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aDepartment of Mining Engineering, Colorado School of Mines, Golden, CO, USA; bBusiness School, University of Colorado Denver, Denver, 
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ABSTRACT 
We address artisanal and small-scale gold mining in Peru. Using the data collected through field 
visits, we develop a System Dynamics (SD) model to examine the current operations of the gold 
supply chain, and its interplay with mercury and gas suppliers. The current mining operations 
cause potential health and environmental issues, due to high mercury usage, and other issues 
(e.g., safety issues). As a potential solution to overcome such problems, we consider incorporating 
a cyanide processing facility into the SD model, where we examine the amount of ore that a 
miner would be willing to sell to the facility under several payback scenarios. We formulate a 
mixed-integer programming model that prescribes the optimal transition plan of a miner from 
local production to selling their ore to the facility within a time horizon that maximizes a miner’s 
profit. The optimal solution provides a 22% improvement in the miners’ profit over that of their 
current operations. We also conduct a sensitivity analysis to test the sensitivity of the optimal solu
tion to the changes in several input parameters. We discuss that the solution is most sensitive to 
the gold price changes and the least sensitive to the local production cost changes.
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1. Introduction

Artisanal and Small-scale Gold Mining (ASGM) is character
ized by its labor-intensive operations with low capital forms 
of production and processing, and is responsible for the 
highest amount of mercury emissions globally, since miners 
often use mercury to process ore-containing gold (UN 
Environment, 2017). When mercury is added to ore concen
trate, it binds to gold particles and forms an amalgam, 
which is subsequently burned, in order to separate mercury 
from gold by vaporizing it. Mercury is relatively cheap for 
miners to purchase, and quick to process so that it allows 
miners to access cash in a relatively short period of time. 
However, once mercury is released into the air, inhaling it 
leads to significant long-term impacts on human health. It 
also ends up in soils and waterways where they bioaccumu
late and pollute ecosystems (Saturday, 2018).

Governments, development organizations, and academia 
have long grappled with the mercury problem in ASGM. 
They have taken actions to address mercury use, such as 
banning mercury altogether, providing artisanal and small- 
scale miners with mercury capturing equipment (i.e., retorts), 
and educating miners about the dangers of using mercury 
(Veiga, Angeloci-Santos, and Meech, 2014). Largely, these 
efforts have not taken hold for many reasons, such as a lack 
of sustained training for miners on new technologies (Smith, 
2019), inadequate understandings of miners’ priorities and 

motivations (Stocklin-Weinberg et al., 2019), and a mismatch 
between the type of ore and the introduced technology 
(Martinez et al., 2021). The mercury problem persists, with 
mercury emissions from ASGM increasing yearly (Martinez, 
2022). Mercury use in gold processing is not prohibited by 
law; however, the improper use of it that leads to a high 
amount being released to the environment is one of the 
main reasons why attempts are being made to reduce its 
usage. Formal small-scale miners are able to purchase mer
cury formally with amounts that are associated with their 
reported production and scale. However, since miners do not 
follow the most efficient processing guidelines, and since 
their ore production exceeds the small-scale limit, they end 
up with mercury shortage, which makes them search for 
informal ways to buy it, although with higher prices.

In some ASGM regions, cyanide is being added to min
eral processing circuits either in tandem with mercury or 
replacing it altogether (Veiga, Angeloci-Santos, and Meech, 
2014). When cyanidation takes place after ore concentrate is 
treated with mercury, toxic mercury-cyanide complexes can 
form (Veiga, Angeloci, Hitch, and Velasquez-Lopez, 2014; 
Drace et al., 2016; Marshall et al., 2020). However, it may be 
a better alternative to mercury when cyanidation is used 
alone and adequately. It is more efficient in extracting gold 
from concentrate, as it can be recycled and decomposed nat
urally or with oxidizing agents (Sousa et al., 2010; Martinez 
et al., 2021).
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Centralized cyanide processing plants have been installed 
in some ASGM regions. In most of these cases, government or 
large- or medium-scale mining companies own and operate 
the plant and purchase, and process ore from artisanal and 
small-scale miners. Although central cyanide processing facili
ties promise to eliminate mercury from mineral processing, 
there have been relatively few success stories, due to the cap
ital required for installing the facility, the supply of cyanide, 
and the complexity of the process. Furthermore, Verbrugge 
et al. (2021) suggest that technological changes, particularly 
central cyanide processing plants, can have significant social 
impacts by creating and reinforcing inequalities in gold supply 
chains, with some people who stand to benefit and others who 
lose. Given these challenges, one model is for artisanal and 
small-scale gold miners or ASGM communities to own and 
operate a central processing facility. Not only could this elim
inate mercury from ore processing, but it could also recycle 
water and cyanide for reuse, provide a safer tailings storage 
facility, and eliminate costs and risks to miners of transporting 
ore or gold far distances. Ultimately centralized cyanide proc
essing facilities could contribute to more responsible mining 
practices and better gold traceability.

The mining district of Ananea in the department of Puno 
is one of the most important mining districts in Peru 
(Martinez et al., 2021), with 44 formal small-scale mining 
concessions that produce and process significant amounts of 
gold using similar methods. Most of these operations use 
mercury in ore processing, which is vaporized to produce the 
final product (i.e., dore), and ends up in tailings ponds after 
ore processing. Tailings storage facilities in this region are 
often constructed without geotechnical considerations, and 
have resulted in devastating tailings dam failures in this 
region. Miners also use water in ore processing that comes 
from snow melted from nearby glaciers and is pumped to the 
mine site. Most of the water is not reused in ore processing. 
Additionally, miners are exposed to criminal threats when 
transporting the dore from the mine site to the gold buyer.

Ananea presents a viable locale for a central cyanide 
processing facility. Given the scale of production and the 
profits yielded by these operations, it is possible that small- 
scale miners or the community could have the necessary 
capital to construct and operate a central cyanide processing 
facility. Since such a facility may address many issues dis
cussed, it is important to show its feasibility and profitability 
for miners in order to help them in adopting this critical 
transition from local production to the central processing 
facility. Therefore, in this article, we model the small-scale 
gold mining system in Ananea using System Dynamics (SD) 
modeling, and introduce a cyanide processing plant that 
buys the Run of Mine (ROM) (i.e., the ore that contains 
economic gold concentration to be further processed to 
extract the pure gold from it) from the miners. This offers 
an understanding of the system’s behavior under this 
technological change. We recognize that technological 
changes take time to both implement and catch on among 
their users. Given this, we use the outputs of the SD model 
to develop a mixed-integer programming model that pro
vides an optimal transition plan from processing the ROM 

locally on the mine site to sell it to the facility in a way that 
maximizes the total profit of miners. We demonstrate that a 
centralized cyanide processing plant in Ananea could 
increase the gold recovery from ASGM in this region, 
decrease mercury use and release to the environment, pro
vide a mechanism to reuse water, provide a safer tailings 
storage facility, and eliminate the safety threats for miners, 
as they do not need to carry the produced dore to buyers.

The ASGM that we examine in Ananea is a highly com
plex system due to the intertwined relationships of several 
supply chain components. In order to capture this complex
ity, the integrated use of the fieldwork, anthropological 
research, SD modeling and optimization is crucial. 
Specifically, fieldwork and anthropological research are con
ducted to collect data and obtain insights regarding the gold 
supply chain, however, the information obtained from the 
fieldwork and anthropological research alone are not suffi
cient to provide the insights that we need, but they become 
meaningful with the help of the SD modeling. In particular, 
using the data collected during the fieldwork and anthropo
logical research, the SD modeling examines how the system 
changes dynamically over time.

Although SD modeling is a powerful tool that provides 
these meaningful insights regarding the gold supply chain, it 
is not able to prescribe optimal decisions that require the 
development of an optimization model. Particularly, outputs 
of the SD model are given to the optimization model in 
order to prescribe the optimal transition plan of a miner 
based on the system’s behavior. This methodology can be 
applied not only to the gold supply chain examined in this 
article but also to any supply chain having complex relation
ships with other supply chains, or among their components. 
In this case, using the collected data in an SD model pro
vides insights regarding the dynamics of the system by uti
lizing feedback loops, where the outputs of the system 
affects the system itself in a recursive way. Then, the insights 
obtained from the SD model can be embedded into an opti
mization model to make optimal decisions associated with 
the supply chain examined. For example, in order to pre
scribe optimal decisions regarding vaccine types and their 
associated amount to be supplied for a specific region, first, 
anthropologists and scientists may visit the area, collect 
qualitative data and examine the interaction among people 
and the ways that a particular virus is spreading. 
Topographical statistics may also be conducted to obtain 
quantitative data. Using the collected qualitative and quanti
tative data, an SD model can be developed in order to 
understand the reaction of the community within the region 
to different types and amount of vaccine supplies. This reac
tion can be considered in an optimization model in order to 
make optimal decisions regarding the type, amount, and 
price of vaccines in the studied region.

The remainder of this article is organized as follows. 
Section 2 provides a literature review. Section 3 discusses 
the proposed methodology. Section 4 includes computational 
experiments and numerical results. Finally, Section 5 con
cludes the article with a summary of our work and sugges
tions for future research.
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2. Literature review

Gold supply chains have been increasingly studied in recent 
years. Fritz et al. (2016) examine the interaction between an 
artisanal and small-scale gold supply chain and the mercury 
supply chain, and how miners and stakeholders can reduce 
the consumption of harmful mercury. Thomas et al. (2019) 
conduct interviews with miners and gold buyers to deter
mine the main reasons why they do not sell the produced 
gold to government-authorized buyer. van der Valk et al. 
(2020) provide a detailed sketch of the gold supply chain in 
Peru. They divide it into four main stages, namely, the 
equipment and chemical supply, production, wholesale 
trade, and retail sales. In the same study, the differences 
between legal, illegal, and informal activities among the sup
ply chain are well defined.

Some studies examine environmental and security risks 
that are associated with ASGM. Saturday (2018) discusses 
the impact on human health and the ecosystem of releasing 
mercury into the environment. It has been proved that the 
mercury release from ASGM is increasing annually (UN 
Environment, 2017). Martinez et al. (2021) highlights the 
effect of using mercury inefficiently in formal small-scale 
mining and how this reflects on the mercury release and its 
associated impacts on the environment and human health. 
Martinez (2022) highlights several examples where miners 
are attacked by thieves when they are carrying the dore to 
sell it to gold buyers. Additionally, the author qualitatively 
discusses the idea of the central processing plant and its 
similar applications in some regions in Peru.

SD modeling is a new approach to studying and examin
ing minerals and metals supply chains. Sverdrup and 
Ragnarsdottir (2016) use SD modeling to examine supply 
and demand of platinum group metals globally over the last 
500 years. They examine the delay between the peaks of 
supply and demand, occurring due to the time required to 
start a new mining operation and the recycling process of 
the metal itself. Additionally, SD modeling is used in several 
studies in the literature such as sustainable supply chain 
management, transportation, manufacturing, supply chain 
management (SCM), logistics, life cycle sustainability assess
ment, and renewable energy supply chains (see Rebs et al. 
(2019) and references therein). Aranoglu et al. (2022) is the 
first study that examines an informal gold supply chain in 
Peru using SD modeling. They conduct a case study using a 
flood scenario for the validation process, and examine the 
effect of external factors such as mercury and fuel shortages 
on the whole system components. Following Aranoglu et al. 
(2022), this article does not only examine a gold supply 
chain using the SD modeling, but also utilizes its findings in 
an optimization model in order to prescribe the optimal 
transition plan for miners from local production to a central 
processing facility.

Operations research is used effectively, but not widely, 
for metal supply chains. Zohal and Soleimani (2016) provide 
an integrated forward and reverse logistics network of a 
closed gold supply chain. It contains seven layers, four of 
which are forward and three of which are reverse so that it 
simulates the supply and recycling paths. The authors 

develop a multi-objective integer linear optimization model 
in order to minimize costs and emissions. Chowdhury et al. 
(2019) develop a new optimization framework for the sus
tainable design and management of integrated additive man
ufacturing supply chain networks. Sherwin et al. (2020) use 
fault tree optimization to identify and mitigate the risks 
among supply chains. Nguyen et al. (2020) consider schedul
ing of multi-echelon assembly supply chain networks that 
could be applied to the recovery from large-scale disruptive 
events. Yang et al. (2022) develop an optimization model to 
improve an emergency diesel fuel supply chain during hurri
cane disaster relief to provide the required energy. Geismar 
et al. (2022) use optimization modeling to achieve optimal 
design and operation of a second-generation biofuels supply 
chain. To the best of our knowledge, this article is the first 
study that develops an optimization model that examines 
ASGM under a consideration of a central processing facility.

Although the aforementioned studies use SD modeling or 
optimization models, to the best of our knowledge, there are 
a limited number of studies that jointly consider them in 
several application areas. Keloharju and Wolstenholme 
(1989) provide a case study for policy analyses and design in 
SD modeling. Duggan (2008) use SD and multi-objective 
optimization models for policy analysis of complex systems. 
Chan and Schruben (2008) present an application of opti
mization in SD, and use optimization models for discrete- 
event SDs. Xu and Li (2011) use SD modeling for simulating 
and optimizing a system for use in the coal industry under 
a fuzzy environment. Liu et al. (2013) combine SD and 
hybrid particle swarm optimization to provide an optimal 
land use allocation for large areas. Dangerfield and Roberts 
(2018) provide an overview of strategies and tactics in SD 
optimization. On the other hand, Li et al. (2019) present an 
SD approach to simulate and optimize water supply and 
demand balance in Shenzhen in China. In the same context, 
Li et al. (2018) provide a joint SD and optimization 
approach for supporting sustainable water resources plan
ning in Zhengzhou City in China. Optimization of SD is 
also implemented in the energy sector. Wu and Xu (2013) 
use SD for predicting and optimizing energy consumption 
in world heritage areas. They optimize the carbon emissions 
using the SD approach. Similarly, He et al. (2018) imple
ment the SD approach to simulate the optimization of 
Chinese power grid investment based on a transmission and 
distribution tariff policy.

Our extensive literature review shows that there is no 
study that jointly uses SD modeling and optimization mod
els to prescribe optimal decisions in the metals supply 
chains (e.g., gold and mercury supply chains that strongly 
interact). This article makes the following contributions: to 
the best of our knowledge, this is the first study that exam
ines the formal small-scale gold supply chain in Puno, Peru, 
jointly using SD modeling and a mixed-integer linear pro
gramming model to obtain an optimal transition plan for 
miners from local production to a central processing facility 
over a time horizon. The prescribed plan potentially 
addresses environmental, health, and safety issues that occur 
due to current production activities of miners within the 
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formal supply chain. The proposed methodology is as 
follows:

1. We collect data from small-scale surface mines in 
Ananea through field visits to Peru, and construct the 
SD model that examine the interaction between gas, 
mercury and gold supply chains, based on our observa
tions and calculations.

2. We analyze the constructed system and validate our 
model using the actual data obtained from the field as 
well as the actual reports from miners.

3. We run the SD model after introducing an alternative 
flow (i.e., central processing plant) that ensures more 
profit to miners and eliminates environmental, health, 
and safety issues.

4. The outputs of the SD model prompt the development 
of a mixed-integer programming model in order to pre
scribe an optimal transition plan for the miners from 
local production to the central processing plan to maxi
mize their profit.

5. We conduct a sensitivity analysis to test the sensitivity 
of the optimal solution to the changes in model param
eters such as production cost, gold price, average local 
recovery, and cost of mining and transporting to the 
facility.

3. Proposed methodology

In this section, we provide details of the overall proposed 
approach. The flow of this approach is shown in Figure 1. 
The proposed approach starts with the data collection stage 
including literature review and field work. Specifically, we 
obtain information from the literature regarding how min
ing operations such as sluice, amalgamation, and retort actu
ally work. During the field work in Ananea, we visit formal 
small-scale gold mines to observe and learn about these 
operations. Specifically, we collect two types of data from 
the field work. The first type of data, that we will henceforth 
call “Collected Data”, includes our observations and calcula
tions based on them such as the structure of a mine’s sys
tem, the number of each type of machinery used and their 
capacities. We use the Collected Data to develop the SD and 
optimization models. The second type of data, that we will 
henceforth call “Obtained Data”, was directly obtained from 
a mine and it includes formal information regarding its 
operations, namely its ore production, gold production and 
mercury usage amounts. This data is used in the validation 
process as detailed in the Supplemental Online Materials. 
After the data collection stage, by using the Collected Data, 
we develop an SD model in order to understand the sys
tem’s response to temporal changes (e.g., change in mercury 
or gas supply) and their associated effects that occur in the 
system. At the validation stage, the SD model is validated by 
comparing its outputs, calculated based on the Collected 
Data, with the Obtained Data. After validating the model, 
we integrate an added consideration of a central cyanide 
processing plant to the SD model and rerun it in order to 
assess the willingness of a miner to sell their ROM to a 

cyanide processing facility in return for several scenarios of 
specific percentage values of the amount of gold in the 
ROM paid by the facility. This assessment, along with the 
use of the Collected Data, prompts the development of a 
mixed-integer programming model that prescribes an opti
mal transition plan for a miner over a time horizon to maxi
mize their total annual profit. In addition, we conduct a 
sensitivity analysis in order to test the sensitivity of the opti
mal solution to the changes in model parameters (e.g., pro
duction cost, gold price, average recovery, and mining and 
transporting to the facility cost). Each stage of the proposed 
methodology is detailed in the following subsections.

3.1. Field work

Fieldwork includes two steps. The first step is anthropo
logical research and semi-structured interviews conducted 
by anthropologists. Specifically, in this step, we collect both 
qualitative data including the structure of the system and 
quantitative data including the number of each type of 
machines, their capacities and other production parameters 
(i.e., Collected Data) to inform and build the SD model. 
One of the authors has been conducting research in Puno 
for over 4 years and has spent a total of 12 months at 
small-scale mining operations in Ananea. During this time, 
we qualitatively observe the structure of small-scale mining 
systems, how information and materials flow, and the rela
tionships and connections between different components of 
a supply chain. In addition, a mine provided their data sets 

Figure 1. The proposed methodology.

4 F. ARANOGLU ET AL.



including information regarding their gold and ore produc
tion and mercury usage amounts, to the anthropologists 
during the semi-structured interviews (i.e., Obtained Data). 
These data sets are later used for the validation process. 
Note that the anthropologist, who spent 12 months in the 
mining area, observed and was told by the mine during the 
interviews that all mines in the region operate identically. 
The second step is mining engineers’ system observations 
and data collection from the field work. In this step, the 
authors also spent a week in Ananea observing and taking 
measurements on the mining methods. During this week, 
the team visited five different mining concessions, each of 
which has several surface mines with similar production sys
tems. We observe that most formal small-scale surface mines 
in Ananea use the same excavating and hauling equipment. 
This also indicates that the mining systems of all the mines 
in the region operate identically, as the anthropologist was 
told. At the mines, we collect data for the loading cycle of 
excavators, the traveling cycle of each haulage truck, and the 
number of haulage trucks per operating excavator. We 
obtain information from mine operators about the number 
of shifts per day, the working hours per shift, and the num
ber of working days per year. We also acquire specific types 
and models of the equipment and use that information to 
obtain their capacities from the manufacturers’ sources. We 
collect samples of ore from the actual operating locations to 
measure the grade and density of the ROM. This data also 
constitutes the part of the Collected Data.

We use the Collected Data to build the SD model and run 
the stock and flow time-based simulation using the Stella 
Software. SD modeling provides an advantage of directly 
applying the qualitative part of the Collected Data to the 
model, and using them jointly with the its quantitative part. 
Qualitative data includes the system’s structure, information 
flow, nonnumerical inputs that are used to build the SD 
model, and the conceptual relations and connections between 
the SD model nodes (i.e., supply chain components). Once 
the overall representation of the supply chain is modeled 
with the qualitative part of the Collected Data, its quantitative 
part that are calculated by the engineers are also given to the 
SD model to run the stock and flow time-based simulation.

3.2. SD modeling of formal small-scale surface mining

In this section, we provide details regarding the proposed 
SD models.

3.2.1. SD model for the current operations
The SD model is constructed based on the Collected Data 
obtained during the site visit to Ananea, Peru. We observe 
that the majority of the mines in this region operate identi
cally in terms of their mining method and equipment utiliza
tion. Miners operate one excavator that loads five haulage 
trucks. These trucks transfer ROM to the sluice, where the 
concentrate is produced. The concentrate is then mixed with 
mercury to produce the amalgam, a mixture of gold and mer
cury. The amalgam is burned so that mercury evaporates, 

leaving a mix of gold and meager amount of mercury which is 
called dore. Figure 2 shows the complete SD model for the 
current mining operations of a mine in Ananea. Note that 
some miners operate their mines with two excavators and 10 
hauling trucks; therefore, their ore production, gold produc
tion, and mercury use are doubled. The SD model is executed 
over a time horizon of 288 days, which represent the number 
of work days per year. There are two shifts per day. We 
assume that there are four time steps (two for each shift) in 
each day. The proposed SD model is a discrete model, where 
the system state changes at some time during each shift. 
Specifically, some of the ROM flow (highlighted in blue in 
Figure 2) comes from the “Stock Pile” and some of it comes 
from the “Initial Tailings Pond” to the “Gravity Separation 
(Sluice)”. Therefore, in each shift, one time step represents 
the ROM flow from Stock Pile to Gravity Separation, and the 
other represents the change in the system state where the 
ROM flows from Initial Tailings Pond to Gravity Separation. 
In order to take into account the mass balance of this circulat
ing ROM flows, we consider two time steps in each shift.

As shown in Figure 2, the system’s operation begins from 
the ore source (i.e., the mine), and flows to the stockpile via a 
haulage system. The haulage system contains the excavator, 
haulage trucks, and variables such as the excavator’s capacity, 
the number of excavators on the mine site, the number and 
capacity of the haulage trucks required, the fuel availability, 
and the fuel consumption per machine. All of these variables 
and parameters have a significant role in determining the 
mine’s production capacity. After that, the ore flows from the 
stockpile to the physical processing stock. The ore is intro
duced to a sluice, which is a gravity separation apparatus that 
is lined with a carpet. When flooded with water and ore, the 
carpet captures the gold pairing materials (i.e., concentrate). 
The residual flow from the sluice is transported by front-end 
loaders to be run through the sluice again to ensure maximum 
gold recovery. This process is controlled by several variables 
such as the pumps that are providing water to the sluice, the 
sluice processing capacity, the fuel availability for the water 
pumps, the front-end loaders that transport the residual flow 
from the sluice back to the entrance of the sluice for reproc
essing, and the fuel consumption and capacity of the front- 
end loaders. The concentrate captured by the carpet is bagged 
and taken to the amalgamation station, where it is mixed with 
mercury to form an amalgam. The amalgamation process is 
controlled by the availability of mercury. The by-products 
from this process are finally deposited into a tailings pond. 
Once miners have an amalgam, they burn it to vaporize the 
mercury in order to capture gold. Several operations heat the 
amalgam in retorts, which capture and reconcentrate the mer
cury vapors; however, mercury still ends up in the tailings 
ponds, as we observe that some of the retorts are not working 
or used properly. The result of this metallurgical process is 
called dore, which typically contains 90-95% of gold. The min
ers transport the dore to a larger urban center and sell it to 
gold buyers, generally on a monthly basis. Although these 
buyers often offer a reduced price (85% of the global gold 
price), miners have a few choices regarding to whom to sell 
their gold.
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The estimated unit cost for mining and processing the 
ore on the mine site is $0.3 per ton. In Figure 2, the green 
flow represents the cash flow that calculates miners’ revenue, 
cost, and profit. The red flow represents the fuel flow, which 
is controlled by the weekly supply available to the miners, 
the fuel requirements and fuel consumption rates of the 
machinery, and the total operating hours. This flow affects 
the main flow (shown in blue) and also gets affected by it, 
which is a feedback loop effect. The variables represented by 
a dashed square or a dashed circle are “ghost” variables that 
belong to a specific flow and mainly exist in it, but also 
affect other flows by getting included in those flows as a 
ghost. For example, gas storage stock belongs to the fuel 
flow, but it also affects the concentration stage. Therefore, it 
is represented by a solid box in the gas storage flow (high
lighted in orange), and is represented by a dashed box as a 
ghost and included to the ROM flow (highlighted in blue). 
The purple flow shows the mercury flow using the retort to 
recycle the mercury that evaporated from burning the amal
gam. The mercury source is generally informal, and the 
mercury usage is determined by the mercury required to 
produce one gram of gold and the mercury recovery factor. 
The black flow in Figure 2 calculates the amount of mercury 
released to the environment if the retort is used improperly 
or not at all. It also estimates how many days miners could 
experience a mercury shortage if they do not use the retort 
to capture and recycle the mercury, and if mercury is not 
readily available. See the Supplemental Online Materials for 
the validation of the SD Model of the current operations.

3.2.2. Introducing a cyanide processing facility to the SD 
model

After the validation of the SD model for the existing opera
tions, we propose the modified SD model by integrating the 

consideration of a central cyanide processing facility into the 
existing SD model. Figure 3 shows the SD model component 
of this additional consideration.

The updated model calculates the likelihood of a miner 
selling their ROM to a cyanide processing facility in return 
for a payment in terms of monetary value, determined by a 
specific percentage of the amount of gold in the ROM. We 
will henceforth refer to this specific percentage as “payback 
percentage”. As given by Olyaei et al. (2019), we consider 
that the processing facility can recover up to 95% of the 
gold in ROM. The updated model is run 10 times for 10 dif
ferent payback percentages within a range of [25%–34%]. 
The minimum and maximum values of this range are deter
mined such that they are around 30%, since miners can 
only recover 30% of the gold in ROM during their local 
production when using mercury (Martinez, 2022). We use 
the payback percentage as the main factor for the willing
ness of a miner to sell their ROM to the facility since our 
field interviews show that miners would be interested in 
transitioning to cyanide gold processing in order to contrib
ute to responsible mining. However, simultaneously, they 
want to keep or increase their profit as it is the main factor 
for their operations. Due to this reason, and since there is 
no study that provides the profitability for miners when 
transitioning to the cyanidation processing, we run the SD 
model under several payback percentage scenarios. We then 
record the outputs of each run to be considered in the opti
mization model. Recall that each model runs with a 288- 
days time horizon including four time steps per day. Note 
that the updated SD model includes both the original opera
tions shown in Figure 2 and the integration of the cyanida
tion processing facility as shown in Figure 3. Specifically, 
the dashed circle (highlighted in blue) in Figure 3 represents 
where it connects to the original SD model in Figure 2. In 
each run, the first part of the model (i.e., Figure 2) is run 

Figure 2. SD model for the current operations: Five main flows are color-coded, each represented by a different color. The boxes represent stocks, the double-line 
arrows represent flows, and the single-line arrows represent parameters and variables.
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for 50 days before its second part (i.e., Figure 3) is activated. 
After 50 days of running the first part, both parts of the 
model are run together. This ensures that the original opera
tions reach a steady state before the potential change repre
sented by the cyanide processing facility is introduced to the 
system. Figure 4 compares 10 runs, showing the initial 
amount of ROM that the miner would be willing to sell to 
the facility, and the rate of increase in the amount of ROM 
sold to the facility over time for each payback percentage. 
Note that the remaining gold that is recovered from the 
ROM by the processing facility belongs to the facility. In 

order to ensure precise payments for the accurate gold con
tent in the ROM that is being sold, third-party sampling 
and testing may be involved in order to test the gold grade 
of the ROM that is sold to the processing facility.

Once the initial amount of ROM and the increase in this 
amount that miners sell to the facility over time (until it 
reaches the maximum ore production) for each percentage 
payback value is obtained as shown in Figure 4, for each 
function (color-coded), we fit a linear approximation. 
Figure 5 illustrates it for only one payback percentage which 
is 31% from day 50 to day 200. By fitting a linear function, 

Figure 3. SD Model with consideration of the cyanide processing facility.

Figure 4. The transition of the miner from local production to selling the ROM to the facility per payback percentage offered.
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we obtain its intercept (i.e., initial amount of ROM that 
miners are willing to sell to the facility), and slope (i.e., rate 
of daily increase in the amount of ROM that miners sell to 
the facility). Therefore, for each payback percentage value, 
we obtain a linear function which is given to the optimiza
tion model as input. The optimization model considers a 
time horizon, where each time period spans a month with 
24 working days. Therefore, the intercept and slope values 
obtained from the SD model are multiplied by 24 before 
they are given to the optimization model.

3.3. Optimization

The proposed SD model simulates the dynamics of the 
ASGM in Ananea, Peru. Specifically, this model is run for 
different payback percentage values, which determine the 
monetary value to be paid to miners in return for selling 
their ROM to the facility, depending on the amount of gold 
in it. We consider different payback percentage values as 
incentives for miners to be convinced to sell their ROM to 
the proposed facility. The proposed SD model simulates the 
amount of ROM that miners would be willing to sell to the 
facility based on a specific payback percentage offered by 
the facility. As discussed in Section 3.2.2, for each payback 
percentage value, the proposed SD model is run and a linear 
function is fit on the output in order to obtain a function of 
the change in amount of ROM sold to the facility by miners 
over time. These functions prompt the development of an 
optimization model. The proposed optimization model takes 
these functions as input in order to determine the most 
profitable transition scenario of miners over a time horizon 
(i.e., a year). The next two sections provide the problem 
statement and introduce the optimization model.

3.3.1. Problem statement
In this article, we examine the optimal transition plan of 
miners from processing the ROM locally on the mine site to 
selling it to a central processing facility where it is processed 
using the cyanidation method in a way that maximizes the 
total profit of a miner. Since this transition ultimately 

reduces the mercury usage to zero, it also yields positive 
environmental effects. This transition plan includes monthly 
increase or decrease in the amount of ROM sold to the 
facility along with the corresponding payback percentage 
values over a year (i.e., 12 months). The optimization model 
also suggests the payback percentages offered by the facility 
every month maximizes the miner’s profit, therefore pro
vides them an incentive to make the optimal transition. If a 
decrease occurs in the amount of ROM sold to the facility 
in a month, this results in a penalty (i.e., cost) for the miner, 
since the miner must compensate the profit that the facility 
would have gained if the decrease did not occur. This type 
of penalty may be acceptable among miners in similar con
figurations and may be agreed based on a contract, since the 
sustainability and profitability of the facility depend on the 
commitment of miners in selling their ROM to the facility. 
This is calculated by multiplying the reduced amount of 
ROM with the gold price and (1- the payback percentage 
offered to the miner). Note that, considering a specific pay
back percentage that the facility offers to the miner, the lat
ter represents the remaining percentage that the facility 
keeps for itself. If there is no increase or decrease in 
the ROM amount sold to the facility in a specific month, 
the miner’s profit for this month is calculated based on the 
most recent payback percentage value offered in the previ
ous month. There is also a monthly ROM production cap
acity so that the amount of ROM sold to the facility each 
month cannot exceed that capacity. Note that we develop 
the optimization model as a multi-period model, where the 
miner gradually transitions from local processing to the 
processing facility rather than making this transition deci
sion in one time period. We assume this gradual transition 
is due to the trust factor to be built between the miner and 
the processing facility. During the fieldwork and the semi- 
structured interviews, we observed that although the miners 
tend to consider such a transition, they hesitate making this 
strategic decision, since giving the entire control of their 
operations to a third party (i.e., the processing plant) creates 
a significant risk for them. An illustration of a feasible solu
tion to this problem is given in Figure 6.

Figure 5. An example of how the increments and initial basis are obtained from the SD Model outputs.
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Figure 6 shows a transition plan of a miner over a time 
horizon with seven time periods (i.e., months). The plan 
does not suggest any change in the first month, which 
implies that the miner processes all the ROM locally on the 
mine site without selling anything to the facility. In the 
second month, the plan suggests the miner to sell 30,240 
tons of ROM (i.e., increase) to the facility by also suggesting 
that the facility offers 27% payback to the miner. This 
means that the facility pays the miner the monetary value of 
27% of the gold that 30,240 tons of ROM contains. In the 
third month, the plan includes no change in the monthly 
ROM amount sold to the facility. Therefore, the miner sells 
the same amount with that of the previous period in the 
third month, which is 30,240. The payback percentage also 
stays the same which is 27%. The plan implies that the 
miner increases the amount of ROM that he sells to the 
facility by 68,300 tons. Since the miner sold 30,240 tons of 
ROM in the previous month, he sells 98,540 tons of ROM 
in the fourth month. The plan also suggests that the facility 
offers the payback percentage of 31% in this case, which is 
the main incentive for the miner to sell more to the facility. 

In the fifth month, there is no change in the plan, therefore 
the miner sells 98,540 tons of ROM again. In the next 
month, the plan suggest reducing the monthly ROM amount 
sold to the facility by 7100 tons. Therefore, in the sixth 
month, the miner sells 91,440 tons to the facility with the 
same payback percentage with that of the previous period. 
Note that in this case the miner is penalized for this amount 
of decrease. Month seven includes no change in the plan, 
therefore the miner sells 91,440 tons again with the occur
rence of the same penalty as in the previous month. Note 
that Figure 6 is an example of a feasible solution. The opti
mization model proposed in the next section seeks for the 
optimal solution that maximizes the total profit of the 
miner.

3.3.2. Optimization model
In this section, we introduce a Transition Plan Problem (TPP) 
which provides the optimal transition plan of a miner from 
producing locally to sell their ROM to a central processing 
facility over a time horizon in a way that maximizes the min
er’s profit. Consider the notation in Table 1.subject to:

Figure 6. An illustration of a feasible solution.

Table 1. Model Notation.

Sets and Indices
i 2 P Set of indices that enumerate payback percentages which can be offered by the processing facility
t 2 T Set of time periods (i.e., months)

Parameters Units
ri The ith payback percentage value [%]
r Minimum of all payback percentage values [%]
bi The initial amount of ROM sold to the facility when the ith payback percentage (ri) is offered by the facility for the first time [ton]
di The monthly increase in ROM sold to the facility when the ith payback percentage (ri) is offered by the facility [ton]
m Maximum capacity of the total monthly ROM production [ton]
p Average gold price per gram of gold [$/gram]
s The reduction percentage in gold price when the miner sells their locally produced ROM directly [%]
l The miner’s cost of extracting the ROM and locally processing it [$/ton]
f The miner’s cost of extracting the ROM, selling and transporting it to the facility [$/ton]
g Fixed gold recovery percentage of ROM, if it is locally processed [%]
v Grade of gold in a ton of ROM [gram/ton]

Integer Decision Variables Units
Yt Increase in the amount of ROM sold to the facility in month t [ton]
Xt Decrease in the amount of ROM sold to the facility in month t [ton]

Continuous Decision Variables Units
Ft The amount of gold that the miner is paid back by the facility in month t [gram]
Ait The amount of gold that the facility loses if currently ri is offered as the payback percentage value, 

and the miner decreases the amount of ROM sold to it in month t
[gram]

Binary Decision Variables
Rit 1, if and only if the miner selects the ith payback percentage (ri) offered by the facility in month t, 0 otherwise
Dt 1, if and only if the miner sells their ROM to the facility for the first time in month t, 0 otherwise
Zt 1, if and only if the amount of ROM sold to the facility is increased in month t, 0 otherwise
Bt 1, if and only if the amount of ROM sold to the facility is decreased in month t, 0 otherwise
Kt 1, if and only if the amount of gold lost by the facility (due to a decrease made by the miner in the 

amount of ROM sold to it) in month t is nonzero (i.e., Ait 6¼ 0), 0 otherwise

IISE TRANSACTIONS 9



Yt � biDt þ diZt þ mð1 − RitÞ, 8i 2 P, t 2 T (3) 

Yt � biDt þ diZt − ðm þ bi þ diÞð1 − RitÞ, 8i 2 P, t 2 T

(4) 

Yt � mZt , 8t 2 T (5) 

X

i2P

Rit ¼ 1, 8t 2 T (6) 

Ri0 ¼ 0, 8i 2 P (7) 

Rit � Rit−1 þ Zt , 8i 2 P, t 2 T (8) 

Rit � Rit−1 − Zt , 8i 2 P, t 2 T (9) 

2Zt −
Xt

j¼1
Zj � Dt � Zt , 8t 2 T (10) 

X

t2T

Dt � 1, (11) 

Bt � Xt � mBt , 8t 2 T (12) 

Bt þ Zt � 1, 8t 2 T (13) 

0 �
Xt

j¼1
Yj −

Xt

j¼1
Xj � m, 8t 2 T (14) 

vrKt �
X

i2P

Ait � vmKt , 8t 2 T (15) 

K0 ¼ 0, (16) 

Ai0 ¼ 0, 8i 2 P (17) 

Ait � vmRit , 8i 2 P, t 2 T (18) 

Ait � Ait−1 þ Xtvð1 − riÞ þ vmð1 − RitÞ þ vmð1 − BtÞ,

8i 2 P, t 2 T
(19) 

Ait � Ait−1 þ Xtvð1 − riÞ − vmð1 − RitÞ − vmð1 − BtÞ,

8i 2 P, t 2 T
(20) 

Ait � Ait−1 − Ytvð1 − riÞ þ vmð1 − RitÞ þ vmð2 − Zt − Kt−1Þ,

8i 2 P, t 2 T

(21) 

Ait � Ait−1 − Ytvð1 − riÞ − vmð1 − RitÞ − vmð2 − Zt − Kt−1Þ,

8i 2 P, t 2 T

(22) 

Ait � Ait−1 þ vmðBt þ ZtÞ, 8i 2 P, t 2 T (23) 

Ait � Ait−1 − vmðBt þ ZtÞ, 8i 2 P, t 2 T (24) 

Ft � vri
Xt

j¼1
Yj −

Xt

j¼1
Xj

0

@

1

A þ vmð1 − RitÞ, 8i 2 P, t 2 T

(25) 

Ft � vri
Xt

j¼1
Yj −

Xt

j¼1
Xj

0

@

1

A − vmð1 − RitÞ, 8i 2 P, t 2 T

(26) 

TPP : Max
X

t2T

pFt

|fflfflffl{zfflfflffl}
The total revenue

yielded by selling the
ROM to the facility

−
X

t2T

f ð
Xt

j¼1
Yj −

Xt

j¼1
XjÞ

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
The total cost of the miner
for extracting the ROM and
transporting it to the facility

−
X

i2P

X

t2T

pAit

|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
The total cost ðpenaltyÞ

of the miner for reducing
the ROM sold to the facility

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{
The net profit of the miner obtained from the ROM sold to the facility

(1) 

þ
X

t2T

sgpvðm −
Xt

j¼1
Yj þ

Xt

j¼1
XjÞ

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
The total revenue yielded

by locally processing the ROM
and selling the gold directly

−
X

t2T

lðm −
Xt

j¼1
Yj þ

Xt

j¼1
XjÞ

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
The total cost of the miner

for extracting the ROM
and locally processing it

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{
The net profit of the miner obtained from the ROM locally processed

(2) 
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Ait , Ft � 0, 8i 2 P, t 2 T (27) 

Yt , Xt � 0 and integer, 8t 2 T (28) 

Rit , Dt , Zt , Bt , Kt binary: 8i 2 P, t 2 T (29) 

The objective function (1)-(2) maximizes the total profit of the 
miner based on the amount of the ROM sold to the facility, as 
well as that processed locally. Specifically, (1) provides the first by 
calculating the revenue yielded by selling the ROM to the facility, 
the total cost of the miner for extracting the ROM and transport
ing it to the facility, and the total penalty that the miner pays due 
to the reduction that they made in the amount of ROM sold to 
the facility. Equation (2) provides the total profit resulted by the 
locally processed ROM by calculating the revenue of selling the 
gold obtained from the locally processed ROM directly, and the 
cost of extracting and locally processing the ROM. Note that 
Pt

j¼1 Yj þ
Pt

j¼1 Xj represents the net amount of ROM sold to 
the facility in month t. In Figure 6, this corresponds to the 
“Monthly ROM Sold to Facility” row. Yt is represented by the 
positive values, and Xt is represented by the negative values in the 
“Change in ROM Sold to Facility” row. For example, to calculate 
the amount of ROM sold to the facility in the sixth month 
(91,440 – the sixth value in “Monthly ROM Sold to Facility” 
row), all values between the first and the sixth months in the 
“Change in ROM Sold to Facility” row are summed. Constraints 
(3)-(4) calculate the increase in the amount of ROM sold to the 
facility in each month t, depending on the optimal payback per
centage offered by the facility. Particularly, if the ith payback per
centage is offered in month t, and an increase is made in the 
amount of ROM sold to the facility, this increase is calculated by 
bi þ di (i.e., the sum of the initial amount and the rate of monthly 
increase in ROM that the miner is willing to sell to the facility 
based on the offered payback percentage i), in the case that the 
miner sells their ROM to the facility for the first time in the given 
month t. If this is not the first month that the miner is selling the 
ROM to the facility, then this increase is calculated by di only. 
Constraint (5) ensures that the amount of increase in month t is 
zero (i.e., Y t ¼ 0), if no increase occurs in that month (i.e., Zt ¼

0), otherwise this amount is nonzero. Constraint (6) guarantees 
that in each month t, exactly one payback percentage value must 
be chosen (i.e., offered by the facility). Constraint (7) initializes 
the binary variable associated with the selection of payback per
centage to zero for month zero. Constraints (8)-(9) ensure that if 
no increase occurs in the amount of ROM sold to the facility in 
month t (i.e., either it decreases or does not change), then the 
payback percentage selected in the previous month is still valid 
for month t. Constraint (10) identifies the month, when the 
miner sells their ROM to the facility for the first time, while 
Constraint (11) ensures that there exists at most one such month. 
Constraint (12) ensures that the amount of decrease in month t is 
zero (i.e., Xt ¼ 0), if no decrease occurs in that month (i.e., Bt ¼

0), otherwise this amount is nonzero. Constraint (13) ensures 
that an increase and a decrease in the amount of ROM that is 
sold to the facility cannot occur simultaneously in each month t. 
Constraint (14) ensures that the net amount of ROM sold to the 
facility in month t cannot exceed the monthly ROM production 
capacity, and must be non-negative. Constraint (15) ensures that 
the amount of gold lost by the facility due to a decrease made by 

the miner in month t (i.e., 
P

i2P Ait) is nonzero if the binary vari
able Kt is one, otherwise it is zero. Constraints (16) and (17) ini
tialize variables Kt and Ait to zero for month zero. Constraint (18)
ensures that the amount of gold that the facility loses is zero for 
the ith payback percentage (i.e., Ait ¼ 0), if the ith payback per
centage value, ri is not currently selected (i.e., Rit ¼ 0), otherwise 
it takes a nonzero value. Constraints (19)-(20) determine the 
amount of gold that the facility loses depending on the selected 
payback percentage value, ri, if a decrease occurs in month t. 
Constraints (21)-(22) update this amount depending on the 
selected payback percentage value, ri, if an increase occurs in 
month t, while in previous months, a decrease has occurred. 
Similarly, Constraints (23)-(24) update this amount depending 
on the selected payback percentage value, ri, if neither an increase 
nor a decrease occurs in month t, while in previous months, a 
decrease has occurred. Constraints (25)-(26) determine the net 
amount of gold in grams that the miner is paid back by the facil
ity in month t depending on the selected payback percentage 
value, ri. Finally, Constraints (27)-(29) enforce non-negativity 
and integrality conditions on decision variables.

4. Computational experiments and numerical 
results

In this section, we provide and discuss our results and find
ings obtained from the SD and optimization models, as well 
as the sensitivity analysis, as detailed next.

4.1. Computational results

In this section, we discuss our findings from the SD and 
optimization models. First, with the SD model, we examine 
a surface mine, which is a typical mine in Ananea, Peru, 
with one excavator, five trucks, each with a capacity of 15 
m3, two front end loaders, and two sluices. In the mine, 
there are three 4-hour shifts per day, and 24 business days 
in a month. The average specific gravity of the ROM is 2.35.

As discussed in Section 3.2.1, we first run the SD model for 
the current operations, where the annual production of the 
mine is 2.42 M tons of ore, and its annual mercury consump
tion is 38.2 kg. The mine consumes 0.375–0.5 grams of mercury 
per gram of gold. It has a mining and processing cost of $0.725 
M, and a profit of $2.810 M per year. We then add a cyanide 
processing facility into the model, as discussed in Section 3.2.2. 
We run the model once for each potential payback percentage 
that the facility may offer to the miner. Our results are reported 
in Table 2 which shows the initial (base) amount of ROM and 
its monthly increase that the miner is willing to sell to the facil
ity when the ith payback percentage is offered by the facility. 
For example, if the facility offers paying the monetary value of 
25% of the amount of gold in the ROM sold to it, the miner is 
initially willing to sell 16,464 tons of ROM, and is willing to 
increase that amount by 1056 tons every month.

Our results in Table 2 are used in the proposed optimiza
tion model as inputs. The optimization model is run using 
AMPL/Gurobi 9.5.1 with Dell OptiPlex 7090, which has an 
Intel(R) Core(TM) i7-10700 CPU with eight 2.90GHz cores, 
16 gigabytes RAM and 256 gigabytes of SSD.
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The proposed optimization model yields the optimal 
transition plan for the miner from local production to sell
ing their ROM to the processing facility in a way that maxi
mizes the miner’s profit. The prescribed optimal transition 
plan over a year horizon is given in Figure 7.

The optimal objective value (i.e., profit) is $3.428 M, and the 
optimal solution suggests that the miner sells 90,000 tons of 
ROM to the facility in the first month, while processing the 
remaining ROM locally. Doing so, the miner gets paid the mon
etary value of 30% of the gold in the ROM sold to the facility. 
Therefore, the facility gets the remaining 70% of the gold for 
itself. Note that the processing method utilized by the facility can 
recover up to 95% of the gold in the ROM (Olyaei et al., 2019), 
while with the local processing, miners can recover at most 30% 
of the gold in the ROM (ore). For the following month, the opti
mization model suggests that the miner increases the amount of 
ROM sold to the facility by 130,000 tons. This results in total of 
220,000 tons of the ROM sold to the facility in the given month. 
By doing so, the miner gets paid the monetary value of 34% of 
the gold in the ROM. For the remaining months, the miner sells 
their maximum ROM production to the facility and gets paid for 
the monetary value of 34% of the gold in the ROM. Note that 
the optimal objective value ($3.428 M) prescribed by the opti
mization model based on the optimal transition plan provides a 
22% improvement over the profit based on the miner’s current 
operations where all the ROM is processed locally ($2.810 M). 
Note that the miner’s current profit is calculated by providing 
the actual parameter values to the optimization model and 
obtaining the objective value. This value can also be calculated 
using the SD model in the same manner.

4.2. Sensitivity analysis

In this section, we conduct a sensitivity analysis in order to 
test the sensitivity of the optimal solution to the changes in 
certain paramaters, namely unit local production cost l, fixed 
local recovery g, gold price p and unit facility production 
cost f. To this end, we change the value of each parameter 
by decreasing and increasing its value within the range of 
[-20%, 20%]. Our results are given in Figure 8.

In Figure 8, each linear function represents the sensitivity 
associated to a specific parameter. A steeper slope of a func
tion reveals higher sensitivity of the solution to the related 
parameter. Results show that the solution is the most sensitive 
to the gold price, and the least sensitive to the local produc
tion cost. The sensitivity of the solution to a decrease in the 
fixed local gold recovery percentage is low, while it becomes 
more sensitive when there is an increase in this parameter. 
Particularly, if the fixed local recovery percentage is increased 
to a point where the local processing is more profitable, and 
the entire ROM is processed locally, then the solution 
becomes more sensitive to it. Regarding the unit facility pro
duction cost, the more it is decreased, the more ROM 
the miner sells to the facility, therefore gets more profit. On 
the other hand, the more it is increased, the more ROM the 
miner processes locally which is not as profitable.

Note that although Figure 8 reveals that the effects of all 
these parameters are linear, it is noteworthy that these 
effects are specific to the gold supply chain in Ananea, since 
they are heavily data-dependent. Although the optimal solu
tion may look straightforward for this data, trade-offs in this 
problem are not straightforward to be assessed manually 
without using an optimization model while making deci
sions. In fact, we artificially generated several data sets with 
different structures and observed that, for example, if the 
local gold recovery percentage of ROM g fluctuates over 
time, the optimal solution considers a trade-off between the 
penalty of not selling the ROM to the facility in some 
months and profit of keeping the ROM to be processed 
locally to maximize the profit over time. Optimal solutions 
when the gold price is changed by þ20% and -20%, and the 
unit facility production cost is changed by þ20% and -20% 
are discussed in the Supplemental Online Materials.

Table 2. The initial (base) amount of ROM and its monthly increase that the 
miner is willing to sell to the facility with each payback percentage is offered 
by the facility.

ri (%) bi (tons) di (tons)

25 16,464 1056
26 20,760 2040
27 26,400 3840
28 33,600 7104
29 43,680 13,920
30 58,320 32,232
31 78,240 68,328
32 96,480 89,472
33 112,560 112,968
34 126,960 129,264

Figure 7. The optimal transition plan of the miner from processing gold locally to selling the ROM to the facility.
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5. Conclusion

In this article, we examine artisanal and small-scale gold supply 
chains in Ananea, Puno, Peru. We first collect data from small- 
scale mines in Ananea through the field visits, which prompt the 
development of an SD model for the current operations of a typ
ical mine in this area to understand its dynamics. Since these 
operations potentially cause environmental, health and safety 
issues due to several reasons such as high mercury use and being 
exposed to threats from criminals during the transportation of 
gold, we consider a cyanide processing facility that would elimin
ate such issues for the miners. This processing facility does not 
use any mercury, instead it processes the ROM using cyanide. It 
buys the ROM from miners, and in return, pays them monetary 
value of a specific percentage of gold in the ROM. We incorpor
ate the consideration of a processing facility into the SD model 
to analyze the amount of ROM that the miners would be willing 
to sell to the facility under 10 different payback percentages that 
the facility would potentially offer to them. Using this analysis, 
we then develop an optimization model that prescribes the opti
mal transition plan of a miner from local production to selling 
their ROM to the facility in a way that maximizes the miner’s 
profit. The optimal solution provides a 22% improvement in the 
miner’s net profit over the profit resulted in their current oper
ation where all the ROM is processed locally. In addition, we 
conduct a sensitivity analysis to test the sensitivity of the optimal 
solution to the changes in several input parameters. Our results 
show that the optimal transition plan is most sensitive to the 
changes in gold price and the least sensitive to the changes in 
local production cost. As for future work, all the mines in 
Ananea can be considered and an optimization model can be 
developed for prescribing strategic decisions regarding the proc
essing facility such as its location.
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