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Abstract

Background: Mitigating the negative impacts of climate change and ensuring food security
are critical challenges for sustainable development. Potato crops play a key role in global
food security, and optimizing their supply chains can improve yields, reduce waste, and sta-
bilize farmer incomes. This study focuses on the potato supply chain in Boyacd, Colombia,
aiming to maximize profitability for smallholder farmers through a data-driven approach.
Methods: We developed a hybrid framework combining the newsvendor model, Monte
Carlo simulation, and machine learning to optimize inventory decisions under uncertain
demand and price conditions. Historical data on potato demand and prices were analyzed
to fit probability distributions, and simulation scenarios were run for three main potato
varieties. Results: The results show that integrating these methods improves inventory
decision-making, with the Criolla Colombia variety yielding positive profitability, while the
Diacol Capiro and Pastusa Suprema varieties incur losses under current market conditions.
The machine learning model enhances predictive accuracy and supports dynamic planning.
Conclusions: The findings demonstrate the potential of advanced analytics to reduce waste,
support sustainable practices, and inform agricultural policy. The proposed methodology
offers a practical decision-support tool for stakeholders and can be adapted to other crops
and regions facing similar operational challenges.

Keywords: agri-food supply chain; potato crop; newsvendor model; machine learning

1. Introduction

Modern logistics practices in supply chains have existed for no more than six decades.
As outlined in the literature, generally speaking, supply chain management (SCM) in-
volves the management of the flow of goods and services, including all processes that
transform raw materials into final products, and the active streamlining of a business’s
supply-side activities to maximize customer value and gain a competitive advantage in
the marketplace [1]. Its purpose is to improve the long-term performance of individual
companies and the supply chain as a whole [2]. One point of view of efficiency in agri-food
supply chains relates to the use of mathematical models for decision-making. The use of
mathematical models in agri-food supply chains makes it possible to improve the use of

Logistics 2025, 9, 164

https://doi.org/10.3390/logistics9040164


https://doi.org/10.3390/logistics9040164
https://doi.org/10.3390/logistics9040164
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/logistics
https://www.mdpi.com
https://orcid.org/0000-0002-6251-3667
https://orcid.org/0000-0003-4135-1782
https://doi.org/10.3390/logistics9040164
https://www.mdpi.com/article/10.3390/logistics9040164?type=check_update&version=1

Logistics 2025, 9, 164

2 0f 23

production factors, reduce costs, increase profits, and improve decision-making processes,
among others. All of this generates positive impacts by reducing greenhouse gas emissions
(GHGs) and ensuring food security.

The new dynamics of supply chains, driven by technological evolution or disruptions,
have increased the complexity of the application of operational research techniques and
management practices in logistics: concepts like responsiveness [3], resilience [4], and
sustainability [5,6] have emerged to explain and analyze the behavior of actors in the supply
chain and the consequences of decision-making in hostile and/or uncertain environments.
The key question is about how to design, plan, and operate a sustainable supply chain
in an environment of uncertainty. A sustainable supply chain is a complex network of
systems involving various entities that manage the movement of products from suppliers
to customers and their associated response, taking into account social, environmental, and
economic impacts.

In addition, mitigating the negative impacts of climate change and providing global
food security are two of the greatest challenges in sustainability in regard to human devel-
opment and ecological wellbeing. Both climate change and food security are transversally
linked with all the Sustainable Development Goals (SDGs) adopted by the United Nations
in 2015, especially zero hunger and climate action. One of the reasons for climate change is
the mineralization of organic matter because of land use, exploitation of fossil resources,
deforestation, and use of soils for agricultural production [7]. Climate change has a signifi-
cant influence on global food production because agriculture is closely related to climate
change in two ways: first, it is significantly affected by variable climatic conditions that
influence crop development; second, it contributes to climate change through emissions of
methane and nitrous oxides [8]. In fact, agriculture contributes 24% of GHGs [9].

Food demand is associated with world population growth, demographic changes, eat-
ing habits, rising incomes, technological advances, and policies of international trade [10].
According to the Food and Agriculture Organization of the United Nations [11], unfor-
tunately, nearly 690 million people in the world were hungry in 2022, representing 8.9%
of the world population. If no significant action is taken, this is projected to increase by
10 million people by the end of 2023 and by nearly 60 million over the next five years. The
crops that have contributed most to food security in the world are potatoes, wheat, rice,
and corn [8]. Value added in agriculture is related to increased use of production factors.
This growth in value added has implied an increase in the use of the factors of production,
such as land and water. Currently, 4.8 billion hectares of land are used for agricultural
practices, of which 67% is for meadows and pastures and the remaining 33% for crops,
and the development of irrigation systems has allowed production to grow faster than the
cultivated area. In addition, the use of pesticides and fertilizers has increased by 36% and
57%, respectively [12].

Agri-food supply chain management must consider the stochastic nature of demand
and sales prices, i.e., in a more realistic way. In many agricultural supply chain markets
around the world, real historical demand and price information are available to farmers
and organizations. The coupling of mathematical models and analytics techniques (i.e.,
machine learning techniques) is a robust approach to both enhance predictive accuracy
for understanding the dynamics of agri-food supply chains while also optimizing and
improving the efficiency of supply chain operations [13,14].

This paper focuses on optimizing profitability in agri-food supply chains using the
newsvendor model, performing a simulation process, and using machine learning to en-
hance the decision-making process and avoid price variations and unsatisfied demand. The
newsvendor problem was selected because of its advantages in both effectively managing
the uncertainties inherent in agri-food supply chains (fluctuating demand and unpre-
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dictable market prices) and determining optimal order quantities that balance overstocking
and understocking costs. This model maximizes expected profit or minimizes expected
costs, significantly reducing waste and improving profitability, which aligns with sustain-
able agricultural practices [15,16]. Thanks to its adaptability to various scenarios, this
model is a versatile enough tool for addressing the dynamic nature of agri-food supply
chains. A case study of the potato supply chain in the region of Boyacd, Colombia, will
be taken as the application. According to the previous context and the stated objective,
the research question to be addressed in this paper can be formulated as follows: How can
the integration of the newsvendor model, Monte Carlo simulation, and machine learning help both
optimize inventory decisions and improve profitability for smallholder potato farmers in Boyacd,
Colombia, under uncertain demand and price conditions?

It is important to note that, while inventory optimization in agri-food supply chains
is a well-studied topic, most works focus on perishable goods, uncertainty, and the use
of mathematical models, often in a generic context or applied to crops other than pota-
toes [17]. Inventory optimization is indeed a recognized challenge in potato supply chains;
however, most studies employ mathematical optimization or agent-based simulation (see,
for example, [18-20]). To the best of our knowledge, there are no published studies that
combine the newsvendor model, simulation, and machine learning techniques specifically
for the potato supply chain.

Our case study in Boyacd, Colombia, addresses this gap in the literature by proposing
a scalable approach. The combination of these techniques has not previously been explored
in published academic work for this crop, especially in the context of smallholder farmers.

In this regard, this paper contributes to the literature by introducing a hybrid frame-
work that integrates the newsvendor model, Monte Carlo simulation, and machine learning
to optimize inventory decisions in agri-food supply chains. Unlike previous studies that ap-
ply these methods separately or in different contexts, our approach combines their strengths
to address uncertainty in demand and price, specifically for the potato supply chain in
Boyacd, Colombia. The model provides actionable insights for smallholder farmers, helping
to reduce waste, improve profitability, and support sustainable agricultural practices. To
the best of our knowledge, this is the first study to apply this integrated methodology to
the potato sector in a Latin American context.

To achieve such a goal, this paper is organized as follows. Section 2 is devoted to the
review of the relevant literature. Section 3 is devoted to describing the case study of the
potato supply chain. The research methods are presented in Section 4. Numerical results are
presented in Section 5, followed by the discussion in Section 6. The paper ends in Section 7
by outlining the conclusions and drawings some opportunities for future research.

2. Related Literature

The history of the newsvendor model (NVM) dates back to the work of the economist
E. Y. Edgeworth [21], who laid the foundations of modern inventory management theory.
After World War II, during the 1950’s, the newsvendor problem began to attract the attention
of the academic community in the field of operations research. For example, Whitin [22] was
one of the first to relate price theory and inventory control in various models: deterministic,
bringing up Economic Order Quantity of Whitman Harris in 1923, as a stationary demand
curve model, and stochastic models, as style goods models. He “established a sequential
procedure for determining the optimal stocking quantity as a function of price and then the
corresponding optimal price”, and Mills [23,24] complemented Whitin’s work by specifying
the average demand as a function of selling price [25].

The NVM was initially introduced to optimize profit in the case of buying and dis-
tributing a quantity of newspapers per day, a setting that inspired the model’s name, given
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that newspapers become obsolete by the end of the day [26]. The model has three charac-
teristics: a random amount of some resource, an amount of that resource that is selected
prior to demand, and economic consequences represented in costs terms of the overage
or the underage of inventory. It addresses the trade-off between excess and shortage of
inventory [27]. Excess inventory incurs storage costs and lost profits, while shortages
result in missed sales and reduced goodwill [22]. In this decision-making process, analysts
generally must deal with random and exogenous variables as market parameters, such as
demand or selling prices, and the model has a simple and elegant structure for examining
how operational problems interact with marketing issues in decision-making [25].

The newsvendor model has numerous applications and extensions and has been
widely used for decision-making in manufacturing and service industries and individual
contexts [28]. Some extensions to the classical newsvendor model include quantity to
produce or order and capacity [29], price-setting with service and loss constraints [30],
and retailer’s fairness concern to improve expected win-win profits [31]. Other studies
incorporate behavioral aspects such as value-at-risk as a decision criterion [32], loss aver-
sion [33], and consumer search cost [34]. The literature has also shown some works using
the newsvendor model in agri-food supply chains [35,36], dealing with mechanisms to
maximize farmers’ income under random rewards or calculating the optimal number of
farmers to contract in order to meet seasonal demand under yield and demand uncertainty.

In order to give context to this research, a bibliographical search was carried out for the
terms “newsvendor model” and “agri-food supply chain” in the Scopus®, Web of Science®,
and Google Scholar® databases. The specific fields and keywords applied are detailed in
the search protocol summarized in Table 1. The search retrieved 8 documents from Scopus®,
3 from Web of Science®, and 68 from Google Scholar®. As pointed out before, very few
studies were identified that apply the newsvendor model to agricultural supply chains,
and no publications were found addressing its use in agriculture within Latin America or
Colombia. A selection of recent contributions is presented in Table 2.

Table 1. Protocol used in this research.

Protocol Description
Database Scopus, Web-of-Science (WOS)
Search Field Title, Keywords, and Abstract, Especially Title

Query and results

Scopus: TITLE-ABS-KEY ((“newsvendor model” OR “newsvendor problem” OR
“news-vendor model”) AND (“agrifood supply chain” OR “agri-food supply
chain” OR “agricultural supply chain” OR “food supply chain” OR “perishable
supply chain”)). Eight documents found from 2010 to 2025
Web-of-Science: TS = ((“newsvendor model” OR “newsvendor problem” OR
“news-vendor model”) AND (“agrifood supply chain” OR “agri-food supply
chain” OR “agricultural supply chain” OR “food supply chain” OR “perishable
supply chain”)). Three documents found from 2016 to 2025.

Inclusion Criteria

Document Type: Article OR Review; Language: English OR Spanish; Area of
Knowledge: Engineering, Business, Management and Accounting, Decision
Sciences, Agricultural and Biological Sciences

Exclusion Criteria

Not aligned with key words or research questions, written in a language distinct
from English or Spanish, duplicates (the same articles found in different databases)
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Table 2. Recent contributions of news vendor model in agri-food supply chains.

Reference

Methodology

Topic Focus and Remarks

[37]

Game-theoretic modeling and
equilibrium analysis

Coordination between distributors and farming cooperatives in
agribusiness supply chain management, focusing on the incentives
and mechanisms for sharing information about consumer
preferences in the presence of quality improvement investment
opportunities, with applications in perennial crops where demand
forecasting and preference prediction are uncertain.

[38]

Newsvendor-based
mathematical model.

Food supply chain management in perishable goods using
blockchain technologies, examining the impact of blockchain
implementation on the profitability of retailers and the overall food
supply chain, managing uncertain demand and high perishability.
The study investigates whether blockchain adoption and
consignment contracts can together improve profitability and
consumer trust. Applied to blockchain for traceability, reducing
costs and fraud risks, guiding contract design and risk sharing
between manufacturers and retailers.

[39]

Multi-ordering news vendor
model with Martingale Model
of Forecast Evolution

Agribusiness and operations research models (newsvendor, MMFE)
for production and forecasting decisions. The article explains how
to exploit evolving forecasts to improve production decisions and
profitability in agricultural supply chains with long lead times and
high uncertainty. All for decision frameworks for seed
manufacturers and broader agribusiness contexts, using
MMEFE-based multi-ordering strategies, clustering, and a quadrant
matrix to guide production timing and resource allocation.

[40]

Multi-location newsvendor
model integrating machine
learning

Agricultural supply chain optimization, combining
machine-learning-based image prediction with news vendor
analysis. Quantifying the economic value of image-based yield
predictions in reducing uncertainty and mismatches in agricultural
supply chains. Its applications include improving yield forecasting
accuracy, optimizing inventory and harvest allocation decisions,
supporting farmers and cooperatives in strategic planning, and
encouraging the adoption of precision agriculture technologies that
leverage Al-driven remote sensing.

[41]

Mixed-methods: qualitative
field interviews and behavioral
experiments (lab-based
newsvendor tasks).

This study explores behavioral operations in agricultural supply
chains of developing economies, focusing on whether risk-sharing
contracts (buyback, salvage) can reduce production and ordering
risks under uncertainty. It shows how biases like anchoring and
loss aversion shape decisions, with applications in African storage
systems, guidance for NGOs and policy-makers, and extensions of
behavioral contract theory to low-resource contexts.

[42]

Variational inequality model
that integrates a newsvendor
framework

Study of perishable food supply chains and railway catering
logistics, focusing on the optimization of meal distribution under
uncertain demand, perishability, and strict delivery deadlines.
Applies to high-speed rail catering operations. The authors design
an Euler algorithm combined with an augmented Lagrangian dual
approach, validated through sensitivity analyses.

[43]

Newsvendor problem and
simulation-based analysis

Traditional models often overlook search and finding costs beyond
basic ordering costs, despite their significant impact when supply is
uncertain. The study investigates how transaction costs and service
levels are affected in a perishable supply chain with multiple
suppliers and retailers, managing agricultural and seafood supply
chains, guiding sourcing strategies, and reducing procurement
inefficiencies.
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Table 2. Cont.

Reference Methodology Topic Focus and Remarks
How to allocate limited supply to sequentially opening markets
. . . under uncertainty using advance demand information (ADI)
Finite-horizon Markov Decision P . . . .
. . orecast updates received over time to improve allocation, reduce
Process with a Martingale . L L . N
[44] . misallocation risks, and maximize profit. Its applications include
Model of Forecast Evolution . .
(MMEFE) the European seed industry, pharmaceuticals, or consumer
products, showing how forecast updating can guide resource
allocation and boost profitability.
The study is situated in agribusiness supply chain management
and procurement planning, addressing the challenge of sourcing
L . perishable products under uncertain supply and demand
[13] MILP optimization model with conditions. It employs a Mixed-Integer Linear Programming

stochastic scenarios

(MILP) model to optimize procurement decisions, incorporating
stochastic demand scenarios and yield variability to capture
uncertainty.

This article

Agri-food supply chain management and sustainable agriculture,
focusing on the optimization of potato inventory decisions in
Boyacd, Colombia, under demand and price uncertainty. The core

Newsvendor problem using issue is how to reduce waste, stabilize farmer income, and improve
machine learning and Monte profitability through a data-driven decision-making process. Its
Carlo simulation-based analysis  applications include providing decision-support for smallholder

farmers and supply chain managers, identifying profitable potato
varieties, and informing agricultural policy with potential
scalability to other crops and regions.

As observed, few studies in the literature explicitly address applications of the
newsvendor model in agri-food supply chains. To the best of our knowledge, this review of
the literature did not identify any work applying documents considering the newsvendor
model to the potato agri-food supply chain. This may be because the newsvendor model
is traditionally associated with managing inventory for products that can be stored. In
agri-food supply chains, however, most agricultural products have a maximum shelf life of
two or three weeks after harvesting, provided that good post-harvest agricultural practices
are maintained [45]. After this period, products typically move directly to a distributor
capable of preserving them during sale or to the end consumer; otherwise, they become
losses and waste.

3. Case Study: The Potato Supply Chain

A potato is an exceptional all-round package of a food source, composed of approxi-
mately 79% water, with significant carbohydrate and protein contents as well as essential
vitamins and minerals that help meet energy requirements [46]. There are 4500 named
varieties of potato that trace their ancestry to the Americas, but the differences between a
cultivated potato and its wild relatives are size and palatability [46]. The potato crop was
domesticated between 6000 and 10,000 years ago in the southern Andes of Peru, north from
Lake Titicaca [47]. Wild species of the Solanum brevicaule complex (S. bukasovii, S. canasense,
and S. multissectum) are believed to have given rise to S. stenotomum, S. andigena, S. tarijense,
and S. tuberosum [47].

As shown in Figure 1, the world production of potatoes was 368.8 million tons in 2019,
371.1 Mt in 2020, and 376.1 Mt in 2021, with an average yield of 20 t/ha [48]. The largest pro-
ducers (contributing 52% of total production in the world) are currently China (22%), India
(14%), Ukraine (6%), Russia (5%), and the United States (5%). However, the best yields in
2020 were offered by United States (50.8 t/ha), New Zealand (50.7 t/ha), Denmark (44 t/ha),
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Netherlands (42.7 t/ha), and France (40.5 t/ha) [49]. Improvements in potato yield and
quality depend on two main factors: (i) favorable agronomic conditions such as soil condi-
tions, adequate irrigation, nutrients management, pest control, and disease management
(Tables 3 and 4); and (ii) the adoption of best management practices (BMPs) aimed at

enhancing yield, crop quality, and cost efficiency [50].

Production/Yield quantities of Potatoes in World + (Total)
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400M 20M
) — o —0—0 o l<.><./'\.
; o \ o/ \o/ T .\
& 350M o 18M » =
g 5 — \

o—¢
a
— g O
300M 16M

q

43

-o- World -o- World
Area harvested Production
Potatoes Potatoes

A O N

S > O O N VDN b6 >
P FH PSP RN >
P FFF P S F DD D DD DD D S S S
14 4 14 v 14 4 14 4 v 4 v 4 1’4 14 4 4 14 14 | v

Figure 1. Historic world production and yield of potato crops (source: [48]).

Table 3. Description of study varieties: Diacol Capiro and Criolla Colombia (adapted from:
(pp. 23 and 38, [51]) and (pp. 15-24, [52])).

S. tuberosum L.

S. phureja Juz &Buk

S. tuberosum L.

Aspect Diacol Capiro Criolla Colombia Pastusa Suprema
Variety PAP-68-02 Variety PAP-05-39 Variety PAP-02-37
M . Medium plant size, dark green ~ Diploid, medium plant size, slightly Large plgnt size, slightly light
orphological . . . . - green foliage, moderate
foliage, medium flowering, and  light green foliage, abundant . . .
features . . - . . . flowering, rare fruit formation,
very little fruit formation. flowering, and rare fruit formation. . 1
and high male sterility.
Highly adaptable since it is
cultivated between 1800 and It is cultivated between
3200 m above sea level (masl) It is cultivated between 2400 and 2500 and 3200 masl, with a cycle
and has a relatively late 3200 masl, with a cycle length of length of 165 days at 2600 masl,
A . ripening (165 days at 2600 masl). 120 days at 2600 masl, the yield the yield potential under
gronomic Its yield potential under tential und ti i ti i ditions i
characteristics yield p i ' potential under optimum growing  optimum growing conditions is
optimum growing conditions is  conditions is between 15 and over 45 tons per hectare (t/ha),
over 40 tons per hectare (t/ha), 25 t/ha, and there is no resting and its resting period is
and its resting period is period. 2 months at 15 °C and 75%
3 months at 15 °C and 75% relative humidity (RH).
relative humidity (RH).
Dry matter values between 21 and ~ Dry matter values between
Dry matt(ir values between 23%, suitability for processing as 21 and 23%, suitability for
. 20 and 23%, light cream flesh .
Quality precooked frozen and canned, processing as precooked frozen
color and good response to . - :
f excellent culinary quality for fresh ~ and canned, excellent culinary
racture. - . .
consumption. quality for fresh consumption.
Potato blight (Phytophthora Potato blight (Phytophthora
infestuns) Potato blight (Phytophthom infestuns) infestans)
Susceptibility Wallroth (Spongospora Wallroth (Spongospora subterranean) ~ Wallroth (Spongospora
subterranean) Potato yellow vein virus (PYVV) subterranean)

Potato yellow vein virus (PYVV)

Potato yellow vein virus (PYVV)

Water requirement

400-700 mm [53].

Average annual rainfall of 900 mm,
of which 500 mm is required during
the vegetative period.

400-700 mm [53]
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Table 4. Factors influencing potato growth and development.

Factor

Influence

Photosynthesis

More than 90% of the dry weight accumulated by the potato plant is derived from the fixation
and assimilation of CO; and the process of photosynthesis through the canopy structure.

Leaf structure

Stomata are present on both sides of the leaf surface. Some varieties have low photosynthetic
rates in the early stages of development; however, after tuberization, the CO, assimilated by the
leaves increases two to three times.

Light intensity and temperature

Maximum photosynthetic rates are found in the range of 15 to 25 °C, stomatal conductance
peaks at 24 °C, and maximum photosynthetic values in potato are recorded between 9:00 am
and 2:00 pm under Colombian conditions. Temperatures between 15 °C and 19 °C are optimal
for tuber growth.

The tuber functions as a dumping ground: the rate of net assimilation (photosynthesis) is

Tuber growth controlled by the demand and the size of the tuber, having a maximum period at the flowering
stage. Tuber growth is related to increases in the photosynthetic capacity of plant leaves.
This is one of the main factors regulating tuberization because the photoperiod influences tuber
Day length protein and starch synthesis. Andigena subspecies from the Andes of South America require

short days for tuberization, while tuberosum subspecies varieties require long days.

In Colombia, the potato crop contributes approximately 3.3% to the Gross Domestic
Product (GDP), with an annual consumption of around of 35 kg per person. There are
2.02 million hectares suitable for potato cultivation (installed capacity), and more than
100,000 producers are engaged in potato farming, of which 80% cultivate less than one
hectare. Currently, the main varieties cultivated are the Diacol Capiro variety (R12), Pastusa
Suprema variety, and Criolla Colombia variety. By 2023, the projection indicated a total
planted area of 112.975 hectares, a production of 2.57 million tons, and an average yield
of 22.7 t/ha. The largest potato producers are in the departments of Cundinamarca (36%),
Boyaca (27%), and Narifio (21%) [54]. In 2023, the potato crop sub-sector faced significant
challenges due to rising production costs, shortage of certified seed, labor scarcity, and
increased logistic costs, particularly transportation caused by poor road conditions [55].

The “Diacol Capiro” potato variety (ICA), belonging to Solanum tuberosum L. family, is
also known as R12 and is registered as ICA PAP-68-02. This variety is widely cultivated
in Colombia, preferred for processing in both flakes and sticks because of its light cream
flesh color and good response to fracture ([51], p. 23). Diacol Capiro is planted in the
departments of Cundinamarca, Boyacd, and Narifio in Colombia, and the crop is highly
sensitive to water deficit, which is the most limiting factor in production [53]. The main
characteristics of this variety are described in Table 3. The Pastusa Suprema variety is
cultivated primarily in the department of Narifio. It has a tall plant habit, slightly light
green foliage, moderate flowering, and high male sterility. It produces uniform tubers,
with a high proportion in the first category (diameter > 7 cm). It is relatively late (165 days,
2600 masl.). Its yield potential under optimum growing conditions is over 45 t/ha, with a
2-month resting period (15 °C and 75% R.H.), and it is susceptible to PYVV. This variety
has replaced in high proportion the main traditional variety in Colombia (potato variety
“Parda Pastusa”) [56]. The potato variety “Criolla Colombia” is a highly accepted variety
in the country; it is grown in different regions and in different soil conditions, and its
yield potential under optimum growing conditions is between 15 and 25 t/ha [51]. The
nutritional value of this potato is higher than that of R12 [52].

This paper focuses on the Department of Boyacd, located in the Andes region of Colom-
bia. Known for its robust agricultural production, particularly in terms of tubers, bananas,
coffee, and other crops; the region’s favorable climatic conditions make it ideal for potato
cultivation. The annual production is about 950,000 tons over 50,000 hectares [57]. Due to
the variability in prices and market demand for potatoes in Boyacd, the simulation process
carried out in this paper was run using reliable historical data provided by the Colombian
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Federation of Potato Producers (named FEDEPAPA in Spanish) from 2012 to 2024. A total
of 29,868 data points regarding demand and 43,055 data points regarding prices were
obtained from all the municipalities of Boyacd, being the large distribution center of the
country. The results of this work provide recommendations for the 80 potato-producing
municipalities in Boyacd, suggesting improved monthly inventory levels throughout the
year to maximize income by effectively meeting demand.

4. Materials and Methods

The proposed resolution method integrates the newsvendor model, Monte Carlo sim-
ulation, and machine learning techniques (see Figure 2) to optimize inventory management
in the potato agri-food supply chain. The newsvendor model, described next, provides
a mathematical framework for determining the optimal order quantity that balances the
costs of overstocking and understocking. This model incorporates stochastic elements such
as fluctuating market prices and variable demand levels, which are derived from historical
data. The combination of these three methods was selected to address the complex and
uncertain nature of inventory management in the potato supply chain. The newsvendor
model provides a robust mathematical framework for determining optimal inventory levels
under uncertain demand and price conditions. Monte Carlo simulation allows us to explore
a wide range of possible scenarios by generating random samples based on fitted proba-
bility distributions, helping to capture real-world variability. Machine learning enhances
the approach by improving predictive accuracy and enabling dynamic decision-making. It
is particularly useful in further extensions of this work when considering external factors
such as weather, seasonality, and market trends that influence demand. Since no previous
work in the literature combines these three methods (as noted in the previous section), the
goal of this study is to analyze the benefit of using this integrated approach, rather than
designing extensions that may be difficult for practitioners to implement. By integrating
these methods, the study leverages the strengths of each: analytical rigor, scenario flexibil-
ity, and data-driven adaptability, resulting in a comprehensive solution that goes beyond
traditional inventory models.

Optimal
Input |:> Newsvendor ‘:> il
Data Model Values
Historical
Analyses
Goodness- |:> Scenano E:>Egpected
utput
of fit Tests Simulations Values
Machine |:> Refined
. Output
Learning Values
Weather, Prices

Seasonality, Other
external factors

Figure 2. Overview of the solution approach.

Demand for products in real-world settings is inherently random and uncertain,
particularly in agri-food supply chains due to the impact of unpredictable and disruptive
events, such as global warming, climate change, environmental factors, crop pests and
diseases, and competitive markets challenges, among others. The newsvendor, or newsboy,
problem “concerns a stock that should be replenished once to respond to a random demand.
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Initially, this stock is empty, and the goal is to define the quantity I to introduce in the
stock to reach the greatest profit” [26]. In its classical formulation, the selling price is
assumed to be greater than the production cost, which, in turn, is greater than the salvage
value (see Equation (1)). The probability distribution function of demand is obtained
from historical data through goodness-of-fit tests, while the crop yield, cultivated area,
production cost, and salvage value are treated as deterministic. Holding cost, setup cost,
and initial inventory are not considered in this specific case. Table 5 presents the definition
of the variables in the mathematical model.

p>c>0>0 (@)
Probability:
f(x) : probability distribution function of the demand.

F(x) : probability density function of the demand.

Maximize the expected value of profit Q(I):
E[Q(I)] = Selling revenue + Salvage revenue — Production cost

E[Q(I)] = E[p min(I, D)] + E[v max(0,I — D)] —cI (2)
Relation (2) can be rewritten as:

I

E[Q(I)] = p/OI xf(x)dx+pl./x:0f(x)dx+v/ (I —x)f(x)dx —cl (3)

x=0
The function E[Q(I)] is convex regarding I; thus, to maximize, we write that its
derivative is equal to O:

% =p(1—F(I))+vF(I)—c=0
Finally:
1({pP—°¢
=)
According to Equation (1):
0< =% <1
p—v

This is a necessary condition to compute Equation (3).

Monte Carlo simulation was employed to generate random samples of demand and
price based on their fitted probability distributions. This simulation process enables the
exploration of various scenarios, including optimistic, conservative, and pessimistic yield
and price conditions. By simulating these scenarios, the model estimates the expected
monthly profit and identifies the optimal inventory levels that maximize profitability, as
described in Section 5.2.

The machine learning model, detailed in Section 5.3, was applied to further refine the
decision-making process. The machine learning model uses historical data to predict future
demand and incorporates overproduction and shortage costs to optimize output. By simu-
lating the variables affecting potato demand, such as weather, prices, seasonality, and other
external factors, the model provides a dynamic and accurate decision-support framework.
The integration of these techniques ensures that the potato supply chain is both efficient
and resilient, capable of adapting to changing conditions and maximizing profitability.
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Table 5. Definition of variables.
Explanation i
Symbol News \I;en dor Model Case Study Type in Case Study
y Crop yield. Crop yield in tons per hectare (t/ha). Deterministic
a Cultivated area. Cultivated area in hectares (ha). Deterministic
Production cost (or purghasmg cost) per item Production cost in USD/ha. Deterministic
used to replenish the stock.
v Salvage value per item (price at which one Salvage value in USD/t. This is the price at Deterministic
item can be sold after a given death line). which each ton is sold when oversupplied.
p Selling price of one item. Selling priceof the grower in dollats per tons gy gt

The proposed framework is based on several assumptions frequently found in the
newsvendor model. First, a single-period horizon is considered, reflecting the short post-
harvest shelf life of potatoes and the monthly planning cycles typically used by smallholder
farmers in Boyacd, Colombia. Second, the model assumes independence between demand
and price, supported by historical data analysis showing weak correlation between these
variables in the region. Finally, the perishability of products (i.e., potatoes) is considered
by incorporating a salvage value for unsold inventory, representing the reduced price
at which surplus potatoes can be sold before spoilage. These assumptions simplify the
complexity of real-world dynamics but remain consistent with the operational context of
the case study. In addition, these assumptions of the newsvendor model also allow for
tractable decision-support. Extensions of the model, such as multiple periods or more
detailed perishability modeling, can be explored in future research, as discussed in the final
section of this paper.

5. Results
5.1. Data Fit

For fitting price and demand parameters, historical data on potato sales prices in
Colombian pesos (COP) per kilogram and by variety from 2012 to 2023 were utilized,
comprising a dataset of 43,055 observations nationwide. For the department of Boyaci,
4944 records of potato sales prices per kilogram across the Diacol Capiro, Criolla Colombia,
and Pastusa Suprema varieties were analyzed. Price data were examined using information
from the last two years, applying an average rate of 1 USD = 4270 COP. To determine the
demand parameter, Colombian data on potato supply by variety from 2019 to 2024 were
analyzed. This dataset included 71,796 observations nationwide and 29,868 specific to the
department of Boyaca. All data were sourced from [54]. Historical price and demand data
were fitted to specific probability distributions using the Expert fit tool in the FlexSim®

® simulation software version 16.1.

software version 24.1 and the Input Analyzer of Arena
The behavior of prices and demands, goodness-of-fit tests, and histograms are presented in

Figures 3 and 4, while a statistical summary of these analyses is shown in Tables 6 and 7.

Histogram Diacol Capiro Variety Histogram Criolla Colombia Variety Histogram Pastusa Suprema Variety
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Figure 3. Distribution of price data by variety.
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Figure 4. Distribution of demand data by variety.

Table 6. Distribution fit and data summary of price by variety.

Distribution Fit and Data Summary of Price in COP/Kg According to Variety

Variety Diacol Capiro Criolla Colombia Pastusa Suprema
Normal Distribution Fit Normal Normal Normal
Expression NORM (1760, 702) NORM (2220, 906) NORM (1530, 583)
Best Distribution Fit Erlang Erlang Triangular
Expression 439 + ERLANG (439.3) 421 + ERLANG (450.4) TRIA (384,952,3260)
Square Error 0.016365 0.004851 0.002500
Number of Data Points 2949 4569 689
Sample Mean 1760 2220 1530
Sample Std Dev 702 906 583
Test Chi Square Test
Number of Intervals 37 18 22
Degrees of Freedom 34 15 20
Test Statistic 3730 12,200 50.6
Corresponding p-value <0.005 <0.005 <0.005
Test Kolmogorov—-Smirnov Test
Test Statistic 0.353 0.145 0.0417
Corresponding p-value <0.01 <0.01 >0.15

Table 7. Distribution fit and data summary of demand by variety. Results from the Input Analyzer
Rockwell Arena® Simulation software version 16.2.

Distribution Fit and Data Summary of Demand in Kg According to Variety

Variety Diacol Capiro Criolla Colombia Pastusa Suprema
Best Distribution Fit Normal Normal Normal
Expression NORM (9460, 4510) NORM (1620, 1860) NORM (8390, 3430)
Square Error 0.044258 0.100365 0.022695
Number of Data Points 4950 24,040 42,496
Sample Mean 9460 1620 8390
Sample Std Dev 4510 1860 3430
Test Chi Square Test
Number of Intervals 25 9 24
Degrees of Freedom 22 6 21
Test Statistic 3410 2650 1490
Corresponding p-value <0.005 <0.005 <0.005

Additionally, Figures A1-A3 in Appendix A provide further context for the price data
used in the analysis. Figure A1l illustrates the historical prices per kilogram in Colombian
pesos (COP) for the three potato varieties, highlighting trends and variability over time.
Figure A2 presents the same price data converted to U.S. dollars (USD), enabling interna-
tional comparison and showing the impact of exchange rate fluctuations on profitability.
Figure A3 displays the annual COP/USD exchange rate, which was applied to convert
local prices into USD for consistency in the simulation and profitability analysis.
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5.2. Numerical Analysis and Monte Carlo Simulation Process

Three scenarios were established for each potato variety: optimistic (O), conservative
(©), and pessimistic (P). The production cost (c) remained fixed according to yield levels,
while the selling price (p) was considered both fixed and variable, depending on the variety
and scenario. A total of 18 scenarios were analyzed in the case study, as shown in Table 8.
The production cost ¢, expressed in USD per ton, is a constant value representing the
average from the last two years’ data and is linked to an expected yield in tons per hectare
(t/ha): higher yields result in lower production costs, thereby indicating more favorable
scenarios.

Table 8. Scenarios for the simulation with price being fixed.

Variable Criolla Colombia Variety Diacol Capiro Variety Pastusa Suprema Variety
Scen.arlo: optlmlstm_ (O.),. o C P o C P o C P
conservative (C), or pessimistic (P)

Yield (t/ha) 15 12 7.5 25 20 12.5 25 20 12.5
Selling price (p) in USD/t 732 520 308 577 412 248 495 358 222
Production cost in USD/t 436 545 871 332 415 664 323 404 647

The simulation process was conducted using Monte Carlo simulation [58], and the
inverse transform method was applied to generate random variables [59]. Box plots of
expected monthly profit in millions of USD are presented in Figures 5-7, corresponding
to the inventory level that theoretically maximizes profitability I = F~! 5:;), across
different scenarios and potato varieties. Statistical tests were performed to verify normality,
homogeneity of variances, and independence of the simulated data. ANOVA (analysis
of variance) was subsequently conducted, yielding a p-value of 5.7 x 10-2*!, indicating
statistically significant differences between the groups. The box plots for the three varieties
show that, in most scenarios, the median and interquartile range (50% of the data) are close
to zero. Expected profitability is observed only in optimistic scenarios where the price
conditions are favorable. The Diacol Capiro and Pastusa Suprema varieties exhibit greater
variability in profitability across scenarios, reflecting higher price deviations compared to
the Criolla variety. Additionally, these varieties generally yield more tons per hectare. How-
ever, they are also more susceptible to diseases and climatic variations that can negatively
affect the crop.

Monthly Profit according scenarios in Criolla variety
$.15000
o m Optimistic (Deterministic
$.1000 e . price)
[ ]
Conservative (Deterministic
a $.05000 price)
7
E $- u Pesimistic (Determlmstlc
e price)
§ -$.05000 B Optimistic (Stochastic price)
= -$.1000 g Conservative (Stochastic
price)
-$ 15000 ° B Pesimistic (Stochastic price)
-$.2000

Figure 5. Boxplot of monthly profit for Criolla variety.
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Figure 6. Boxplot of monthly profit for Diacol Capiro variety.
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Figure 7. Boxplot of monthly profit for Pastusa Suprema variety.

5.3. Machine Learning Model

A machine learning model was developed in Python 2 using the open-source Jupyter
Notebook® 7.1 environment to calculate the optimal monthly inventory level in the
newsvendor model (NVM). This model determines the optimal tons of potato variety
to be produced monthly in Boyaca, with the goal of maximizing profitability. The model
incorporates overproduction and shortage costs to optimize output. Variables affecting
potato demand, such as weather, prices, seasonality, and other external factors, were sim-
ulated by generating 1000 random samples. Demand, modeled as a normal distribution
based on the goodness-of-fit test results previously presented, combines these variables
with added noise to reflect real-world variability. Data is split with 80% for training and 20%
for testing using the train_test_split function from the scikit-learn library, an open-source
Python library often used for machine learning [60]. The machine learning component was
implemented using a linear regression algorithm, selected for its interpretability and suit-
ability for modeling continuous variables (i.e., demand). This choice aligns with the goal of
providing a transparent and explainable decision-support tool for agricultural stakeholders.
While more complex algorithms could be considered, the use of linear regression ensures
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that the model remains accessible and avoids the opacity often associated with black-box
approaches. Profitability calculations incorporate revenue, production costs, and additional
overproduction or shortage costs, allowing for monthly net profit estimates in millions of
dollars. Finally, a five-year simulation is conducted to estimate the expected cumulative
profit over 60 months, with a 95% confidence interval for the monthly inventory level that
maximizes profit. The model was executed100 times through a simulation loop, generating
new random data at each run. Forecasting accuracy was evaluated by comparing predicted
demand against historical data distributions, and the results showed low variance and
stable performance across runs. This approach captures the variability in the system and
provides a more accurate view of the optimal expected quantities and benefits over the
five years.

The key results from the machine learning model are presented in Table 9. Total
profit (or loss), in million USD, over the five-year period is reported, along with the
optimal monthly inventory quantity (in tons) and a 95% confidence interval for optimal
monthly inventory (in tons). From the three varieties under study in this paper, the Diacol
Capiro variety and Pastusa Suprema variety obtained an average loss of, respectively,
USD 1.05 million and USD 1.55 million, while the Criolla variety achieved an average total
profit of USD 0.17 million over the 5 years (based on 100 simulations), with an average
optimal inventory quantity of 49.56 tons. A 95% confidence interval was also computed for
the optimal monthly inventory quantity, ranging between 49.1 and 50.1 tons. The profit
histogram in Figure 8 shows that the model exhibits low variability, indicating consistent
result predictions.

Table 9. Results from machine learning model.

Results Criolla Variety Diacol Capiro Variety Pastusa Suprema Variety
Total profit or loss over 5 years (million USD) 0.17 -1.05 —1.55
Optimal monthly inventory quantity (tons) 49.56 283.23 250.68

95% confidence interval for optimal monthly
inventory (tons)

[49.1; 50.1] [282.1;284.4] [249.8; 251.6]

Distribution of Total Profits over 5 Years (100 Simulations)

16 A

14

Frequency
©

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Total Profit (Millions of USD)

Figure 8. Distribution of expected profit for 5-year period using machine learning model, Criolla
Colombia variety.
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5.4. Validation and Reliability

To ensure the validity and reliability of the results, several statistical tests were
conducted, as previously noted. In particular, in the Monte Carlo simulation process
(Section 5.2), normality, homogeneity of variances, and independence of the simulated
data were verified, followed by an ANOVA test that confirmed statistically significant
differences between scenarios (5.7 x 10~23!). For the machine learning model (Section 5.3),
an 80/20 train—test split was applied to validate predictive performance, and the model
was executed 100 times through a simulation loop to capture variability. A 95% confidence
interval was computed for the optimal monthly inventory quantity, and the resulting profit
histogram exhibited low dispersion, indicating consistent and robust predictions. These
procedures confirm the reliability of the proposed framework and reinforce the credibility
of the findings.

6. Discussion and Insights on Policy-Making

This study proposed an approach to address how the integration of the newsvendor
model, Monte Carlo simulation, and machine learning can optimize inventory decisions
and improve profitability for smallholder potato farmers under uncertain demand and price
conditions, with a particular focus on the department of Boyaca, Colombia. The results
demonstrate that this hybrid approach enables more accurate inventory planning, reduces
waste, and supports sustainable practices. The implementation of the newsvendor model
in Boyacd’s potato supply chain provided a concrete method for managing uncertainty
in prices and demand (a common challenge for local producers in the region). Unlike
traditional methods, the integration of Monte Carlo simulation and machine learning offers
flexibility to adjust decisions on a monthly basis, considering climate events and market
fluctuations observed in recent years. For instance, during the years 2022 and 2023, the
prices for the Criolla Colombia potato variety showed peaks that cannot be explained
solely by seasonality but rather by logistics and supply issues. The ability of the proposed
model to anticipate these changes, based on historical data and simulations, does represent
a significant improvement over empirical management practice. Recent works in the
literature (see, for example, [61]) support the need for analytical tools tailored to local
contexts. Our results also suggest that adopting digital technologies, such as traceability
platforms, could complement decision-making and strengthen sectoral resilience [62].

The proposed hybrid approach combines three complementary methods to address
uncertainty in inventory decisions. Specifically, the newsvendor model provides a math-
ematical basis for identifying optimal inventory levels, Monte Carlo simulation captures
variability in demand and price through probabilistic scenarios, and machine learning
refines predictions by learning from historical data patterns. These elements work to-
gether to produce results that are both analytically sound and practically relevant. The
discussion that follows connects these findings to the research objectives and explores their
implications for supply chain decision-making.

As illustrated by the figures that follow, potatoes play a vital role in the global food
system, not only in Colombia. Indeed, in the United States, the potato industry is a major
economic driver, contributing over USD 100 billion and supporting hundreds of thousands
of jobs, as reported by the National Potato Council [63], while in Europe in 2023, the
potato sector contributed approximately EUR 19.4 billion to the EU’s agricultural output,
representing 3.8% of the total value [64,65]. In Colombia, potato production reached about
2.57 million tons last year, making it a cornerstone crop, especially in the Andean region
where it supports both small-scale and commercial farmers [66]. These figures highlight
why improving supply chain management is essential, not only to boost profits but also to
ensure long-term sustainability for growers.
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In addition, the economic significance of the potato sector underscores the need for
targeted policies that support its sustainability and growth. The substantial contributions
of the potato industry to national economies, as highlighted by various reports, indicate
the potential for impactful policy interventions. For example, policies aimed at improving
supply chain flexibility and responsiveness can help mitigate the adverse effects of market
disruptions [67]. Furthermore, policies that encourage collaboration between farmers,
distributors, and technology providers can facilitate the adoption of innovative practices,
thereby enhancing the overall efficiency of the supply chain. These measures can ensure
that the potato sector remains robust and capable of contributing to food security and
economic stability [68].

The findings from this research offer practical guidance for policy-makers wanting to
improve the resilience and efficiency of the potato supply chain. The use of the newsvendor
model provided a better understanding about how unpredictable demand and price can
affect producers. The use of advanced inventory management tools and machine learning
techniques could support both farmers and distributors to make better decisions, cut down
on waste, and improve profitability [67]. In parallel, the incentives from the government for
the use of digital technologies to track supply chain data can build trust and transparency
among the different actors of the supply chain [68].

In addition, the economic importance of the potato sector puts in evidence that tar-
geted policies are needed to support its long-term sustainability and growth. Reports
from different regions show how much the industry contributes to national economies,
suggesting that well-designed policies could have a real impact. For example, policies
that make the supply chain more flexible and responsive can help mitigate sudden market
changes [67]. It is also important to encourage collaboration between farmers, distributors,
and technology providers, as this can speed up the adoption of new practices to improve
supply chain efficiency [69]. On another point, while the model identifies profitability differ-
ences among potato varieties, the recommendations must be considered alongside practical
constraints faced by smallholder farmers, not only for the case study in Boyacé, Colombia
but also with a more general view when scalable to other countries or regions. The academic
literature has witnessed these issues already (see for example [70-73]). Switching from one
variety to another often involves costs related to seed acquisition, agronomic adaptation,
and changes in cultivation practices, which may not be feasible for farmers with limited
resources. Additionally, cultural preferences and traditional knowledge play a central
role in variety selection. Studies in Boyaca have shown that native varieties, particularly
the Criolla types, are deeply embedded in local food traditions and valued for their taste,
cooking properties, and ritual uses. Market acceptance also varies by region, and consumer
demand often favors familiar varieties over new ones, even if the latter offer higher yields
or nutritional benefits. These factors can limit the immediate adoption of model-driven
recommendations. Therefore, complementary support measures (e.g., training programs,
financial incentives, targeted market development) are essential to facilitate transitions
toward more profitable and sustainable production strategies.

It is important to note, however, that this study has also some limitations. On one
hand, the analysis relies on historical data from a specific region and crop, which may limit
the generalization of the findings to other contexts or agricultural products. Despite this,
the approach is indeed scalable. On the other hand, the employed simulation and machine
learning models do depend on the quality and completeness of available data (as is the
case of any machine learning method); so, gaps in data or data inaccuracies could affect
predictive performance. Finally, some factors were not explicitly modeled in this study, like
policy changes, climate events, or market disruptions, and they could influence real-world
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outcomes. Broader datasets, additional variables, and real-time data integration should be
considered in future studies to validate and extend the proposed approach.

From a policy-making perspective, our findings can offer practical guidance for agricul-
tural planners, supply chain managers, and even governments. The proposed framework
can help shape inventory strategies that account for seasonal demand changes and market
volatility. This is of special interest in regions where smallholder farmers dominate pro-
duction. By combining predictive analytics with simulation, decision-makers can make
more informed choices about resource allocation, procurement planning, and reducing
post-harvest losses. In addition, the model can support the design of targeted programs,
such as seed distribution, subsidies, or investment in infrastructure (better land transporta-
tion networks, cold storage facilities, digital supply chain platforms), by identifying which
crop varieties and inventory levels are most likely to deliver better economic development
in terms of both financial outputs and social wellbeing.

7. Conclusions and Perspectives

This paper presented a case study of the potato supply chain in Boyacd, Colombia,
aimed at addressing the challenges of inventory optimization. The goal particularly focused
on supporting smallholder farmers. We developed a data-driven framework that integrates
the newsvendor model, Monte Carlo simulation, and machine learning techniques to
manage stochasticity and uncertainty in demand and prices. The experience gained in this
study demonstrates that combining mathematical modeling approaches with simulation
techniques can transform inventory management in agricultural supply chains. This
approach not only aligns with sustainable agri-food practices but also emphasizes the
importance of integrating digital technologies to enhance transparency and efficiency
within the supply chain. The results, especially for the Criolla Colombia variety, show
that it is possible to identify optimal inventory levels that minimize losses and stabilize
income, even in highly volatile scenarios. It is important to note that this approach, far
from being a universal solution, must be adapted to the specific characteristics of each
region and crop. In the Colombian case, the availability of historical data and collaboration
with organizations like the Colombian Federation of Potato Producers (FEDEPAPA) were
essential for validating the model.

In this context, it is important to recall that the main contribution of this study lies
the integration of three analytical techniques to address inventory optimization under
uncertainty in the potato supply chain: the newsvendor model, Monte Carlo simulation,
and machine learning. The combination of these methods provides a practical decision-
support tool for smallholder farmers.

For future research, it would be relevant to explore the impact of additional variables,
such as access to credit, logistics infrastructure, and the adoption of emerging technolo-
gies (IoT, blockchain), to support decision-making. Investigating the effects of climate
change on potato production and supply chain dynamics could offer valuable insights
for developing adaptive strategies. Considering the proposed hybrid approach, future
studies could improve it by exploring advanced extensions of these methods, such as multi-
period newsvendor models, deep learning algorithms for demand forecasting, or hybrid
simulation—optimization frameworks. These extensions may lead to improvements in the
scalability of inventory management solutions in agri-food supply chains. In addition,
examining the socio-economic implications of adopting advanced inventory management
systems in small-scale farming operations could help tailor solutions to diverse agricultural
contexts. This, in turn, could foster stronger collaboration between academia, the produc-
tive sector, and government to scale these tools, to promote sustainable practices, and to
support policy-making for the agricultural sector.
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Appendix A

Behavior of prices per kilogram in COP according to variety
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Figure A1. Historical prices per kg in COP according to variety (source: [54]).
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Figure A2. Historical prices per kg in USD according to variety (source: [54]).
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Figure A3. Exchange rate of COP/USD per year (source: www.superfinanciera.gov.co, accessed on

11 October 2024).
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