 2 Z (Ai(cD)MiPl + Ai(®)M;R, P + Az(®)MzE]P3]) )
i=1j=1 p p j

where M,; is the soil conservation capacity of class n grassland (unit: hm?-a); p is the soil
bulk density (t/m3); R; is the proportion of sediment deposition in reservoirs, rivers and
lakes due to soil erosion (commonly set to 0.24); E; is the content of specific elements in
the soil, such as nitrogen (when j = 1), phosphorus (when j = 2), potassium (when j = 3),
and organic matter(when j = 4) (%); r; is the content of nitrogen, phosphorus, potassium,
and organic matter in the fertilizer and organic matter (%); P is the cost incurred for the
excavation of per unit volume of soil (USD/m?); P, is the cost of unit capacity (USD/m?),
and Pj; is the prevailing market price of fertilizer and organic matter (USD/t).

The value of carbon sequestration can be categorized into two main segments: plant-
based and soil-based carbon sequestration. The values of plant-based (V1 (®), USD/a)
and soil-based carbon sequestration (V2 (®), USD/a) can be calculated using Formulas (5)
and (6), respectively.

r
Vec1 (®) = Y 9co,9i cco, Ai(P) (5)
iz
F
Veco (@) = Y 10ph[Dsoc + Dsic (1 + &st)]tccco, Ai(P) (6)

i=1
where ¢cp, is the coefficient of carbon sequestration (commonly set to 1.62), g; is the net
primary productivity of grassland type i (t/hm?-a), cco, is the cost of carbon sequestration
(USD/t), h is the average soil depth of the grassland (m), Dsoc is the organic carbon density
in the soil (g/kg), Dg|c is the inorganic carbon density in the soil (g/kg), & is the migration
rate of soil pollutants (%), and ¢ is the conversion coefficient transforming carbon to
carbon dioxide (with a standard value of 3.6667).
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The economic value of biodiversity maintenance (Vg;,(®), USD/a) can be calculated
by Formula (7):

F
Vep(®) = Y SpiAi(®@) 7)
i=1

where Sj; is the annual species loss opportunity cost per unit area of grassland type i
(t/hm?-a), determined by the Shannon Wiener diversity index (see Table 1).

Table 1. Shannon Wiener diversity index.

Shannon Wiener Index

o, 1 [1,2) [2,3) [3,49 [4,5) [5, 6) [6, +)

Sp (USD-hm~2.a~ 1)

435 725 1450 2900 4350 5800 7250

The value of grassland recreation (V,,(®), USD/a) is calculated from Formula (8):

F
Ver(®) = chiAi(q>) (8)
i=1

where cg; is the unit grassland recreation value (USD/ (hm?-a)).
The value of oxygen release (V,0, (@), USD/a) can be calculated using Formula (9):

F
Ve0,(®) = Y _ ¢0,4iCo, Ai(P) )
i=1

where ¢, is the coefficient for oxygen release (commonly set to 1.19 based on the photo-
synthesis reaction), Cp, is the cost of oxygen production (USD/t).
The value of air purification (Vg (®), unit: USD/a) can be calculated using Formula (10):

F
Vea(®) = Y (Yis0,Cs0, + YinCp) Ai(P) (10)
~

where Y;s0, is the sulfur dioxide absorption capacity for grassland type i (t/hm?-a), Y;p is
the dust-retention capability for grassland type i (t/hm?-a), Csp, is the treatment cost for
sulfur dioxide (USD/t), and Cp is the treatment cost for dustfall (USD/1).

The value of nutrient (nitrogen and phosphorus) accumulation (Vgnp (@), USD/a) can
be calculated using Formula (11):

F
Vene(®) = Y (knipn + kpiPpp)qiAi(P) (11)
i=1

where ky; and kp; are the proportions of nitrogen and phosphorus content in the net
primary productivity of grassland type i (t/hm?-a), respectively, f is the transfer coefficient
from phosphorus to P,Os (commonly set to 2.2903), py and pp are the prices of nitrogen
fertilizer and phosphorus fertilizer (P,Os), respectively (USD/1).

The exogenous ecological value loss (Vg (@), USD/a) is the sum of these eight items:

Vgull(q)) = V(gHZO)(cD) + Vgs(q)) + VgCl (CD) + VgCZ(cD) + ng(q))

Ver (©) + Vo, () + Vea (@) + Voo (@) 12

2.2.4. Treatment Cost of Environmental Pollution

The treatment cost of environmental pollution covers all costs relating to environmen-
tal conservation, excluding those related to ecological reclamation. These costs contain the
treatment of water pollution, air pollution, solid waste, and soil pollution.
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Focusing on water pollution, its treatment cost is divided into two categories, including
the production and household sewage and the pollution of shallow groundwater caused by
harmful elements from coal gangue yards or mining fields with rainfall into the soil. The
treatment cost of production and household sewage (Viy1(®), USD/a) can be calculated
using the following formula:

Viv1 (®) = cu1[guw(P) + 9o (D)]ewt (13)

where c,1 is the treatment fee of per unit volume sewage (USD/m?), g,,(®) is the annual ore
extraction quantity (t/a), o (®) is the annual rock extraction quantity (t/a), e, is the sewage
discharge stemming from both production processes and domestic water consumption of
per unit extraction (m3/1).

The treatment cost of polluted shallow groundwater can be evaluated using Formula (14):

Vina (@) = 10aA ey A" (D) (14)

where 4 is the adjustment coefficient (a constant coefficient influenced by polluted surface
water environment, the multiples of supernational discharge standards for water pollutants,
and the location of discharge, commonly set to 2.625), A is the infiltration coefficient of soil
(commonly set to 0.12), ] is the annual mean rainfall in the mining vicinity (unit: mm/a),
Cw2 is the unit treatment cost of leaching water (USD/ m3), A" (®) is the occupied area of
the mining pit and waste in the year ¢ (commonly equated to the area of UPL and waste
dump site, hm?/a).

The treatment cost of soil pollution (Cs7(®), USD/a) can be calculated using Formula (15):

[An(P) + Aw + Ao (1 + £51)
T(®)

Cs7(®) = cs7 (15)

where cgr is the price of soil remediation per unit volume (USD/ hm?), 4 is the pollutant
migration rate originating from mining (%), and T(®) is the duration of UPL operation
with a slope angle of ® (a).

The treatment cost of solid waste (Cgy (P), USD/a) can be evaluated using Formula (16):

> 1
C D) = Thnn CswilYw D) +qo(P swi (16)
sw(®P) 1; 10000 (7 (P) + g0 (P)]e

where cg; is the unit cost for treating the i-th type of solid waste (i = 1 for coal gangue,
i = 2 for hazardous solid waste, i = 3 for fly ash, i = 4 for slags, i = 5 for other solid wastes)
(USD /1), esy; is the emission quantities of the i-th solid waste type from per unit stripping
(kg/t).

The air contaminants from open-pit coal mines predominantly contain coal-burning
byproducts and dust. Coal-burning pollution is mainly caused by SO,, NOy, and fume
dust, whereas dust pollution is related to the fee of watering volume. Thus, the treatment
costs of air pollution (C,(®), USD/a) can be calculated using Formula (17):

3 NgXewAug(P)V,C
Col®) = ) culgul®) + qu (@) + "0 And OV VeCr0 a7
i=1

where c,; is the treatment cost for specific pollutants (i = 1 for SO,, i = 2 for NOx, i =3
for fume dust) (USD/1), e,; is the emission amount of SO,, NOx, and fume dust per unit
stripping volume (kg/t), 14 is the number of production days per year (d/a), xy is the
daily watering frequency (n/d), A,4(®) is the watering area during each instance per
day (m?/n/d), V, is the watering volume used per unit area (m3/m?), and C H,0 is the
prevailing water price in the mining community (USD/m?3).
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The comprehensive cost for environmental treatment is the cumulative sum of the
aforementioned components, as represented by:

Cuwatl () = Viv1 (@) + Vin2 (@) + Cs1(P) + Csw (P) + Ca(P) (18)

2.2.5. Ecological Cost of Energy Consumption

The mining production process heavily relies on fossil fuels, such as diesel, petrol, and
coal, leading to significant greenhouse gas emissions. An ecological cost model for energy
consumption (Cc(P), USD/a) has been formulated considering emission characteristics of
different energy consumption as well as the carbon trading market, carbon capture cost,
and carbon tax as follows:

e Te€,
Ce(®) = (30(P) + u (@) (155 + 2 W) teCeo, (19)

where e, is the electricity consumption per unit mining stripping (kWh/t), 7, is the pro-
portion of thermal power generation to total power generation, e, is the standard coal
consumption per kilowatt hour (kg/kWh), 7. is the carbon emission coefficient of standard
coal, 0 is the category of primary fossil energy consumed, ey; is the consumption of the i-th
type of primary fossil energy per unit of mining stripping (kg/t), #y; is the carbon emission
coefficient of the i-th type of primary fossil energy (i = 1 for diesel, i = 2 for petrol), 1¢ is
the conversion coefficient transforming carbon to carbon dioxide (commonly set to 3.6667),
and Cco, is the cost of carbon capture and sequestration (USD/1).

2.2.6. Reclamation Cost

The reconstructions of soil, water, and vegetation are the primary aims for the open-pit
coal mine ecological reclamation in arid or semi-arid weak ecological land. Water scarcity
and weak ecological systems are the main limiting factors in arid or semi-arid land, which
increase the cost of mine ecological reclamation. The reclamation cost (Cy+(P), USD) for
year t of mining can be calculated as follows:

Crt(P) = ar(P)ey (20)

where a; is the ecological reclamation area in year ¢ (hm?), ¢, is the cost of reclaiming or
conserving per unit area of land (USD/hm?).

2.3. Safety Cost Calculation Model of Open Pit Mine Slope

The slope angle is usually steepened to reduce the amount of rock stripping, which
decreases the rock stripping cost, thereby improving the overall economic efficiency of
mining. The general approach is to contract the pithead while fixing the pit bottom to
achieve this goal [26]. However, these individual optimization methods have several
limitations. First, the optimal slope angle, which balances between slope stability and
benefits, remains unidentified. Second, the steepening of the slope angle is more associated
with the benefits and resource utilization rate derived from the quantity of stripped ore
or rock quantity rather than a designated change that locks the pit bottom [27]. Third, the
adjustment of the slope angle should factor in ecological impacts. Such changes not only
affect the quantity of stripped ore or rock and the mining range but also lead to variations
in ecological impacts and carbon emissions [44,45].

2.3.1. Reliability Analysis of Open-Pit Coal Mine Slope

Reliability analysis, which employs parameters such as rock properties, geometrical
characteristics, groundwater, and various impacts, is widely used to calculate the relia-
bility index or failure probability. This method offers a quantitative description of slope
stability [46—48]. In this study, the Geostudio software (Slope/W) was utilized to analyze



Sustainability 2024, 16, 5393

8 of 26

the reliability of slopes with different UPL geometric parameters (slope angle and height)
based on the Monte Carlo (MC) simulation method.
The limit state equation of slope is determined by the Bishop method:

N

N
GW,c,u,¢) =) _ [ciAx; + AW;(1 — 1) tan @;] / [cos a;(1 4 tan ; tan ¢;)] — ) AW sin g; (21)

i=1 i=1

where c is the effective cohesion (kPa), AW is the weight of soil stripe (kN), u is the pore
water pressure (kPa), ¢ is the effective internal friction angle (°), r, is the pore water
pressure coefficient.

The instability probability of the slope is calculated by Formula (22):

0 1

P; = P(G < 0) = /oof(G)dz - /mF(Xl,Xz, Xs,..., Xp)df (22)
Table 2 illustrates that the typically acceptable instability probability ranges between
0.01% and 0.3%. In contrast, based on current engineering expertise, the reliability index
lies between 3.7 and 2.8 [49]. When designing large surface mines aimed at long-term
operations, the paramount consideration is the overall slope stability. Thus, the slope safety
level should be designated as grade I, suggesting that a relatively higher reliability index

value should be adopted.

Table 2. Acceptable instability probability index of open-pit mine slopes.

Open Pit Mine Slope Instability Probability Reliability Index
Most geotechnical engineering <0.1% 3.1
Normal open-pit mine slope <0.01% 3.7
Rock open-pit mine slope 0.3% 2.86
An open-pit mine slope in Peru <0.3% 2.8
Dabaoshan open-pit iron mine slope 0.084% 3.14
Qianyanshan open-pit iron mine slope 0.004%~0.105% 3.08~4.45
Jianshan open-pit mine slope 0.3%~1% 2.8~2.3
Yima open-pit coal mine slope <0.05% 3.29
Yamansu open-pit iron mine slope 0.037%~0.292% 2.76~3.38

2.3.2. Reinforcement Cost of Open-Pit Coal Mine Slope

The reliability index serves as a criterion to determine the need for reinforcement
measures, thereby enabling the calculation of reinforcement costs for open-pit coal mine
slopes. Large-scale integral sliding of a rock mass along the structural plane is a catastrophic
accident for a large open-pit mine. For large-scale slope deformation, light reinforcement
techniques are often inadequate in enhancing the anti-slide capability of unstable rock
masses. Conversely, heavy reinforcement approaches, such as retaining walls or anti-slide
piles, are constrained by the limited construction space available on open-pit mine slopes.
The reinforcement design of mine slopes often depends on the failure mode and scale.
Additionally, the change of slope angle caused by the UPL optimization results also affects
the selection of reinforcement techniques. The reinforcement cost (C;(®), USD) associated
with varying slope angles can be calculated using Formula (23):

Cr(®) = }_Bi[I(®), S(P), M(®)]P(®) (23)

where m is the count of sub-project categories within the reinforced engineering,
B;[I(®),S(®), M(P)] is the engineering tasks of the i-th sub-project (m?), I(®) represents
the reinforcement method adopted, S(®) is the reinforcement range of slope (m?), M(®)
is the type of reinforcement material used, and P;(®) is the comprehensive price per unit
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engineering task of the i-th sub-project contained labor costs, material costs, machinery
costs, business management fees, regular fees, profits, and taxes (USD/ mz).

2.4. UPL Optimization Model with Integrated Consideration of Ecological Cost, Slope Safety,
and Benefits

The framework of the UPL optimization model with integrated consideration of
ecological cost, slope safety, and benefits is shown in Figure 2.

[ Techno-economic parameters ] [ Numerical model of the open pit mine ] [ Slope angle ]
[ I ]
floating cone methodl

[ Candidate UPL set ]
I

[ Ecological impact ] [ Ore-rock volume and land ] [ UPL’s geometry and ] [ Rock mechanics ]

surveys occupation area of UPLs reinforcement options parameters
T
! 7
; Reinforcement cost of
[ Ecological cost of UPLs ] [ UPLs ]

!

( UPL optimization method with integrated consideration of
ecological cost, slope safety and benefits

Figure 2. Framework of the UPL optimization model.

The result of UPL optimization based on the floating cone method produces a sequence
of limits with different slope angles. Excluding the impacts of slope stability and ecological
environment, the economic benefits (Cy;(P), USD) associated with different slope angles
can be calculated using Formula (24):

CM(CD) = Vc(q))(Pc - Cc) - Vr(CD)CV (24)

where V,(®) is the quantity of coal mined in the UPL with a slope angle of ¢(t), V;(®) is
the volume of rock stripped in the UPL with a slope angle of ¢ (m?), P is the price of raw
coal (USD/t), C. is the unit mining cost (USD/t), and C; is the unit rock stripping cost
(USD/m3).

During the whole cycle of mining, the cumulative ecological cost (Cs(®), USD) can be
calculated based on the proposed models in Section 2.2 as follows:

Cs(P) = Cz(®) + Voau (®)[T(P) + 1] + Cooaus (P)T(®) + Ce(P) + Cre () (25)

where T(®) is the production life in the UPL with a given slope angle of ¢(a), n; is the
duration required for the ecological environment to be restored to the pre-mining state (a).

The reinforcement will only focus on the unstable slopes that exhibit instability prob-
abilities surpassing the acceptable probability. The reinforcement cost can be calculated

using Formula (26):
_J)0 (Pr(®) < P)
o= { L CH@) (Byl@) > P) 20

where 7 is the total number of slopes requiring reinforcement.

Therefore, the comprehensive economic benefit (W(®), USD) for the UPL, which
integrated considerations of ecological environment, slope safety, and mining benefit, can
be calculated as:

W(®) = Cy(®) — Cs(®) — /() 7)
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3. Case Study
3.1. Engineering Situations

The proposed UPL optimization model was applied in a case study of a large open-pit
coal mine in the semi-arid area of China. The surface topography of the mining area
is shown in Figure 3a. Sections I-I and II-II, which represented the direction along the
orebody trend and vertical to the orebody, respectively, are shown in Figure 3b. The mining
region contains 10 coal seams, with seam 13-2 being the primary one. The coal reserves
within this area amount to two billion tons. The dip angle of the orebody generally ranged
from 13° to 25°, steeper angles of about 20° to 25° are observed deeper, while shallower
sections range between 13° and 20°. The dip angle remains consistent in the strike direction,
and the ore body tends to lean southward.

Seam 9 Seam 11
— Seam 12-1

Seam 12-2

Seam 13-2

Geological section I-I

Seamg M7 Seams Seam 9

Seam 12-2

Seam 12-1 Seam 13-2

Geological section II-II

(b)

Figure 3. Geologic topographic map of Heishan open-pit coal mine. (a) Surface topographic map.

(b) Geological section map.

3.2. Natural Environmental Conditions

The Heishan open-pit coal mine is situated in the central region of Tianshan Mountain,
characterized by a terrain that ascends in the north and west and descends in the south and
east, ranging from an elevation of 2365 m to 3023 m. Vegetation transitions from grassland
meadows to deserts from west to east, predominantly comprising grassland types. The
floristic composition within the mine area is relatively simple, dominated by grasses such
as sheep fescue, early harvest grassland, fine-leaved early harvest grass, needle fescue, and
mixed grasslands, constituting excellent pastureland. In the eastern section of the mining
area, the predominant vegetation is desert-type, characterized by sparse and homogenous
distributions. The central area features a transitional vegetation type from grassland to
desert, known as desert grassland. The predominant soil types in the mining area are
chestnut calcium soil and brown calcium soil. Chestnut calcium soil, formed in semi-arid
steppe regions under arid climatic conditions, exhibits weak leaching effects, significant
calcification processes, and a pronounced carbonate precipitation layer. Vegetation on
brown calcium soils, transitioning from steppe to desert, benefits from abundant light and
heat resources, although water resources are limited.

3.3. UPL Optimization Results for Heishan Open Pit Coal Mine

Coal preparation and washing costs were excluded from the UPL optimization due to
the absence of beneficiation plants in the Heishan open-pit coal mine. The basic economic
parameters used for UPL optimization are shown in Table 3. The slope angles of the
Heishan open-pit coal mine in different azimuth ranges, as designed in the project drawings,
are shown in Table 4. These angles provided the foundational slope angles for UPL
optimization. Based on the orebody occurrence condition, the mining of the northern wall
was stripped along the orebody trend, thus primarily targeting the southern wall, with
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azimuth angles ranging from 225° to 315°. Table 5 shows the designed slope angles and the
UPL optimization results based on the floating cone method under different slope angles.

Table 3. Economic model parameters of Heishan open-pit coal mine.

Coal Coal Loss Recovery Mining Cost of Cost of Rock Stripping Cost of Quaternary
Price/(USD/t)  Thickness/m Rate/% Rough Coal/(USD/t)  Stripping/(USD/m?3) Layer/(USD/m3)
26 0.2 96.5 1.62 2.18 1.16
Table 4. Designed slope angles of UPL in different directions.
Azimuth Range of Slope Slope Angle

0°~45° 17°

45°~135° 35°

135°~225° 35°

225°~315° 35°

315°~360° 17°

Table 5. Designed slope angles and the UPL optimization results.
Scheme Slope Angle Quantl.t y.of Stripping Rock Profit Stripping Ratio = Mining Depth
Number ° Coal Mining Volume /MUSD It th) /m
/10* * t 10 * ¢t

1 35.0 13,727.02 157,759.28 2001.66 10.11 397
2 36.0 13,889.91 160,852.05 2014.69 10.19 397
3 37.0 14,081.63 165,319.26 2022.76 10.33 402
4 37.5 14,148.18 166,592.23 2028.00 10.36 402
5 38.0 14,172.55 166,710.53 2032.97 10.35 402
6 38.5 14,163.53 165,977.78 2037.18 10.31 402
7 39.0 14,209.58 166,921.73 2040.26 10.34 407
8 39.5 14,302.44 169,232.73 2042.87 10.41 407
9 40.0 14,260.25 167,306.25 2049.38 10.32 407

As shown in Table 5, the quantities of coal mining and rock stripping generally
increased with a steepening slope angle. However, there are exceptions, such as schemes,
where coal mining volumes increase yet rock stripping decreases (slope angle = 39.5°),
or both the quantities of coal mining and rock stripping decreased with steepening slope
angle (slope angle = 38.5°, 40°). The total profit of UPLs consistently rose regardless of the
variations in the quantities of ore and rock. This was because the profit from additional ore
exceeded the cost of rock stripping when the quantities of coal mining and rock stripping
increased with the steepening slope angle. Conversely, the profit loss from reduced ore
mining was lesser than the savings from decreased rock stripping when both the quantities
of coal mining and rock stripping decreased with the steepening slope angle. Therefore,
steepening the slope angle would bring greater profit to mining. As a result, the steepening
slope angle enhanced the total economic profit. For every 1° steepening of the slope angle
of the open-pit coal mine, the total economic profit improved by an average of USD 9.54 M.
The variations in slope angle significantly affected the total economic profit of the mine.

Figure 4a shows the 3D map of the UPL optimization results. Figure 4b,c show
the sectional drawing of M)-@ and @-® in Figure 4a to compare the impact of slope
angle modifications on UPL optimization results. As a result of the UPL optimization in
Figure 4, the steepening strategy of the slope angle based on the float cone method could
be summarized under the following conditions:
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Figure 4. Geologic-topographic map of Heishan open-pit coal mine: (a) 3D diagram of UPL scheme;
(b) UPL schemes with different slope angles in section (D-(@; (c) UPL schemes with different slope
angles in section @-Q.

(1) The displacement outward from the pit bottom exceeded that from the pithead
(e.g., transitions from 35° to 36° and from 36° to 37°);
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(2) The outward displacement of the pit bottom was less than the inward contraction
of the pithead (e.g., transitions from 38° to 38.5°);

(3) The pithead was fixed, and the pit bottom displaced outward (e.g., transitions from
37.5° to 38° and from 38.5° to 39°);

(4) The pit bottom stayed fixed, and the pithead contracted (e.g., transitions from 37°
to 37.5° and transitions from 39° to 39.5°);

(5) The inward displacement of the pit bottom was less than the outward displacement
of the pithead (e.g., transitions from 39.5° to 40°).

Different steepening schemes of the slope angle led to variations in the direction of
slope expansion or contraction based on the floating cone optimization method. These
findings suggested that even with a consistent steepening scheme of the slope angle, the
result obtained from traditional designs might not always yield the highest economic value.
Additionally, when adjusting the slope angle towards a specific direction, the primary
alteration in the ultimate pit shape manifested in that direction and its adjacent areas, as
illustrated by the end position. Intriguingly, changes could still occur in the mining location
in other directions even if their slope angles remained consistent. This was because the
floating cone method re-optimized the entire mining area, marking a significant departure
from the conventional open-pit mine slope steepening approach.

3.4. Ecological Cost of Heishan Open-Pit Coal Mine

The primary environmental consequences of mining activities in the Heishan open-pit
coal mine contained the devastation of vegetation, air pollution, water contamination, and
soil degradation. These impacts correlated predominantly with the land occupation of
mining and the quantities and types of pollution emissions. The mine area with varying
slope angles was determined by the UPL results. The area of the waste dump was calculated
by Formula (1). Considering a similar production scale in different UPL schemes, the area
allocated for handling official business, transportation, and the industrial site was taken
as 20 hm?. The area of land occupancy and damage in UPLs with different slope angles is
shown in Table 6.

Table 6. Designed slope angles and the UPL optimization results.

Scheme Slope Mining Dump Other Area of Land  Total Area of Land
Number  Angle/° Area/hm?  Area/hm? Occupancy/hm? Destruction/hm?

1 35 510.75 615.26 20.00 1146.01

2 36 514.98 627.32 20.00 1162.30

3 37 521.10 644.75 20.00 1185.85

4 37.5 522.36 649.71 20.00 1192.07

5 38 521.91 650.17 20.00 1192.08

6 38.5 520.20 647.31 20.00 1187.51

7 39 521.10 650.99 20.00 1192.09

8 39.5 524.97 660.01 20.00 1204.98

9 40 521.19 652.49 20.00 1193.68

The ecological disruptions resulting from resource extraction share similarities across
regions. However, regional variations existed in ecosystem functions and resilience to these
disruptions. Additionally, the production scale and method of mining induced distinct
ecological impacts. The calculation parameters of ecological cost are shown in Table 7.
These parameters were sourced from actual production data of the mine, market research,
relevant national statistical yearbooks, and literature. The degradation value of grasslands
from livestock manure was omitted since the mine site neither serves as a grazing area
nor hosted a significant livestock population. Moreover, the amount of grassland (F) was
taken as 1 because the mining site exclusively comprised one grassland type, the alpine
desert grassland. The watering area of every time per day (4,,;(P)) was calculated based
on the annual average watering area for every time per day, 47 hm?. According to the mine
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reclamation plan, the reclamation of damaged land will be completed in one year after the
end of mining.

Table 7. Calculation parameters of ecological cost of Heishan open-pit coal mine.

Parameters Quantitative Parameters Quantitative Parameters Quantitative Parameters Quantitative
Value Value Value Value
cz/(USD/hm?) 55,752 p/(t/m3) 1.35 kNi/ % 0.25 cal/(USD/t) 188.6
K/% 35 r1/% 46 kPi/% 1.907 ca2/(USD/t) 2326.4
R/% 15 2/% 15 cgi/(USD/hm?/a) 157 ca3/(USD/t) 80.88
J/(mm/a) 528.7 3/% 50 Sbi/(USD/hm?/a) 735 qal/(t/a) 495
Cr,0/(USD/m®) 1 r4/% 50 Gus/ (m3/d) 4342 qa2/(t/a) 23.64
L/(USD/m?) 0.31 Qi/(t/hm?/a) 0.8277 cw1/(USD/m?) 0.8 qa3/(t/a) 6.88
P1/(USD/m?) 1.4 Co,/(USD/1) 149.25 Cw2/(USD/m?) 0.83 V/(m3/m?) 0.002
P2/(USD/m?3) 0.85 h/m 0.5 o 2.625 T1/(USD/a) 19485
P31/(USD/t) 328.36 DSOC/(g/kg) 25 X 3 T2/(USD/a) 19485
P32/(USD/t) 119.4 DSIC/(g/kg) 7.5 ewt/(m3/t) 0.0008 ec/(kg/kWh) 0.404
P33/(USD/t) 405 Cso,/(USD/t) 188.06 A 0.12 ne/(t/t) 0.745
P34/(USD/t) 51 Cco,/(USD/1) 13.6 cst/USD/hm? 82610 ve/(keal/kg) 7000
Mi/(t/hm?/a) 60.8 CD/(USD/t) 44.78 eswl/(kg/t) 4.676 nhl/(t/t) 0.869
E1/% 0.0069 Yiso0,/(t/hm?/a) 0.0089 esw2/(kg/t) 0.00001 nh2/(t/t) 0.854
E2/% 0.094 Y;p/(t/hm2/a) 0.05 esw3/(kg/t) 0.0038 e./(KWh/1) 0.1
E3/% 2.28 pN/(USD/4t) 328.36 esw4/(kg/t) 0.0009 Fe 0.8
E4/% 0.069 pP/(USD/t) 119.4 esw5/(kg/t) 0.0275 e/ (kg/t) 0.0031
qi/(t/hm?/a) 2.875 cr/(USD/hm?) 59701 en/(kg/t) 0.29 csw4/(USD/t) 3.63
cswl/(USD/t) 0.73 csw2/(USD/t) 145 csw3/(USD/t) 3.63 Sw 1.5
ewt/(m3/d) 0.0008 HW/m 200 yw 1.3 st/ % 10
ng/d 330 Yo(n/d) 2 Va/(m3/m?) 0.002
eal/(kg/t) 0.0003 ea2/(kg/t) 0.0001 ea3/(kg/t) 0.00004

Where Ey, E,, E3, and Ey are the E; in Formula (4); P31, P3a, P33, P34 are the P3; in Formula (4); esw1, €sw2, €sw3, €swa
are the eg,,; in Formula (16); csw1, Csw2, Csw3, Cswa are the cg,; in Formula (16); ca1, ¢a2, €qa3 are the ¢,; in Formula (17);
i1, 2 are the #p,; in Formula (19); ej,1, e;2 are the ¢p; in Formula (19).

The mine is designed with an annual ore production capacity (4,(®)) of 10 million
tons. The total ore quantity (Q,(®)) from the UPLs with different slope angles can be
used to calculate the average annual stripping quantity, thereby obtaining the annual
carbon emissions and other associated metrics of the open-pit mine. It is assumed that land
acquisition and site preparation were finalized in the early phase of mining. Hence, the
area of land occupancy and destruction after the first year of mining was calculated by
Ap(®P) + Ap(P) + A,. Furthermore, it is presumed that the ecosystem of the mining area
was recuperated three years post-mining (7;). Based on these parameter configurations
and the UPL optimization results under different slope angles, the ecological cost was
calculated by Formula (23).

Figure 5 illustrates the ecological costs of the mine for each UPL scheme. In the
traditional steepening approach of the open-pit mine slope, where the pit bottom was
fixed and the pithead was contracted, the area of the mining field, the stripping volume of
rock, and the occupied area of the mining decreased, thereby substantially diminishing the
ecological impacts. However, the UPL scheme should be designed based on the ore body
occurrence condition. With the steepening slope angle, the ecological cost and ore-rock
volume increase, suggesting that the ecological cost is heavily influenced by the scale of
mining. An anomaly occurs when the angle increases from 37.5° to 38°, and the ore rock
volume surges by 1,426,700 tons. However, with the UPL slope steepened by fixing the
pithead and the widening pit bottom, the UPL area decreased by 0.45 hm?, leaving the
ecological cost nearly the same. This disparity accentuates the primary distinction between
the traditional steepening approach and the floating cone method. The former employs a
steepening strategy in a set direction, while the latter evaluates the overarching impact of
directional angle adjustments on the entire mining scope.
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Figure 5. Ecological cost calculated from UPL schemes with different slope angles.

Figure 5 reveals the proportion of ecological costs to the cumulative ecological cost
in arid or semi-arid lands. Specifically, the proportion of exogenous ecological value
loss was 30.52%, the direct economic value loss was 15.19%, ecological costs from energy
consumption were 5.67%, reclamation cost was 16.27%, and environmental pollution
treatment costs were 32.35%. Within the UPL, considering the ratio of ecological costs to
profits, the coal mining in semi-arid weak ecological land resulted in ecological costs that
surpass 20% of the average pure economic gains from the mine. The combined contribution
of energy consumption costs and exogenous ecological costs, which were not to be borne
by enterprises, constituted over 35% of the total ecological cost. If these ecological value
losses were integrated into the financial metrics of mining, the profit margins would face
significant limitations.

3.5. Safety Cost of Heishan Open-Pit Coal Mine
3.5.1. Stability Analysis of Open-Pit Coal Mine Slope

There was a contradiction in keeping the balance of slope stability and mining costs.
While theoretically, slopes with a slope angle of 90° would be the most cost-effective for
open pit mines, it was limited by the slope instability. To determine a reasonable slope
geometry shape, the stability of slopes and the ecological impacts should be evaluated.
The stability of slopes was influenced by various factors. In this study, only the main
parameters, cohesion and the internal friction angle, were considered in the analysis of
slope stability.

To analyze the instability probability of the south slope under various steepening
schemes, we use the final realm derived from the 38° gang slope angle steepening scheme
for the south gang as a reference. The profile is acquired at position (D-@), as depicted in
Figure 3, and is further illustrated in Figure 6. The rock mass in the south area predomi-
nantly consists of mudstone and sandstone. To investigate the properties of these rocks,
various samples were subjected to uniaxial compressive tests, Brazilian splitting tests, and
triaxial tests to determine their strength parameters. It is hypothesized that the uniaxial
compressive strength, tensile strength, cohesive force, angle of internal friction, and other
mechanical parameters follow a normal distribution. Previous research has predominantly
applied the geotechnical parameter random field to three-dimensional conditions [50,51],
though some studies have also explored the random distribution characteristics under two-
dimensional conditions [52,53]. Owing to the larger scale and more complex lithology of
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open-pit mine slopes, this study focuses solely on the random distribution of geotechnical
parameters under two-dimensional conditions, aiming to simplify the calculation of slope
reliability. Table 8 shows the cohesion and internal friction angle of typical layers in the
Heishan open-pit coal mine. Due to the minimal variance mechanical properties of coal,
the weight of coal was taken as 12.9 kN/m?, with a cohesion of 1.32 MPa and an internal
friction angle of 34°.
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Figure 6. Slope reliability analysis model based on the Monte Carlo method (an example with slope
angle of 38°).

Table 8. Physical and mechanical properties of rock in typical layers.

Uniaxial Tensile Internal
Density/g-em—3 Compressive Streneth/MPa Cohesion/MPa Friction
Strength/MPa 8 Angle/°
Statistical number 21 15 15 10 10
Mean value 2.61 7.76 0.46 0.41 30.08
Mudstone Variance 0.1 6.54 0.33 0.34 1.60
Coefficient of variation 0.04 0.84 0.71 0.81 0.05
Statistical number 84 26 27 80 80
Mean value 2.4 25.95 1.49 3.35 38.61
Sandstone Variance 0.1 10.68 0.84 1.39 1147
Coefficient of variation 0.04 0.41 0.56 0.41 0.29

The Monte Carlo method was used to compute the landslide risk probability. The
analysis primarily focuses on randomly sampling factors that influence slope stability (i.e.,
internal friction angle and cohesion) with a sample size of 15,000 experiments. Subsequently,
stability analyses were performed using the Geostudio (Slope/W) module in the Geostudio
geotechnical software. The impact of pore water pressure on reliability was excluded
from the analysis. The safety coefficient of the slope model for various slope angles was
calculated by using the simplified Bishop’s method. The Mohr-Coulomb model was
adopted for the geotechnical modeling. The risk assessment revealed the critical sliding
surface of the UPL slope for a slope angle of 38°, as illustrated in Figure 7.

Figure 8a,b display the probability density function of the safety coefficient and the
probability distribution function for a safety coefficient lower than 1.0, both derived from
the Monte Carlo simulation (with a slope angle of 38°). The reliability index for the slope
was determined to be 0.77, with an instability probability of 22.15%. Similarly, the instability
probability and reliability index of the slope with different slope angles could be deduced.
The results of these calculations are presented in Figure 9.
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Figure 8. Probability density function of slope safety factor (an example with a slope angle of 38°).
(a) Cumulative distribution curve of the probability density function. (b) Distribution histogram of
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Figure 9. Curves of slope reliability and instability probability in different slope angles.
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Figure 9 revealed that as the slope angle steepened, the slope reliability index dimin-
ished, leading to a concomitant rise in the instability probability. At a slope angle of 35°,
the slope reliability index was 6.2, surpassing the target reliability index of 3.2. However,
when the slope angle was steepened to 37°, the reliability index fell to 2.79, below the target
reliability threshold, presenting a 0.2% probability of instability.

3.5.2. Reinforcement Plan Selection and Safety Cost Calculation of Heishan Open-Pit
Coal Mine

Given that the anchor lattice beam structure was more apt for supporting rocky slopes
in open-pit mines, this structure was employed to reinforce potential landslide regions
within the Heishan open-pit coal mine. Figure 10 presents a schematic representation of
the anchor lattice beam reinforcement design. The design process primarily contained two
main aspects: the configuration of the anchors and the formulation of the lattice beam. The
design parameters for the anchorage angle were set at 20° with a vertical spacing of 4 m.
The orifice diameter was 150 mm. M30 cement mortar was used as the grouting material.
The section dimensions of the lattice beam were 400 mm x 400 mm, with its primary
reinforcement at the top and bottom being 2922 and the hoop reinforcement being ®8@150.
The concrete used for pouring was selected as the C30 concrete. Additional specifications
are detailed in Table 9.
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Figure 10. Schematic diagram of anchor lattice beam reinforcement structure.

Table 9. Reinforcement parameters of anchor lattice beam in different UPL schemes.

Dimensions of Steel Row Number of

Slope Angle/° Strands Anchoring Length/m Anchor Cable
37 4 x 795 3 21
375 4 x 795 3 21
38 5 x 705 3 27
385 5 x 7®5 3 39
39 5 x 705 3 51
395 5 x 705 4 60
40 6 x 7®5 4 69
37 4 x 705 3 21

The reinforcement cost calculation model was introduced as an example for a slope an-
gle of 38°. The initial step involved determining the reinforcement area and strategy based
on slope stability analysis and the reinforcement design scheme. As shown in Figure 10,
the black region represents the south-steepened slope, while the red shows the potential
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landslide reinforcement region. Subsequently, the reinforcement phases were segmented
into multiple reinforcement units. For instance, the red zone in Figure 11 symbolizes a
single reinforcement unit. The total number of such units for every reinforcement phase
was dictated by the top and bottom lines of the steps within the reinforcement region. To
further detail the method, one should measure the length of the free end across three rows
of anchors for every reinforcement phase. The required strand length for each anchor hole
was derived from the cumulative length of the tension section, free end, and anchorage
section, multiplied by the strand count. The volume of the grouting material was deter-
mined by the length of the anchorage section being multiplied by the area of the anchor
hole. The volume of the concrete used for pouring the lattice girder was deduced from
the design schematic, with the respective volumes of the top girder, longitudinal girder,
beams, and foundation being incorporated. The lengths of the reinforcement bars for the
lattice girder, as well as the reinforcement length of the girder itself, were derived from
the design scheme. Once the volume for each project segment has been evaluated, the
cost of slope reinforcement for different slope angles can be calculated by using the bill
of quantities. The i-th type of sub-projects (Pi) was determined based on the engineering
quotas released by the local government. The reinforcement costs of the slope using the
anchor lattice beam are detailed in Table 10. It is observed that as the slope angle increased,
the instability probability of the slope also increased, leading to a significant rise in the
required support works and associated costs. The larger investments in support and higher
maintenance costs were necessitated to ensure the stability of the slope. This presented
a contradiction: while a steeper slope angle may yield better pure economic benefits, it
simultaneously demands greater safety costs. Thus, a slope angle that can balance both
economic and safety considerations for the mine must be determined.

AL e

Figure 11. Schematic diagram of reinforcement area in South slope (an example with a slope angle
of 38°).

Table 10. Reinforcement cost of anchor lattice beam in different UPL schemes.

Slope angle/° 37 37.5 38 38.5 39 39.5 40
Reinforcement cost/MUSD 10.31 10.82 14.42 19.08 25.67 30.04 41.54
Instability probability /% 0.25 2.35 22.5 85.35 99.85 100 100

Potential reinforcement cost/MUSD 0 0.25 3.24 16.28 25.67 30.04 41.54
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3.6. Comprehensive Benefit Analysis of Different UPLs

Figure 12 shows the pure economic profit, ecological cost, and safety cost (reinforce-
ment cost) associated with each UPL under varying slope angle schemes. When solely
considering the economic benefits of mining, a larger slope angle was preferred. However,
from an ecological perspective, a smaller slope angle was generally more advantageous.
The ecological cost was influenced by factors such as ore rock volume and area of land
degradation, observations which contrasted with the traditional steepening method. From
a safety standpoint, gentler slope angles were safer, necessitating lower costs for slope
reinforcement. For slope angles ranging from 35° to 38°, the economic benefits derived
from increasing the slope angle surpass the associated rise in ecological and reinforcement
costs. On the other hand, for slope angles from 38° to 40°, augmented costs related to
ecology and slope maintenance outweigh the economic advantages, with the reinforcement
costs for the slope escalating notably as the angle steepens. The comprehensive economic
benefits, which integrated consideration of ecological cost, slope reinforcement cost, and
stripping benefits, peaked at USD 1587.47 M at a slope angle of 38°.
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Figure 12. Economic profit of UPL schemes with different slope angles.

Figure 13 illustrates the UPL optimization results based on three considerations: solely
for maximum economic benefits of mining (with a slope angle of 40°), accounting for
ecological impact and slope stability (with a slope angle of 35°), and integrated consider-
ation of economic, ecological environment, and safety factors (with a slope angle of 38°).
Compared with the original design of UPL (with a slope angle of 35°), the comprehensive
UPL optimization (with a slope angle of 38°) displayed the following variations:

(1) The rock stripping quantity increased by 3580.5 m>.

(2) The direct land degradation area expanded by 46.07 hm?.

(3) The ecological cost has surged by USD 21.65 M.

(4) The instability probability of the slope has grown by 22.5%, leading to a potential
consolidation cost increase of USD 3.24 M.

(5) The pure economic benefit has increased by USD 31.31 M.

(6) The combined profit integrated consideration of ecological environment, slope
safety, and economic benefits increased by USD 6.42 M.

(7) The resource recovery of coal increased by 4,455,300 tons.

The estimation of slope instability probability can be enhanced by utilizing a three-
dimensional model, thereby achieving higher precision. Nevertheless, given the vast scale
and complex geological features of open-pit mines, constructing such a three-dimensional
model presents significant challenges. Consequently, in this study, we use a widely adopted
two-dimensional simplified model for open-pit slope analysis to estimate the likelihood of
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slope instability [52-55]. In future research, we aim to develop a precise three-dimensional
geological model specifically tailored to assess the potential for slope failure.

Open pit limit of 38° slope—Optimal pit considering economic
profit,ecological cost and potential reinforcement cost (Optimal pit
™ considering economic profit and potential reinforcement cost)

Open pit limit
of 35° slope
—Ecological
optimum pit

Open pit limit of 40° slope /

—Economically optimum pit

Figure 13. Comparison of UPL schemes integrated considering single and multiple factors.

Based on the results of this study, the concept of sustainable development in open
pit mines can be expanded to encompass the entire mining cycle, addressing four key
aspects: economy, efficiency, environment, and safety. This UPL optimization method
offers a comprehensive interpretation of sustainability and integrates the principles of
greenness, efficiency, and safety into mine design. Additionally, the quantitative evaluation
of environmental impacts detailed in this study could be applied to the coal industry or
related sectors, such as metallurgy [56].

4. Conclusions

This study focuses on the UPL, which profoundly impacts the economic benefit,
ecological impact, and the geometric of mine slope optimization method by integrating
considerations of ecological environment, slope safety, and economic benefit. The proposed
UPL optimization method, which considers multiple sustainability factors, paves the way
for environmentally friendly, low-carbon, safe, and efficient mining in open-pit coal mines.
The primary findings include:

(1) Compared with the conventional design approach, the optimization based on the
floating cone method prioritizes an integrative design encompassing the entire mining
region, which reveals unpredictable variations in the extension direction of UPL slope and
the ore volume of mining. In the case study of an open-pit coal mine, there was an average
economic profit rise of 9.54M USD with every 1° increase in slope angle.

(2) As the slope angle steepened, the ecological cost fluctuation pattern aligns closely
with the ore and rock quantities in UPLs. This indicates that the ecological cost is closely
impacted on the mining scale.

(3) In arid or semi-arid weak ecological land, the environmental pollution control costs
during mining and exogenous ecological value losses are paramount contributors to the
overall ecological cost. In terms of the ratio between ecological costs and profits within
the UPL, the coal mining in Xinjiang’s semi-arid weak ecological land imposes ecological
costs exceeding 20% of the mines’ average pure economic gains. The proportion of energy
consumption cost and exogenous ecological cost (which is not to be borne by enterprises)
to the total ecological cost reaches more than 35%.

(4) For slacken slope angles, the increment of economic benefits caused by steepening
the slope angle is higher than the increased ecological and reinforcement costs. Conversely,
for steeper slope angles, the cost increments in ecology and slope maintenance surpass the
economic gains, especially in the reinforcement costs of the slope, which soar dramatically
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with the slope angle. In the case study, the comprehensive benefits of mining peak at USD
1587.47 M at a slope angle of 38°. Meanwhile, the resource recovery rate increased by 3.25%.
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Nomenclature

Symbols or abbreviations Meaning

SD sustainable development

UPL ultimate pit limit

Ap (D) surface area of the open-pit mine

A, area occupied by ancillary facilities

Ay (D) area taken up by waste stones and tailings

Qu(P) volume of waste rocks in the optimized UPL

Hy height of the waste rock field

Sw morphology coefficient of the waste rock field

C (D) direct economic loss

Cy land expropriation price

Vigr,0)(P) value of water conservation

Aj(D) area of grassland type i

] average rainfall in mining area

K proportion of runoff rainfall to the total rainfall volume in the

mining area

R runoff reduction coefficient comparing grassland to bare land

Cin,0) unit price of water resource

L cost of water purification

Vs (D) value of soil conservation

M; soil conservation capacity of class n grassland

P soil bulk density

R proportion of sediment deposition in reservoirs

E; content of specific elements in the soil

’. content of nitrogen, phosphorus, potassium, and organic matter
/ in the fertilizer and organic matter

= cost incurred for the excavation per unit volume of soil

P, cost of unit capacity

Ds; prevailing market price of fertilizer and organic matter

Vec1(P) value of carbon sequestration (plant-based)

Veca(P) value of carbon sequestration (soil-based)

Qco, coefficient of carbon sequestration

qi net primary productivity of grassland type i

cco, cost of carbon sequestration

h average soil depth of the grassland

Dsoc organic carbon density in the soil
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IDTe inorganic carbon density in the soil

£t migration rate of soil pollutants

TC conversion coefficient transforming carbon to carbon dioxide

Vep (P) economic value of biodiversity maintaining

S, annual species loss opportunity cost in per unit area of grassland
bi type i

Ver(®@) value of grassland recreation

Cyi unit grassland recreation value

Ve0,(®) value of oxygen release

¢o, coefficient for oxygen release

Co, cost of oxygen production

Vea (P) value of air purification

Yiso, sulfur dioxide absorption capacity for grassland type i

Y; dust-retention capability for grassland type i

Cso, treatment cost for sulfur dioxide

Cp treatment cost for dustfall

Venp (D) value of nutrient (nitrogen and phosphorus) accumulation

proportions of nitrogen and phosphorus content in the net pri-

i ki mary productivity of grassland type i
B transfer coefficient from phosphorus to P,Os
PN PP prices of nitrogen fertilizer and phosphorus fertilizer
Vearn (®) exogenous ecological value loss
Viv1 (®) treatment cost of production and household sewage
Cul treatment fee per unit volume sewage
Jw (D) annual ore extraction quantity
70 (D) annual rock extraction quantity
sewage discharge stemming from both production processes and
Cut domestic water consumption of per unit extraction
Viva (®) treatment cost of polluted shallow groundwater
a adjustment coefficient
A infiltration coefficient of soil
J annual mean rainfall in the mining vicinity
Cu2 unit treatment cost of leaching water
A (D) occupied area of mining pit and waste in the year ¢
Cs7(P) treatment cost of soil pollution
csT price of soil remediation per unit volume
st pollutant migration rate originating from mining
T(P) duration of UPL operation with a slope angle of ®
Csw (@) treatment cost of solid waste
Cswi unit cost for treating the i-th type of solid waste
o emission quantities of the i-th solid waste type from per unit
st stripping
Ca(P) treatment costs of air pollution
Cai treatment cost for specific pollutants
. emission amount of SO,, NOx, and fume dust from per unit
o stripping volume
ng production days within a year
Xw daily watering frequency
Apa (D) watering area during each instance per day
Va watering volume used per unit area
Cwx,0 prevailing water price in the mining community
Cuan1 (P) comprehensive cost for environmental treatment
Ce(®) ecological cost model for energy consumption
ee electricity consumption per unit mining stripping
Te proportion of thermal power generation to total power generation
ec standard coal consumption per kilowatt hour

e carbon emission coefficient of standard coal
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0 category of primary fossil energy consumed
o consumption of the i-th type of primary fossil energy per unit of
hi mining stripping
Nhi carbon emission coefficient of the i-th type of primary fossil energy
T conversion coefficient transforming carbon to carbon dioxide
Cco, cost of carbon capture and sequestration
Cyt (D) reclamation cost
ag ecological reclamation area in year ¢
cr cost of reclaiming or conserving per unit area of land
c effective cohesion
AW weight of soil stripe
u pore water pressure
@ effective internal friction angle
Ty pore water pressure coefficient
Ps instability probability of the slope
Cr(@) reinforcement cost
B;[1(®),S(D), M(P)] engineering tasks of the i-th sub-project
I(®) represents the reinforcement method adopted
5(®) reinforcement range of slope
M(®) type of reinforcement material used
comprehensive price per unit engineering task of the i-th sub-
P; (D) project contained labor costs, material costs, machinery costs,
business management fees, regular fees, profits, and taxes
Cm(®) economic benefits
Ve (P) quantity of coal mined in the UPL with a slope angle of ¢
Vi (@) volume of rock stripped in the UPL with a slope angle of ¢
P, price of raw coal
Ce unit mining cost
Cr unit rock stripping cost
Cs(D) cumulative ecological cost
T(®) production life in the UPL with a given slope angle of ¢
" duration required for the ecological environment to be restored to
! the pre-mining state
W(®d) comprehensive economic benefit
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