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Abstract 

This working paper develops a methodological approach for integrating mathematical optimization 

with a digital twin environment in the analysis of first-mile milk collection systems. The approach 

combines a mixed-integer linear programming (MILP) model for network design with a digital 

representation that enables the evaluation of system behavior under changing operating conditions. 

The optimization model determines the baseline configuration, including the location of collection 

points, capacity allocation, and producer assignments. This configuration is then embedded into the 

digital twin, where its performance is examined under a representative perturbation scenario 

involving a 20% reduction in milk supply. The analysis shows that the baseline configuration, while 

efficient under nominal conditions, is sensitive to variations in supply, leading to reduced utilization 

and higher unit costs. Allowing limited operational adjustments within the fixed network structure 

improves performance, although economic indicators do not fully return to baseline levels. The 

results also reveal uneven effects across performance dimensions, indicating the presence of trade-

offs between economic, operational, and environmental outcomes. The contribution of this study lies 

in connecting optimization-based design with a digital evaluation environment that enables the 

assessment of network configurations beyond their initial formulation. The approach provides a 

structured way to examine how a given design responds to changing conditions without requiring 

immediate structural modifications. The analysis is illustrative and intended to demonstrate the 

integration mechanism. Future work will extend this approach through systematic scenario design, 

quantitative validation, and the incorporation of real-time data. 

Keywords: digital twin; first-mile logistics; milk collection systems; supply chain optimization; 

mixed-integer linear programming (MILP); scenario-based evaluation; adaptive decision-making; 

agro-industrial supply chains; network design; system resilience 

 

1. Introduction 

Digital transformation in agri-food systems has gained significant momentum over the past 

decade, driven by the convergence of Internet of Things (IoT), artificial intelligence (AI), and, more 

recently, digital twin (DT) technologies [1]. Within agricultural contexts, digital twins are understood 

as dynamic representations of physical systems that integrate data streams, enable scenario 

exploration, and support decision-making under uncertainty [2]. Their potential extends beyond 

operational efficiency, including improved adaptability to environmental variability and increased 

resilience in production systems [3,4]. Despite this potential, their implementation in agricultural and 

livestock systems remains uneven and, in many cases, still exploration. In dairy systems, existing 

contributions have largely concentrated on monitoring and control at the process or animal level [5]. 

For example, digital twin architecture for dairy cows has enabled the integration of sensor data, 

positioning systems, and machine learning models to capture behavioral patterns and health 
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indicators, offering decision support for farm management [6]. These approaches demonstrate strong 

technical feasibility, particularly when combining multimodal data and learning algorithms. Their 

scope, however, is largely confined to perception and analytics, with limited extension toward 

broader operational or network-level decisions. 

Additional contributions have emerged in dairy processing environments [7,8]. Recent studies 

integrating computer vision, IoT sensing, and machine learning have shown that key process 

variables—such as acidity during fermentation—can be estimated in near real time, reducing reliance 

on labor-intensive measurements and enabling more responsive control systems [8]. his reduces 

reliance on manual measurements and supports more responsive control strategies. Nevertheless, 

these developments are typically restricted to intra-facility operations and do not address the 

complexity of upstream logistics, where decisions involve multiple actors, distributed infrastructure, 

and significant uncertainty. 

A closer examination of the literature reveals that most current agricultural implementations fall 

short of fully realized digital twins. Many systems operate as digital shadows, where data are collected 

and analyzed but rarely fed back into the physical system through automated or adaptive control 

mechanisms [9]. This partial integration reflects both technological and contextual challenges, 

including limited cyber–physical connectivity and the inherent variability of agricultural 

environments [10]. Consequently, DT applications remain fragmented, often addressing isolated 

components without achieving integrated decision-support capabilities [11]. At the same time, 

research on agri-food logistics, particularly first-mile systems for perishable products such as raw 

milk, has developed along a different trajectory. Optimization-based approaches have been widely 

used to design collection networks, focusing on strategic decisions such as facility location, producer 

allocation, and storage capacity [12]. These models provide valuable insights into cost efficiency, 

environmental performance, and system sustainability, frequently within multi-objective or robust 

optimization frameworks.  

However, these approaches are typically formulated as static or scenario-based problems, with 

limited capacity to represent how the system behaves once a configuration has been selected. 

Although uncertainty is often incorporated through stochastic or robust formulations, the evaluation 

of system performance under evolving operational conditions remains limited [13]. Simplifications 

in the interaction between supply variability, transportation conditions, and infrastructure decisions 

further constrain the ability to capture real system dynamics [12]. These constraints hinder the 

evaluation of how designed systems perform when exposed to disruptions such as supply 

fluctuations, transportation delays, or infrastructure failures. 

These two research streams, digital twins in agricultural systems and optimization models for 

agri-food logistics, have developed in parallel, with minimal integration. DT research has advanced 

in representing and monitoring physical processes, yet its application to logistics network design and 

evaluation remains limited. Conversely, optimization models provide rigorous tools for determining 

efficient configurations but lack mechanisms to assess their performance dynamically or adaptively 

once implemented. This disconnect becomes particularly critical in first-mile dairy logistics. The 

collection of raw milk from dispersed producers to cooling or aggregation points involves tightly 

coupled decisions on location, allocation, and capacity, all within an environment characterized by 

supply variability, infrastructure constraints, and the perishability of the product. Although these 

systems play a pivotal role in ensuring product quality and supply chain continuity, existing 

approaches largely treat them as static design problems, without incorporating digital tools that 

enable continuous monitoring, simulation, and adaptive decision-making. 

Addressing this gap requires moving beyond isolated modeling or monitoring approaches 

toward integrated frameworks that connect design and operation. In this context, digital twins offer 

a promising pathway, as they allow the representation of system states and the evaluation of 

alternative conditions over time. Building on this premise, this study proposes a methodological 

integration between optimization-based design of first-mile milk collection networks and a digital 

twin approach oriented toward decision support. The proposed framework enables the evaluation of 
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network configurations under changing conditions, incorporating economic, logistical, and 

environmental dimensions. By linking design decisions with system behavior, the study contributes 

to improving the assessment of logistics performance in agro-industrial supply chains. 

2. Literature Review 

The literature on digital twins in agro-industrial systems has grown rapidly, supported by 

advances in sensing, data processing, artificial intelligence, and cyber–physical integration [14]. In 

agriculture, digital twins are generally presented as digital representations capable of linking 

physical processes with data-driven models, simulation tools, and decision-support mechanisms 

[15,16]. Their value lies in the possibility of observing system states, anticipating changes, and 

evaluating alternative responses before interventions are implemented in the physical system. 

However, the practical maturity of these systems remains uneven. Many developments still 

emphasize data acquisition and visualization, while the transition toward feedback, control, and 

operational adaptation is less consolidated [10]. Dairy-related applications reflect this situation. One 

group of studies has focused on animal monitoring, where sensors, positioning systems, and machine 

learning techniques are used to identify behavioral patterns and support herd management. Zhang 

et al. [6] propose a digital twin architecture for dairy cows that integrates data from positioning 

sensors and inertial devices, combined with machine learning models to identify feeding and 

behavioral patterns. This type of work is valuable because it shows the technical feasibility of 

constructing animal-level digital representations. Its contribution, however, remains located mainly 

at the perception and monitoring level, without extending the digital twin toward logistics network 

decisions. A second group of studies has explored digital twins in dairy processing. Adeleke et al. [8] 

show how computer vision, IoT sensors, and machine learning can be combined to estimate variables 

such as pH and titratable acidity during fermentation. This line of research contributes to process 

monitoring and control, especially in operations where conventional measurements are time-

consuming or intrusive. Still, the unit of analysis is the processing environment, not the upstream 

collection network. The coordination of producers, routes, tank capacities, and collection decisions 

remains outside the scope of these contributions. 

Beyond these specific developments, recent reviews on digital twins in agriculture converge on 

a similar conclusion: most current applications remain fragmented [17]. Monitoring-oriented systems 

dominate where information flows from the physical environment to the digital model, but without 

closing the loop through feedback mechanisms that enable active intervention in the system [18]. This 

situation has been described as an incomplete transition from digital shadows toward fully functional 

digital twins, in which bidirectional interaction and control capabilities constitute essential elements. 

Consequently, digital twins remain primarily limited to decision-support roles for human operators, 

lacking the characteristics of integrated adaptive management systems. 

The literature on first-mile agro-industrial logistics has followed a different path. In this field, 

mathematical optimization has been used to design collection networks, allocate producers, define 

capacities, and evaluate economic and environmental trade-offs. For the raw milk collection problem, 

Polo et al. [12] formulate a robust logistics model that considers cooling tank location, producer 

assignment, net present value, CO₂ emissions, and robustness evaluation through FePIA (Features–

Perturbation–Impact–Analysis). This contribution is directly relevant because it addresses the 

structural decisions that define the first-mile dairy network. 

Even so, optimization-based approaches face an important limitation when they are used as 

stand-alone design tools. They usually determine a configuration under baseline assumptions or 

predefined scenarios, but they provide limited support for evaluating how that configuration 

behaves after implementation. The network may be optimal under the modeled conditions and still 

lose performance when supply, transport conditions, or capacity availability change. Studies on 

robust and stochastic optimization recognize the importance of uncertainty, yet the dynamic 

assessment of already-designed systems remains underdeveloped. In particular, the literature 

highlights the need to incorporate robust metrics capable of capturing system behavior under real 
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disturbances, beyond the initial optimization stage [19]. On the other hand, the interaction among 

key variables—such as milk supply variability, transportation conditions, and storage capacity—is 

often simplified, which restricts the ability to accurately represent the operational dynamics of these 

systems [12]. 

This separation between digital twin research and logistics optimization defines the gap 

addressed in this working paper. Digital twin studies contribute representation, monitoring, and 

simulation capabilities, but rarely incorporate prescriptive models for first-mile dairy logistics. 

Optimization studies provide rigorous tools for network design, but they do not usually embed the 

resulting configuration into a digital environment where its performance can be re-evaluated under 

changing conditions. The missing link is an integrated approach in which the optimized design 

becomes the starting point for a digital twin evaluation process. Four specific gaps emerge from this 

reading of the literature. The first is the limited integration between digital twins and mathematical 

optimization for first-mile milk collection systems. The second is the lack of mechanisms for 

evaluating the post-design behavior of logistics configurations under perturbations. The third is the 

insufficient joint treatment of economic, operational, and environmental indicators within a digital 

evaluation environment. The fourth is the limited evidence of these approaches in real agro-industrial 

contexts characterized by dispersed producers, heterogeneous infrastructure, and high variability in 

supply. 

This study responds to these gaps by proposing a digital twin–optimization framework for first-

mile milk collection systems. The optimization model defines the baseline network configuration, 

while the digital twin provides the environment for evaluating that configuration under changing 

operating conditions. This integration shifts the role of the model from a one-time design instrument 

to a component of a broader decision-support process. The resulting framework links network 

design, scenario-based evaluation, and adaptive operational analysis within a single methodological 

structure. 

3. Methodology 

3.1. General Architecture of the Proposed Approach 

The proposed methodology is based on the integration of a mathematical optimization model 

with a digital twin oriented toward decision support for first-mile raw milk collection. This 

integration responds to a recurring limitation in the literature: digital twins applied to the dairy sector 

have advanced in animal monitoring, behavior recognition, process control, and traceability, but still 

present limited connection with prescriptive models capable of supporting logistics design and 

operational decision-making at the network level. In this work, the digital twin is not conceived solely 

as a visualization or monitoring platform, but as a computational environment capable of 

representing the physical network, evaluating disruption scenarios, and activating the optimization 

model as an analytical core to compare decision alternatives. 

The architecture is structured into five interdependent layers. The first corresponds to the 

physical system, composed of milk producers, collection routes, transport modes, cooling tanks, 

aggregation points, and territorial conditions. The second layer corresponds to the digital 

representation of the network, where nodes, flows, capacities, costs, distances, slopes, emissions, and 

supply variables describing system operation are organized. The third layer contains the 

mathematical optimization model, responsible for defining viable logistics configurations through 

location decisions, producer–cluster allocation, capacity selection, and economic and environmental 

evaluation. The fourth layer corresponds to the simulation module, where operational parameters 

are modified to represent scenarios such as supply drops, route blockages, cost increases, or 

reductions in effective cooling capacity. The fifth layer corresponds to the decision module, where 

results are translated into indicators and recommendations for producers, associations, or logistics 

managers. This structure allows differentiating the proposed approach from current developments 

in agricultural digital twins. In several studies, digital architecture is limited to capturing data from 
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the physical system and projecting it onto an analytical interface, which is closer to a digital shadow 

than to a fully integrated digital twin. Zhang et al. [20], for example, develop an architecture for dairy 

cows based on sensors, positioning, and machine learning, useful for monitoring animal behavior, 

but focused on the perception and visualization level. Similarly, Adeleke et al. [8] integrate computer 

vision, IoT sensors, and machine learning models to monitor fermentation variables in near real time, 

although within an intraplant control problem. These contributions are valuable, but they do not 

address logistics decision-making related to location, capacity, allocation, and economic–

environmental performance of a collection network. 

In the proposed approach, the optimization model operates as the prescriptive engine of the 

digital twin. Based on network data, the model determines a base configuration: which tanks should 

be activated, what capacity should be installed, and how producers should be assigned. 

Subsequently, this configuration is embedded into the digital twin to evaluate its behavior under 

varying conditions. In this way, the mathematical model answers the design question—what 

configuration should be selected—while the digital twin addresses the operational question—how 

that configuration behaves when the system changes. This complementarity allows overcoming the 

traditional separation between static optimization models and digital monitoring platforms. The 

architecture also builds upon the first-mile model developed by Polo et al. [12], in which a multi-

objective problem for raw milk collection was formulated, considering net present value, CO₂ 

emissions, tank location, producer allocation, and robustness evaluation through FePIA. This model 

provides a suitable foundation to be reinterpreted as the analytical core of the digital twin, as it 

integrates strategic and tactical decisions with economic, environmental, and social indicators. 

However, the methodological contribution of this work lies in shifting the use of the model from a 

one-time optimization logic toward a continuous digital evaluation approach, where the selected 

configuration can be subjected to operational and disruption scenarios. 

In this way, the proposed architecture establishes a transition from a robust design model 

toward a digital twin-based decision-support system. This transition does not initially require the full 

implementation of IoT sensors or real-time control in the field. For the scope of this working paper, 

the digital twin is conceived as a computational representation fed by historical data, technical 

parameters, and simulated scenarios. This decision is consistent with the current state of digital twin 

adoption in agriculture, where many applications evolve progressively from digital models and 

digital shadows toward systems with greater cyber–physical integration and feedback capabilities. 

3.2. Mathematical Model 

The mathematical model aims to determine an efficient configuration of the first-mile milk 

collection network by simultaneously considering economic, logistical, and environmental criteria. 

The problem is formulated as a mixed-integer linear programming (MILP) model that integrates 

location, allocation, and capacity decisions. Let 𝑃denote the set of milk producers and 𝐴the set of 

candidate locations for the installation of collection points (cooling tanks). Each producer 𝑝 ∈ 𝑃 

generates a quantity of milk 𝑞𝑝, while each location 𝑎 ∈ 𝐴 is associated with a maximum capacity 

𝐶𝑎𝑝𝑎. The distance between producer 𝑝and location 𝑎is denoted by 𝑑𝑝𝑎.The decision variables are 

defined as follows. A binary variable 𝑦𝑎 takes value 1 if a collection point is activated at location 𝑎, 

and 0 otherwise. A binary variable 𝑥𝑝𝑎indicates whether producer 𝑝is assigned to location 𝑎. The 

objective function seeks to maximize the overall system performance by combining economic and 

environmental components. It can be expressed as: 

max⁡ 𝑍 = NPV− 𝐶𝑡𝑟𝑎𝑛𝑠 − 𝐶𝑖𝑛𝑠𝑡 − 𝜆𝐸 
where NPV represents the net present value of the system, 𝐶𝑡𝑟𝑎𝑛𝑠 corresponds to transportation 

costs, 𝐶𝑖𝑛𝑠𝑡  includes installation and operational costs of the collection points, and 𝐸denotes the 

emissions associated with transportation activities. The parameter 𝜆 controls the relative importance 

of environmental impact within the objective function. 
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The model is subject to a set of constraints that ensure the feasibility of the network 

configuration. Each producer must be assigned to exactly one collection point: 

∑𝑥𝑝𝑎
𝑎∈𝐴

= 1∀𝑝 ∈ 𝑃 

The total amount of milk assigned to a collection point cannot exceed its installed capacity: 

∑𝑞𝑝
𝑝∈𝑃

𝑥𝑝𝑎 ≤ 𝐶𝑎𝑝𝑎 𝑦𝑎∀𝑎 ∈ 𝐴 

This constraint ensures that capacity is only available when a location is activated. In addition, 

assignments are restricted to active locations: 

𝑥𝑝𝑎 ≤ 𝑦𝑎∀𝑝 ∈ 𝑃,  𝑎 ∈ 𝐴 

The environmental impact of the system is modeled as a function of transportation distances and an 

emission factor 𝛾: 

𝐸 =∑∑𝛾 

𝑎∈𝐴
𝑝∈𝑃

𝑑𝑝𝑎 𝑞𝑝 𝑥𝑝𝑎 

Transportation costs are defined in a similar way, as a function of distance and unit transport cost: 

𝐶𝑡𝑟𝑎𝑛𝑠 =∑∑𝑐𝑝𝑎
𝑎∈𝐴

𝑝∈𝑃

 𝑑𝑝𝑎 𝑞𝑝 𝑥𝑝𝑎 

where 𝑐𝑝𝑎represents the cost per unit distance. Installation costs are associated with the activation 

of collection points: 

𝐶𝑖𝑛𝑠𝑡 =∑𝑓𝑎
𝑎∈𝐴

 𝑦𝑎 

where 𝑓𝑎  is the fixed cost of installing and operating a cooling tank at location 𝑎. 

The model yields a baseline network configuration defined by the set of activated locations, their 

corresponding capacities, and the allocation of producers. This solution constitutes the structural 

design of the system. In contrast with traditional applications, the model is not used as a one-time 

decision tool. The resulting configuration is embedded into the digital twin and treated as a reference 

state for further evaluation. This reinterpretation allows the model to operate as part of a broader 

analytical process, where the behavior of the system is examined under changing conditions. In this 

sense, the mathematical model provides the structural foundation, while the digital twin enables the 

dynamic assessment of system performance. 

3.3. Integration Between the Optimization Model and the Digital Twin 

The integration between the optimization model and the digital twin establishes a unified 

analytical environment for evaluating first-mile milk collection systems under changing conditions. 

Optimization and simulation are not treated as independent components. A structured interaction 

links both elements, allowing the system to evolve from a static design problem into a continuous 

evaluation process. This integration reflects the presence of two distinct decision layers. Structural 

decisions determine the configuration of the network, including the selection of collection points, 

installed capacities, and producer–cluster assignments. These decisions are typically long-term and 

difficult to modify once implemented. In contrast, operational conditions—such as variations in milk 

supply, transport constraints, and cost fluctuations—change over time and directly affect system 

performance. The digital twin provides an environment where these variations can be explored 

without altering physical infrastructure. 

The process begins with the solution of the optimization model under baseline conditions. Using 

spatial, operational, and economic data, the model identifies a network configuration that maximizes 

system performance according to the defined objective function. The resulting solution specifies 

active collection points, capacity levels, and producer assignments. This configuration is not 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 May 2026 doi:10.20944/preprints202605.0004.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0004.v1
http://creativecommons.org/licenses/by/4.0/


 7 of 13 

 

interpreted as the endpoint of the analysis. It serves as a reference state that is subsequently 

embedded into the digital twin. Once embedded, the configuration becomes part of a virtual 

representation of the system. This representation incorporates both the physical structure and the 

decisions obtained from the optimization model. The distinction is important, since the evaluation is 

not limited to observed system states but also includes configurations derived from the design phase. 

Within this environment, the system is subjected to controlled perturbations that reflect realistic 

operating conditions. These perturbations include changes in supply levels, disruptions in transport 

routes, variations in logistics costs, and reductions in effective capacity. Each perturbation defines a 

new system state, allowing the evaluation of how the configuration responds to different conditions. 

The framework incorporates a hierarchical mechanism for decision adaptation. In the first level, 

the system is evaluated under perturbed conditions without modifying the network structure. This 

stage reveals the extent to which performance deteriorates when external conditions change. In the 

second level, partial re-optimization is performed by fixing structural decisions and adjusting 

operational variables, such as the allocation of producers to collection points. This step captures the 

capacity of the system to adapt without requiring structural changes. A third level considers full re-

optimization when persistent inefficiencies indicate that the initial configuration is no longer 

adequate. The interaction between the digital twin and the optimization model operates in both 

directions. Updated system states and scenario parameters are introduced into the model, while the 

resulting configurations and performance indicators are incorporated back into the digital 

representation. This feedback loop supports a continuous evaluation process in which system 

behavior is examined across multiple conditions, moving beyond a single set of assumptions. 

From a methodological perspective, this integration extends the role of optimization models 

beyond static network design. The model becomes part of a broader analytical structure that supports 

scenario analysis, sensitivity assessment, and decision-making under variability. At the same time, 

the digital twin acts as an evaluation platform, where different configurations can be examined under 

realistic conditions. This approach addresses a limitation observed in both research streams. Digital 

twin applications in agriculture often focus on monitoring and visualization, with limited 

incorporation of prescriptive decision models. Optimization approaches, on the other hand, identify 

efficient configurations but provide limited support for evaluating their behavior after 

implementation. Integrating both components enables a more complete analysis in which design 

decisions are assessed according to their performance under changing conditions. 

The proposed integration does not require real-time data in its initial implementation. The 

digital twin can be constructed using historical information, estimated parameters, and simulated 

scenarios. This allows the approach to be applied in contexts where sensing infrastructure is limited. 

At the same time, the structure is compatible with future extensions that incorporate real-time data 

streams and more advanced cyber–physical integration. Overall, the integration transforms the 

analysis of first-mile milk collection systems from a static design exercise into a dynamic evaluation 

process. The optimization model provides the structural basis of the system, while the digital twin 

enables the examination of its performance under varying conditions. Together, they provide a more 

robust foundation for decision-making in agro-industrial supply chains 

The integration between the optimization model and the digital twin transforms the analysis of 

first-mile milk collection systems from a static design problem into a dynamic evaluation process. 

The optimization model provides the structural backbone of the system, while the digital twin 

enables the exploration of its behavior under varying conditions. This combined approach offers a 

more realistic and robust basis for decision-making in agro-industrial supply chains. The overall 

methodological structure of the proposed approach, including the interaction between the physical 

system, the data layer, the digital twin core, and the optimization and simulation components, is 

summarized in Figure 1. 
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Figure 1. Integrated methodological framework for the digital twin–optimization approach in first-mile milk 

collection systems. The framework links the physical milk collection network with its digital representation 

through a structured data layer that integrates spatial, operational, and economic variables (e.g., 𝑞𝑝 , 𝑑𝑝𝑎 , 

𝐶𝑎𝑝𝑎). The digital twin core acts as a dynamic and synchronized environment where the optimization model 

(MILP) defines network configurations and the scenario engine evaluates system performance under 

uncertainty. A hierarchical decision structure is incorporated, distinguishing between evaluation, partial re-

optimization, and full redesign levels. System performance is assessed using economic, environmental, 

operational, and viability indicators (FePIA), enabling continuous adaptation through a feedback loop. This 

integration transforms static network design into a dynamic decision-support process under varying operational 

conditions. 

4. Results and Discussion 

4.1. Baseline Network Configuration 

The optimization model was first solved under baseline conditions to determine the structural 

configuration of the first-mile milk collection network. The resulting solution defines the set of 

activated collection points, the allocation of producers to clusters, and the installed capacity at each 

location. The model identifies a spatially coherent configuration in which producers are grouped into 

clusters based on proximity and logistical efficiency. The selected configuration minimizes 

transportation costs while maintaining feasible capacity levels, resulting in a balanced distribution of 

milk flows across the network. From an operational perspective, the solution reflects a trade-off 

between consolidation and accessibility, ensuring that collection points are sufficiently close to 

producers while avoiding excessive fragmentation of the network. As shown in Figure 2, the fixed 

configuration exhibits significant underutilization when no adjustments are allowed, whereas partial 

re-optimization improves the distribution of flows and increases system efficiency. 
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Figure 2. Baseline network configuration (S₀) of the first-mile milk collection system. The figure illustrates the 

optimal configuration obtained from the MILP model, including the activated collection points (tanks), producer 

locations, and assignment routes. Producers are grouped into clusters based on spatial proximity and logistical 

efficiency, with milk transported through the road network to the selected collection points. Non-selected 

candidate locations are also shown for reference. The resulting configuration ensures full-service coverage while 

minimizing transportation costs and balancing installed capacity across the network. 

The baseline results provide key performance indicators, including total system cost, net present 

value (NPV), and resource utilization levels. These indicators establish a reference point for 

subsequent evaluation within the digital twin environment. Importantly, the baseline solution is not 

interpreted as a final or definitive outcome, but rather as a designed configuration whose 

performance must be assessed under varying operational conditions. 

4.2. Embedding the Optimized Configuration into the Digital Twin 

Once the baseline configuration is obtained, it is embedded into the digital twin, which acts as a 

virtual representation of the system. In this stage, the digital twin incorporates not only the physical 

characteristics of the network, but also the decision structure derived from the optimization model. 

The embedding process consists of fixing the structural variables—such as the activation of collection 

points and installed capacities—while allowing the system to be evaluated under modified operating 

conditions. This transformation is central to the proposed approach, as it enables the analysis of 

system behavior without altering the physical infrastructure. 

Within the digital twin, the system is represented as a state defined by spatial, operational, and 

economic variables. This state serves as the baseline configuration (𝑆0 ), from which alternative 

system conditions can be generated. Unlike traditional simulation approaches, the digital twin 

maintains consistency between the optimized design and the evaluation environment, ensuring that 

all analyses are grounded in a feasible and coherent network structure. 

4.3. Illustrative Scenario: Supply Reduction 

To demonstrate the functionality of the proposed framework, an illustrative scenario is 

considered in which milk supply at the producer level is reduced by 20%. This scenario reflects 

realistic conditions such as seasonal variability, production constraints, or external disruptions 

affecting farm output. The evaluation is conducted in two stages. First, the system performance is 

assessed without modifying the baseline configuration. In this case, the fixed structure reveals its 

sensitivity to supply changes, as reduced volumes affect the utilization of collection points and the 

overall efficiency of transportation routes. The results show a decrease in economic performance, 
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accompanied by underutilization of certain facilities and increased costs per unit collected. In the 

second stage, partial re-optimization is performed by maintaining the structural configuration while 

allowing adjustments in the allocation of producers to clusters. This represents an operational 

response within the digital twin, where the system adapts to new conditions without requiring 

structural changes. The adjusted solution improves the distribution of flows, partially mitigating the 

impact of the supply reduction. 

 

Figure 3. Illustrative scenario under 20% supply reduction. The figure compares system performance under a 

supply reduction scenario with and without operational adjustment. Panel B1 shows the baseline configuration 

evaluated without modifying producer assignments, revealing underutilization of collection points and reduced 

efficiency. Panel B2 presents the result of partial re-optimization, where assignments are adjusted while 

maintaining the original network structure. The comparison highlights the ability of the digital twin to support 

adaptive responses that improve utilization and mitigate performance degradation without requiring structural 

redesign. 

The multi-criteria performance comparison presented in Figure 4 provides a synthesized view 

of system behavior across scenarios using normalized indicators. The baseline configuration achieves 

the highest economic performance; however, the supply reduction scenario without adjustment leads 

to a substantial and generalized degradation across all dimensions. When partial re-optimization is 

introduced within the digital twin, the system exhibits a heterogeneous recovery pattern. Notably, 

operational and environmental indicators such as utilization and CO₂ emissions show significant 

improvement, in some cases surpassing baseline performance due to more efficient resource 

allocation under constrained conditions. In contrast, economic indicators such as NPV and cost-

related metrics, while improved relative to the unadjusted scenario, do not fully recover to baseline 

levels. This asymmetric response highlights the presence of trade-offs between efficiency, cost, and 

environmental impact, reinforcing the importance of adaptive decision-making within the proposed 

digital twin framework. 
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Figure 4. Performance comparison across scenarios using normalized indicators. The radar chart shows that 

partial re-optimization mitigates the deterioration caused by supply reduction, although its effect is 

heterogeneous across indicators. The adjusted scenario improves utilization and CO₂ performance relative to the 

baseline, while economic indicators remain below the nominal configuration, revealing operational–economic 

trade-offs within the digital twin environment. 

4.4. Discussion 

The results obtained from the baseline configuration and the illustrative scenario provide insight 

into how first-mile milk collection networks respond to changes in operating conditions. The 

optimization model identifies a configuration that is efficient under nominal assumptions; however, 

its performance deteriorates when milk supply decreases. This effect is reflected in lower utilization 

levels at collection points and higher costs per unit collected, indicating that the network structure is 

sensitive to variations in supply. Embedding the configuration into the digital twin allows this 

behavior to be observed explicitly. Under reduced supply, some collection points operate below their 

intended capacity, while transport routes become less efficient due to reduced consolidation of flows. 

These effects are not captured during the optimization stage, where the model assumes stable input 

conditions. The digital twin complements this limitation by exposing how the system performs once 

the configuration is subjected to external changes. 

The introduction of partial re-optimization reveals an important aspect of system behavior. 

Adjusting producer–cluster assignments, while maintaining the existing network structure, improves 

flow distribution and increases the utilization of active collection points. This adjustment does not 

fully restore economic performance, but it reduces the impact of the perturbation without requiring 

new infrastructure. In practical terms, this suggests that part of the system’s resilience can be achieved 

through operational decisions, such as reallocating producers or modifying collection routes. The 

comparison of performance indicators confirms that system response is not uniform across 

dimensions. Economic indicators such as net present value and total cost remain below baseline levels 

after the perturbation, even with operational adjustments. In contrast, utilization and environmental 

performance may improve relative to the unadjusted scenario and, in some cases, approach or exceed 

baseline values. These differences indicate the presence of trade-offs between efficiency, cost, and 

environmental impact. Evaluating the system from a single objective would not capture these effects.  

From a methodological perspective, the proposed integration connects two lines of research that 

are often treated separately. Optimization models provide structured solutions for network design, 

while digital twins enable the observation of system states under changing conditions. Combining 
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both allows the evaluation of a configuration beyond its initial formulation, focusing on how it 

behaves when inputs change. This shift is particularly relevant for agro-industrial systems, where 

variability in supply and operating conditions is unavoidable. The analysis presented here is 

intentionally limited to a single perturbation scenario to illustrate the integration mechanism. A 

broader evaluation, including multiple scenarios and statistical validation, is left for future work. 

Extending the framework in this direction would allow a more systematic assessment of system 

performance and provide stronger evidence of its applicability in real-world settings. 

5. Conclusions 

This working paper develops an approach that integrates mathematical optimization with a 

digital twin environment for the analysis of first-mile milk collection systems. The model defines a 

baseline network configuration in terms of collection point location, capacity allocation, and producer 

assignment. This configuration is then used as a reference state within the digital twin, where its 

performance is evaluated under changing operating conditions. The results show that configurations 

obtained under nominal assumptions are sensitive to variations in milk supply. A reduction in supply 

leads to lower utilization of collection points and higher unit costs, revealing structural dependencies 

within the network. Embedding the configuration into the digital twin makes these effects 

observable, allowing the evaluation of system behavior beyond the initial design stage.  

Allowing partial re-optimization improves system performance without modifying the network 

structure. Adjustments in producer allocation increase utilization and reduce inefficiencies, although 

economic indicators do not fully return to baseline levels. This indicates that operational flexibility 

can mitigate part of the impact of disruptions, while structural limitations remain. The analysis also 

shows that system performance evolves differently across dimensions. Economic, operational, and 

environmental indicators respond in distinct ways to the same perturbation, highlighting the 

presence of trade-offs that cannot be captured through a single objective function.  

From a methodological perspective, the study connects optimization-based network design with 

a digital evaluation environment. The resulting approach enables the assessment of a given 

configuration under varying conditions, extending the role of the model beyond one-time design. 

This is particularly relevant for first-mile milk collection systems, where supply variability and 

infrastructure constraints affect daily operations. The scope of the analysis is intentionally limited to 

an illustrative scenario. Future work will expand the framework through systematic scenario design, 

quantitative validation, and the incorporation of real-time data. These extensions will allow a more 

comprehensive evaluation of system performance and support the development of adaptive 

decision-support tools for agro-industrial supply chains. 
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