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Abstract: Supplier selection plays a pivotal role in the mining industry, forming a key
component of the supply chain management. It has been established that the integration of
sustainability and resilience into this process can significantly enhance the industry’s ability
to withstand economic, environmental, and social shocks. Despite a large body of literature
investigating supplier selection, there is a notable gap in research specifically addressing the
incorporation of sustainability and resilience criteria in the mining industry. The objective
of this research is to bridge this knowledge gap and contribute to the understanding of
sustainable and resilient supplier selection in the mining industry. A constructive research
approach was employed, identifying both practical and theoretical problems and proposing
a construction—a mathematical model. This model was developed in collaboration with
industry key actors, ensuring its practical applicability and validity. The main result of this
research is an optimization mathematical programming model that allows practitioners to
evaluate and select suppliers considering both sustainability and resilience criteria. The
model facilitates a comprehensive assessment of suppliers, incorporating a wide range of
factors beyond cost, including environmental impact, social responsibility, and the ability
to maintain supply under various potential disruptions.

Keywords: supply chain management; supplier selection; mining; sustainability; resilience

1. Introduction

Supplier selection (SS) plays a pivotal role in the operational efficiency and compet-
itiveness of industries, particularly in the mining sector. The mining industry is a key
component of the global economy, contributing significantly to employment, economic
growth, and technological advancement. The selection of suppliers in this industry is
often a complex and multi-criteria decision-making process, involving various economic,
environmental, and social factors. The mining industry, known for its complex and dy-
namic supply chain, faces the crucial challenge of selecting suitable suppliers to meet its
operational demands effectively. Supplier selection in this sector requires a comprehensive
evaluation of various criteria, including qualitative and quantitative factors, to ensure the
optimal choice that minimizes risks and maximizes overall value [1,2].

The incorporation of sustainability and resilience in the supplier selection process
is a fundamental aspect of modern business strategy, particularly in the mining industry.
Sustainability, as a concept, refers to the ability to maintain or improve standards of
living without damaging or depleting natural resources for future generations. In the
context of supplier selection, sustainability can be interpreted as the ability to maintain
a steady supply chain while minimizing negative impacts on the environment, society,
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and economy [3]. The mining industry occupies a distinctive role in the incorporation
of resilience and sustainability, owing to its inherent traits and external demands. This
integration is vital because mining significantly contributes to global economic progress
by supplying crucial raw materials for a variety of industries. Nevertheless, the sector
encounters major challenges concerning environmental impact, social responsibility, and
economic sustainability.

Moreover, according to the context-intervention-mechanism—outcome (CIMO) struc-
ture for the research questions proposed by Denyer, Tranfield, and van Aken [4], we
propose, as the main focal research question of this paper, a newly developed optimiza-
tion model for supplier selection in the mining industry considering sustainability and
resilience aspects.

This research aims to address this gap by proposing a novel mathematical program-
ming model for supplier selection in the mining industry. The model incorporates sustain-
ability and resilience criteria, providing a comprehensive and practical tool for decision
makers in the mining industry. The proposed model is validated with industry key ac-
tors, ensuring its practical applicability and effectiveness. This research contributes to
the ongoing efforts to promote sustainable and resilient practices in the mining industry,
offering valuable insights for academics, practitioners, and policymakers. The contribu-
tion to knowledge in this topic corresponds to the integration of variables not considered
in previous models, such as resilience and sustainability, integrating it with production,
location, inventory, and transport decisions, in an integrated way from a mathematical
programming model.

The remainder of this paper is organized as follows. Section 2 describes the research
methodology used in this paper. Section 3 summarizes relevant previous studies, focusing
on the identified gap. Section 4 includes the formulation, objectives, and assumptions of
the proposed model. Section 5 presents the results of a numerical example with different
problem sizes to validate the model. Finally, Section 6 present the conclusions and the
contributions of the study and guidelines for further research.

2. Research Methodology

The research methodology employed in this study is a constructive research approach,
a paradigm particularly suited to the investigation of practical problems and the develop-
ment of innovative solutions. This approach was chosen due to its ability to bridge the gap
between theory and practice and its emphasis on the creation of novel constructions that
can address real-world issues.

The first step in this process was the identification of the practical problem, namely the
need for a more comprehensive supplier selection mechanism in the mining industry that
incorporates sustainability and resilience criteria. The theoretical problem was identified as
the lack of models that through optimization identify the best suppliers, considering inven-
tory, production, location, and transport decisions in an integrated manner. Furthermore,
decision making will not only consider economic criteria but also aspects of sustainability
and resilience of the supply chain. Following the identification of these problems, the next
phase was the development of a construction, in this case, a mathematical model. The
model was designed to evaluate suppliers based on a range of criteria, including cost,
environmental impact, social responsibility, and resilience to potential disruptions. The con-
struction of the model involved the use of various mathematical programming techniques
and was guided by the principles of multi-criteria decision making. To ensure the model’s
validity and applicability in the mining industry, it was essential to involve industry key
actors in the validation process. The followed methodology is found in Figure 1.
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Figure 1. Research methodology.

The methods employed in this study allowed for the development of a practical,
industry-validated mathematical model for supplier selection in the mining industry. A
concise outline of the research steps is presented below.

The first step entailed conducting a literature review, which was performed using the
primary databases Scopus and Web of Science. This phase involved a systematic examina-
tion of articles pertaining to the concepts of resilience, sustainability, mining, and supplier
selection. As a result, 38 articles were obtained, of which those that incorporated sustain-
ability and/or resilience factors in the supplier selection criteria were selected. Finally,
12 articles were selected as reference models, leaving out repetitive articles, conference
presentations, articles outside the scope of the research, and articles with access restric-
tions. In addition, the literature associated with SCM in the mining industry was reviewed
under aspects of sustainability and resilience as well as the literature related to supplier
selection models.

Subsequently, both the definition of the supplier selection criteria and the construction
of the model were developed based on validation by supplier companies in the mining
industry. A series of interviews were conducted with industry experts, including supply
chain managers, sustainability officers, and procurement specialists. These sessions served
to gather data on the practical realities of supplier selection in the mining industry and to
refine and adjust the model based on this feedback.

Numerical examples were used to apply the model, based on instances of different
sizes (small, medium, large), and approximate values for the parameters were derived from
information obtained from the companies.

Finally, upon obtaining computational results, the managerial insights and practical
implications of the model were defined and validated.

3. Literature Review

To identify the literature according to the problem addressed, a three-stage search was
carried out with different search criteria. First, supply chain quantitative models for the
mining industry were identified, then supplier selection models were studied in depth, and
finally, the search was narrowed down to supplier selection optimization models in the
mining industry.

3.1. Mining Supply Chain Models Considering Sustainability and Resilience Aspects

Regarding studies that aim to build quantitative models to design supply chains in
mining industry, there are very few articles that address this problem. In this sense, the
multi-objective mathematical programming (MP) models that address this problem are
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relevant. Here, Canales-Bustos et al. [5] proposed a multi-objective optimization model
for the design of an effective decarbonized supply chain that considers decisions about
the optimal localization of plants and the assignment of flows. Attari and Torkayesh [6]
developed a multi-objective mixed integer programming (MIP) model in order to mini-
mize the transportation costs, shortage costs, purchase costs, production costs, and CO,
emissions of vehicles. Soleimani [7] built a mathematical optimization approach includ-
ing three aspects of sustainability considering fixed-charged transportation in travertine
supply chain. Also, a resilient sustainable closed-loop supply chain (CLSC) for copper
industry was proposed [8]. Becerra et al. [9] provided a multi-objective mixed integer
nonlinear programming (MO-MINLP) model to incorporate the aspects of sustainability
into a location, inventory, and transport optimization problem. Borji et al. [10] developed
an MP model to optimize the sustainability of production and logistics operations in an
iron supply chain. Valderrama et al. [11] proposed an MILP model that considers the
location of capacitated facilities in the SC, addressing specific mining problems related
to the ore grade and the customer demand satisfaction in terms of quality and quantity.
Other authors have incorporated uncertainty in their proposals, e.g., Fattahi et al. [12]
proposed a multi-stage stochastic program for the integrated strategic and tactical planning
in mining SCs, including multiple mining sites. Furthermore, Gonela [13] presented a
model that integrates various carbon emission schemes and considers uncertainties in coal
mining, biomass yield, and electricity conversion rates to optimize the hybrid electricity
supply chain.

3.2. Supplier Selection Problem

The selection of suitable suppliers is a critical decision for organizations, as it directly
impacts the quality, cost, and timely delivery of goods and services. Supplier selection is a
complex problem where decision makers must consider various factors, both qualitative
and quantitative, to identify the most suitable supplier [14]. This type of problem is of
strategic nature and is mostly conducted as an optimization problem [15].

In this sense, the literature reviewed in this topic fluctuates between mathematical
programming and multi-criteria decision making (MCDM) models. The most widely used
modeling approach is mathematical programming. Ng [16] proposed a weighted linear
model for the supplier selection problem with multiple criteria. Basnet and Weintraub [17]
proposed a mixed integer programming (MIP) model that incorporates explicit recognition
of the number of suppliers as an objective and solved it through a genetic algorithm. Guu
et al. [18] developed a multi-objective optimization model through a portfolio approach
that incorporates the benefits of supplier diversification arising from the management of
trade-offs between price, quality, and delivery. Kuo et al. [19] modeled the route planning
of the carbon dioxide emission inventory compilation based in the vehicle routing problem
(VRP). Furthermore, several authors have considered uncertainty through stochastic mod-
els. Zhou et al. [20] proposed a stochastic dynamic program (SDP) integrating an order
allocation problem with the assumption that the unsatisfied demand is fully reordered.
Li and Zabinsky [21] proposed a two-stage stochastic programming (SP) model and a
chance-constrained programming (CCP) model to determine an optimal set of suppliers
and optimal order quantities. Fu et al. [22] built a robust optimization model to determine
an optimal supplier selection and allocation scheme while better utilizing all suppliers’
capacities. Nguyen and Chen [23] proposed a two-stage SP model that involves deci-
sions for the supplier selection and decisions for planning transportation, inventory, and
production operations.

Moreover, many of the studies consider hybrid models. Firouz et al. [24] faced a multi-
sourcing, supplier selection, and inventory problem with a heuristic algorithm powered
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with simulation. Also, papers were identified that combine MP models with MCDM
models, specifically with Technique for Order of Preference by Similarity to Ideal Solution
(TOPSIS) [25], fuzzy TOPSIS [26], and BSW-MARCOS [27] approaches. Kabadayi and
Dehghanimohammadabadi [28] proposed a threefold integrated framework consisting of
optimization, TOPSIS, and discrete-event simulation scheme.

On other hand, authors have used purely MCDM techniques such as AHP to dis-
tinguish the important supplier selection criteria but also to evaluate the most efficient
supplier for sustainability in supply chain [29]. Additionally, a two-step hybrid MCDM
solution method was proposed by Ada [30], where firstly, a set of criteria for supplier
selection process was analyzed and built on Fuzzy Analytic Network Process (FANP), and
the second step of the analysis was to design a model with multiple objectives for selection
process of supplier using fuzzy VIKOR. On the other hand, artificial intelligence models are
the least used. Of the studies reviewed, Golmohammadi et al. [31] used a neural network
model to update provider scores. Islam et al. [32] developed a machine learning model to
forecast demand and integrate it with supplier selection and order allocation decisions.

3.3. Sustainable and Resilient Supplier Selection Models in Mining Industry

From the literature review of supplier selection models and mining supply chains, a
more specific review of supplier selection models in the mining industry that considers
sustainability and resilience aspects was conducted. Thus, from the reviewed studies, it was
observed that MCDM models are the most frequently used, such as Analytic Hierarchy Pro-
cess (AHP) [33,34], fuzzy AHP [35], TOPSIS [36], and DEMATEL [37] approaches. A SMILP
model was also developed [38]. In addition, hybrid models are very relevant; for example,
there are studies that combine different MCDM approaches, such as AHP-TOPSIS [12],
fuzzy AHP-fuzzy DEMATEL-TOPSIS [39], and fuzzy BWM-MULTIMOORA [40]. On the
other hand, studies combining MP with MCDM, such as AHP-MINLP [41], or complement-
ing MP models with discrete event simulation models [42] are less frequent.

Few studies incorporate the integration of other issues with supplier selection. Saputro
et al. [42] integrated sourcing, inventory, and transportation decisions. Fattahi et al. [38]
broadened the decision scope by incorporating inventory, transportation, and produc-
tion issues. On the other hand, Ortiz-Barrios et al. [39] developed a model integrating
transportation and production decisions, while Sarabi et al. [40] only incorporated the
transportation decision.

Regarding the classic criteria for supplier selection, the most relevant among the
selected studies is the quality of the product or service [33,36,39-42]. Similarly impor-
tant, the criteria related to delivery times or service times are relevant in the research
reviewed [33,36,39,40,42]. To a lesser extent, the technological capacity [35,40,41] and
R&D [33,34,39] capacity of the supplier are considered. Other criteria of a subjective nature
were identified, such as the company’s reputation [34,35], the level of compliance, and the
previous relationship with the supplier [33].

According to the relevant literature search criteria, sustainability and resilience are
an exclusion criterion for the development of our proposal. In this sense, it was identified
that the economic aspect of sustainability is the most relevant, and it is mainly related to
the price of the goods or service offered by the supplier. The environmental dimension is
incorporated to a lesser extent and in different ways. Sivakumar et al. [34] considered the
existence of environmental training for workers and environmental control activities as
selection criteria. Ortiz-Barrios et al. [40] considered broader environmental aspects such
as product design, manufacturing, and logistics from a green perspective. Environmental
sustainability was also incorporated by measuring suppliers’ CO; emissions [37]. Only
two articles considered all three aspects of sustainability. Ramirez et al. [33] considered
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the company’s commitment to the environment and communities as criteria. On the other
hand, Azimifard et al. [43], in environmental terms, considered water consumption, CO,
emissions, and energy consumption; in the social aspect, this incorporates the jobs gener-
ated. Resilience of SC is another key element in our research, Aldrighetti et al. [44] argued
that the principles of recovery, robustness, and flexibility should be considered simultane-
ously to achieve efficient solutions against the risk of disruption. Of the studies reviewed,
the flexibility principle is the most studied [14,34,38,41]; it aims to reduce the effects and
consequences of disruptions by preparing more adaptable assets. Ortiz-Barrios et al. [39]
considered the capacity to be flexible and recovery; this aims to adapt the system and its
operating plan according to availability in order to successively restore the lost capacity
as soon as possible. The robustness of the SC is associated with creating redundancies
(i.e., new sites) and increasing the capacity of the network to protect against shortages. A
summary of the literature review is presented in Table 1.

Table 1. Review of the articles about sustainable and resilience SS model for mining industry.

Model Decision Scope Classic SS Criteria Sustal.nal.alhty Resilience
Reference Criteria
Approach Aspect
SSLI T P Q DT TEC IRD SUBJ EC EN S
[34] AHP X Supplier X Flexibility
reputation
[41] AHP-MINLP  x X X X Flexibility
[43] AHP-TOPSIS  x X X X
[37] DEMATEL X X X
[35] FAHP x x Supplier
reputation
[36] TOPSIS X X X X
[42] MILP-DES X X X X X X X Flexibility
[38] SMILP X X X X X Flexibility
FAHP- Recover
[39]  FDEMATEL- x X X X X X X X £l x'b'lity
TOPSIS exibility
[40] FBWM- X X X X X X
MULTIMOORA
Compliance
[41] AHP X X Relationship X X
Recovery,
m(z)lclirel MILP X X X X X X X X Robustness,
and Flexibility

L: location; I: inventory; T: transportation; P: production; Q: quality; DT: delivery time; TEC: technical capability;
IRD: innovation, research, and development; SUB]J: subjective criteria; EC: economic; EN: environmental; S: social.

Finally, the literature review revealed a lack of studies that integrate sustainability and
resilience aspects in supplier selection models for the mining industry. While there are
studies that address sustainability and resilience in the mining supply chain and supplier
selection models, they often do not consider these aspects together. Furthermore, the
literature review showed a preference for multi-criteria decision making (MCDM) models
over mathematical programming (MP) models. However, hybrid models that combine
MP and MCDM are also prevalent. Additionally, the review highlighted the importance
of incorporating other issues such as sourcing, inventory, and transportation decisions in
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supplier selection models. Finally, the review identified the need for more research on
the environmental and social aspects of sustainability in supplier selection as well as the
principles of recovery, robustness, and flexibility in supply chain resilience.

4. Problem Statement

The problem under study is a supply chain management decision that concerns
the selection of suppliers in the mining industry. Specifically, it focuses on the service
providers of mining companies and their process of selecting suppliers of consumables
or raw materials. In addition to the classic supplier selection criteria, sustainability and
resilience aspects are incorporated. Another intention is to integrate inventory, location,
and transport issues. This considers a set of potential suppliers that supply inputs to
the different sites where the company has service contracts with the mining companies.
Suppliers are selected, orders are assigned according to the needs of the contract, and these
are transported to the sites where the service will be delivered. The material that arrives
is stored until it is used. The costs of maintaining the inventory and the cost of shortages
will be considered in the event of not being able to provide the service. Figure 2 depicts the
supply chain between suppliers and contract sites. In this sense, the dyadic supply chain
structure does not consider an intermediary distributor between suppliers and service
delivery sites.

Suppliers (i) Contract sites (j)

~—®

Figure 2. Supply chain dyadic structure for supplier-site contract problem.

One of the criteria used to select suppliers is the quality of goods and delivery time,
measured as a level of compliance on a scale of 0 to 1. Another criterion is the existence
of resilience on the part of the supplier, where flexibility, resilience, and robustness are
considered [43]. Sustainability is considered by incorporating the economic dimension
through the costs associated with each supplier, the environmental dimension through
carbon emissions, and the social aspect through jobs generated in the region where contracts
are performed. The criteria used were validated through a questionnaire to managers,
CEOs, procurement, environmental and quality professionals. Table 2 presents the model
notations; indexes, parameters and variables.
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Table 2. Notation.

Indices

Set of suppliers (i =1,2,...,I)
Set of contract sites (j =1,2,...,])
Set of product or service offered by the suppliers (k= 1,2,.. .,K)

Parameters

€Sk
etik

i
cc

Ty

Demand of service by contract sites j
Conversion factor from service to products k required in contract sites j
Holding cost per unit of product k inventory at contract site j
Shortage cost of product k at contract site j
Fixed cost of selecting supplier i
Purchase price of product k to supplier
Capacity of supplier i
Additional capacity of supplier i
Normalized lead time of supplier i
CO; emissions of supplier i per unit of product k produced
CO; emissions of transportation from supplier i per unit of product k per
kilometer
Distance between supplier 7 and contract site j
Cost of 1 ton of CO, equivalent
Resilience factor that takes a value of 1 if it considers all three aspects, 0.66 if
it considers two of the aspects, 0.33 if it considers one of the aspects, and 0 if
it considers none of the aspects
Satisfaction level respect to supplier i
Percentage of employees of supplier i belonging to the region where the
contract site j is located
Big number

Decision Variables

Zj
Yik
In]-k

SH,

CapR;

Binary variable with a value 1 if supplier i is selected and 0 otherwise
Binary variable with value 1 if contract site j is served and 0 otherwise
Quantity of product k allocated from the supplier i to site contract j
Inventory of product k at contract site j at the end of the period
Shortage of inventory of product k at contract site j
Additional capacity used by the supplier i

4.1. Assumptions and Model Description

o A supplier can serve more than one contract;
e The value of the carbon credit is considered to value carbon emissions;

e  Capacity expansion is considered for suppliers that have this resilience capability;
e  Shortages are considered as lost sales.

Mathematical model

I ] K
TTC = Zfz*X +r LY sz*qu+ Z Z hji* Iy
=1 i=1j=1k=1
J K
+Z Z S]k*SH]k (1)
j=1k=1
I K ]
+Y Y Y cc (esik+eti]~>kdi]~) *Yijk
i=1k=1j=1

)

I ]
f= Y (ritai—1t)«Xi+ ) Y wij*Zj* X (2)

=1 i=1j=1
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subject to
I
Yij + SHjx > ajy * ds; Vi€, VkeK 3)
i=1
J
2 Yijk < ujx + CapRy Viel VkeK 4)
j=1
K I
>, ) Yk <Zj*B vie] (5)
k=1i=1
I
Injg =) Yijk — ajp + ds; Vie], Vke K (6)
i=1
CapR, < ury Viel, Vk e K 7)
Yijk, Injx, SHj, CapRy € R+ (8)
Xi) Zj € {0,1} )

The proposed model corresponds to an MO-MINLP model, with two objective func-
tions. The first Function (1) minimize the total costs of supplier selection. The first term
corresponds to the fixed cost of selecting a supplier. The second term refers to the cost
of purchasing the products. The third term consists of the cost of holding inventory. The
fourth term represents the cost of shortages. The last term values the CO, emissions
generated by the supplier and by the transport of the products.

The second objective Function (2) maximizes other factors that are measured in rel-
ative terms. This function considers the resilience factor, quality measured as customer
satisfaction, standardized lead time, and the percentage of the supplier’s workers who are
from the geographical area where the contract is located.

Constraint (3) ensures that the products transported plus the shortage is greater
than the demand for the product at each contract site. Constraint (4) guarantees that
the quantity of products produced by each supplier does not exceed their capacity and
additional capacity if they have any. Constraint (5) ensures that products produced and
shipped are shipped to an allocated contract site. Constraint (6) calculates the remaining
inventory between the product shipped to the contract site and the demand for that
product. Constraint (7) ensures that the additional capacity used by the supplier is less
than or equal to the extra capacity available. Constraints (8) and (9) define the domain of
the decision variables.

4.2. Linearization of Objective Function

In order to increase computational efficiency, the MOMINLP is converted into an
MO-MILP model by the following transformations. In the second objective function, specif-
ically for the term related to employment, we find a non-linear term from the multiplication
of the binary variables. According to Asghari et al. [45], auxiliary binary variables are
proposed to linearize these terms. In this sense, the model is modified as follows:

I rJ
f= ) (ritaqi—It)«X;+) ) wixij; (10)
i=1 i=1j=1

where ij; is the auxiliary binary variable, to be restricted as follows:

ifi < X; Viel, Vje] (11)

ij;; < Zj viel, Vje] (12)
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iy < Xi+2Zj— 1 Viel, Vje] (13)

4.3. Multi-Objective Solution

For our problem, we apply the lexicographic method [46—48]. As in Becerra et al. [8],
the objective functions are ordered according to their importance or significance. Then each
subproblem in that order is sequentially solved by considering only one objective at a time.
The optimal value obtained in the first subproblem, is used as a reference as a constraint of
the next subproblem.

5. Results and Discussions

To validate the model, numerical examples were applied considering three sizes, i.e.,
small, medium, and large, according to the number of suppliers, contracts, and products.
To validate the model, random values for the parameters were generated so that no matter
the size of the problem, the model will find an optimal value. The unit of currency used is
the U.S. dollar (USD). The problem sizes for each index are presented in Table 3.

Table 3. Problem Size.

Problem Size

Indices
Small Medium Large
Suppliers (I) 2 6 12
Contract Site (J) 2 4 8
Product Type (K) 1 2 3

Computational experimentation was carried out on a personal computer with 16 GB
RAM and a 11th Gen Intel(R) Core(TM) i7-11800H processor, 2.30 GHz frequency, and a
Windows 11 Home operating system. The mathematical model was modeled using Pyomo
in the Python language and solved by solver Gurobi 11. Table 4 presents the computational
results obtained.

Table 4. Objective functions results and runtime by instance.

Problem Size Instances Runtime  Objective Function Objective Function

(s) 1 (Total Cost [USD]) 2 (Factors)

S1 0.2271 1,385,227.31 1.24
Small S2 0.1276 3,517,227.32 2.64
S3 0.2220 2,398,804.23 3.19

M1 0.2224 8,441,222.92 10.67

Medium M2 0.2227 10,635,907.58 11.64
M3 0.1224 9,093,345.34 11.5

L1 0.3272 31,173,707.54 57.28

Large L2 0.3235 30,761,789.14 52.36

L3 0.3270 39,295,163.03 53.27

As expected, the total costs and factors of objective function 2 increased as the size of
the model increased. However, computational times remained low despite the larger size.

To illustrate, medium-sized instances were considered. Figure 3 shows the selected
suppliers and the allocation of the products to the different contract sites.
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Suppliers (i)

Contractsite (j)

Suppliers (i)

Contractsite (j) Suppliers ()

Contractsite (j)

Medium Size 1

Medium Size2

Medium Size3

=% Product1

Product 2 = Products1and 2

Figure 3. Selection and allocation of suppliers (i) to contract sites (j) for each product in medium-size

instances.

From the results found, along with minimizing costs and emissions, we sought to

maximize factors that incorporate the resilience capabilities of suppliers. Table 5 presents

the suppliers selected in each instance, the resilience factor associated with each one, the

emissions generated by each supplier and each product produced, and the social impact

measured as the portion of workers assigned to each contract that belong to the locality

where the service is carried out.

Table 5. Resilience and sustainability factors of selected suppliers.

Factors
Problem Size  Instances Supplier Resilience (1) Carbon Emissions Portio.n of Local En.lployees (w)
[ton COe] per Total Product py in Contract Site (c;)
S1 sy =0.33 p1=2717.82 ¢c1=09,¢=01
- s; =0.33 p1 = 1428 =01
Small sy = 0.66 p1=1577.8 c1=06,c=0.6
o s1 = 0.66 p1 =3847.2 c1=01,¢c=0.6
sp =0.33 p1 =363.6 =02
sp=0 p1 =3139.5, p, =2032.8 c1=08,¢c=08,¢c3=07
M1 s3=0.33 p1 = 4596, py = 1333.42 c1=07,¢,=07
s5 =0.33 p2 =15385 =02
s¢ = 0.33 p2=2784 c3=0.8
sp =0 p1=2978 c1=0.7,c3=01,¢4=02
s3 = 0.66 p1 =531.51, pp =2347.5 c=01,¢c,=04
Medium. M2 s4 = 0.66 p1 =1564.2, p, =1072.17 c1=06,c=08,c4 =08
s5 =0.33 p1=1776, py = 2496 c1=02,¢c3=06,c4 =04
s¢ =0.33 p1 = 4054.6, pp = 1309 =04
s; =0.33 p1 = 1548.8, p, = 865.34 ¢1=08,c3=09,¢c4 =01
sy =0.33 p1 =1102.2, pp = 1458.6 c1=0.3,c3=0.6
M3 s3 = 0.66 p1 = 1626, p, =1183 3=02,¢c3=0.1,¢c4=0.1
s5 =0.33 p2 =4290.3 c1=04,c4=08
s¢ = 0.66 p2 =14784 c=08,c3=01
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Table 5. Cont.

Factors
Problem Size Instances Supplier Resilience (1) Carbon Emissions Portion of Local Employees (w)
PP [ton COe] per Total Product py in Contract Site (c;)
s1 =0.33 pP1= 2581.2 c=0.8,c3=0.9,¢6=0.1
s, = 0.66 P2 =2667, p3 = 3784.8 c1=08,¢=04
s3 = 0.66 p2= 1377.6, p3= 3328 c3=02,c4=02,¢c=0.1,cg=0.1
sq =0.33 p1=2310.1 c1=01,¢4=05¢c5=02
s5=0 P2 = 26784, p3 = 3309.8 c5=09,¢c=0.6
L s¢ =0.33 p1=877.2,pp =725.34, p3 = 1841.4 c¢5=0.7,¢c6=0.9,c5=05
s7=0 p2 = 1405, p; = 2338.8 3=09,c3=03
sg =0 p1 = 5631.3, p3 = 2032.8 ©=02,c3=06
so = 0.66 p2 = 3706, p3 = 2058.5 =02, ¢4 =04
s10=0.33 p2 =2319.9, p3 = 197.75 3=01,¢4=02
s11 = 0.33 p1 = 4313.28, p3 = 1989 c5s=1.0,c;=08
s12 =0.33 p2 =2152.8, p3 = 2728.8 c5=03,06=08,¢c7=07,c3=0.7
$1 =033 p1 = 2376, po = 1774.3, p3 = 2268.6 c=01,¢7=02,c5=0.1
sy =033 P2 =1879.2, p3 = 1769.6 c5=0.9,¢c6=07
s3=0 p1 =3331.98, p, = 3765.72, p3 = 4617.6 c3=04,0c4=02,c5=03
s4 = 0.66 p1 =1222.4, p; = 1459, p3 = 2828.83 c3=09,¢c4=05,c;,=03
Large s6=0 p1 =2095.8, p3 = 4399.3 c4=01,¢6=05¢c7=10,c5=038
12 s7=0.33 p1 =2054.4, p3 = 649.2 ¢ =03,¢7=09
sg = 0.33 p2 = 836.4, p3 = 3312 c1=08,¢c7=01
s9 = 0.66 p3 =21285 c1 =09
s19 = 0.33 p1=1755, pp =1311.6, p3 = 2628.8 c1=06,c4=07,¢c6=09
811 = 0 p2= 3018.4 C) = 09, Cy = 0.2, C5 = 09
s1p = 0.33 P2 =940, p3 = 1356.66 c3=07,¢c5=04,¢=01
1 =0.33 P2 = 2662 ce=0.8,c7=0.6
sy =0.33 p1 =2908.5, p; =4305.6, p3 = 1702.8 =03,c3=10,c;,=07
s3 =0.66 p1=3082.2, p, =77.52, p3 = 1377 ¢y =07,¢,=10,cg=1.0
s5 =0.33 p1=132.72, pp = 3668, p3 = 1466.1 c1=06,c5=10,c;, =09
s =0 p2 = 2672.6, p3 = 1660.6 c5=03
L3 sy =0.66 p1=1245, p, = 1212, p3 =2597.3 c1=08,c=04,c;,=08,cg=1.0
sg =0.33 p1 =4984.2, pr = 1664.6, p3 = 133.1 c1=07,c5=02,¢c6=04
S9 =0 p1 =2412.3, p; = 3368, p3 = 4365.9 ¢ =08,c3=0.1
s10 =0.66 p1 = 5358.6, py = 2078.4, p3 = 2505.8 ©2=08,¢c3=03,c5=04
S11 =0.33 P1= 4500, P2 = 4012.8, P33 = 3082.1 C = 0.4, C5 = 0.7, Ce = 0.3
s1p =0 p1 = 1482, p, = 3058, p3 = 1653 ¢7=04

The results show that in some instances all suppliers are selected, but in others,
only those that are necessary to meet the demand and that reduce the overall emissions
and costs of the system are selected. Likewise, the allocation of products to contracts is
made according to the suppliers’ capacities and the needs of the contracts, considering
minimizing transport costs, suppliers’ fixed costs, and the emissions generated both by
product transportation and by their production.
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Studies on sustainability and resilience in supply chain management represent a
growing field. Considering the resilience capacities described by Aldrighetti et al. [44]
and as mentioned in the literature review, there are few studies that incorporate
any of these capabilities in their studies. Furthermore, these studies are limited to
flexibility [34,38,39,41,42] and recovery [39] capabilities. Compared to the present study,
most previous studies did not incorporate three dimensions of sustainability in their deci-
sions [41,43]. In this sense, previous studies incorporate the environmental factor in a more
generalized way, but there is a difficulty in incorporating the social dimension [5].

The generalizability of these findings is limited by data access. The results allow us to
validate the usability of the model in different instances or problem sizes but do not allow
us to provide a solution to a company or a set of companies without compromising the
confidentiality of the information.

To the best of our knowledge, this is a novel model that integrates considerations
of sustainability aspects and resilience capabilities into decisions regarding location, pro-
duction, inventory, and transportation decision in a supplier selection model into supply
chain management context. The computational results indicate that the model can be
solved within reasonable timeframes, even with varying dataset sizes. As anticipated, the
outcomes display logical behavior; specifically, larger dataset sizes lead to increased costs
and more significant impacts.

6. Conclusions

Focusing on the mining industry, cost reduction as a strategy is relevant, as companies
maximize their profit at a commodity price set by the market. Therefore, a model that al-
lows the selection of efficient suppliers, which also considers elements of sustainability and
resilience, is a strong contribution. In these sense, this research developed a supplier selec-
tion model considering sustainability factors such as CO, emissions and local employment
development and resilience factors such as robustness, recovery, and flexibility.

The main results of our proposal are oriented as follows:

e  We sought to provide a novel MO-MINLP model for selecting suppliers in the mining
industry, considering sustainability and resilience factors;

e  The validation of the model presented to the companies made it possible to identify
the relevant criteria to be considered in the selection of suppliers, discarding some
that were considered relevant in the literature;

e  We validated the model using datasets of three different sizes (small, medium, and
large) to obtain an expected behavior of the total costs and sustainability and resilience
factors, which increase as the size of the problem grows. The most efficient suppliers
were selected and assigned contracts to meet demand.

The implications for logistics and the procurement of professionals and managers are
related to providing an analytical decision tool to select suppliers considering sustainability
aspects and resilience capabilities. Our proposal can help supply managers to address
sustainability challenges and also be able to face uncertainty in the supply of inputs required
for an efficient operation. When using this model, decision makers consider that costs are
still the most important criteria when ranking the criteria. However, elements of social
sustainability and resilience are incorporated into the decision that could increase costs. As
a multi-objective model, the outcomes are within the Pareto frontier, where the weighting
of each objective is given by the decision maker. Therefore, a universal method has not yet
been established for selecting the optimal solution according to the different weights of the
objective functions on the Pareto frontier.

The main limitation of the research is the access to real data; therefore, generic and
approximate industry data were used. Companies within the mining sector develop their
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strategy based on minimizing costs, and these data are highly strategic and therefore
difficult to access. In this paper, the lexicographic method was used, emphasizing costs, so
resilience factors did not have an impact on the decision to select a supplier; future research
could consider a different method, e.g., normalizing and weighting each objective. Finally,
using other modeling approaches to solve the supplier selection problem, considering
stochastic optimization or other solution methods such as heuristics or metaheuristics, is a
future guideline for research.
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