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ABSTRACT 
The pharmaceutical sector is essential for ensuring universal access to medicines, demanding ef-
ficient supply chains that deliver drugs at optimal prices with minimal delays and shortages. Phar-
maceutical supply chains (PSCs) face significant challenges, including strict quality controls, gov-
ernment regulations, drug perishability, high R&D costs, and complex transportation require-
ments. The sector is undergoing a shift, driven by the rise of pharmaceutical components in 
emerging markets, unpredictable demand, and reduced R&D investments by major companies, 
which struggle to compete with generic pharmaceutical brands. Post-pandemic challenges and 
geopolitical risks have further exposed vulnerabilities in PSCs, leading to frequent supply disrup-
tions, product shortages, and unreliable transportation. The increasing focus on regionalization 
highlights the need for more resilient supply chains to manage disruptions effectively. PSCs must 
incorporate robustness to address uncertainties and disruptions, which can be internal, such as 
operational, financial, and quality risks, or external, including supply, demand, and environmental 
uncertainties. While recent research emphasizes the importance of integrating these uncertain-
ties into decision-making tools, the field still lacks comprehensive solutions for PSC optimization. 
Previous studies have used heuristic and metaheuristic algorithms to address individual uncer-
tainties and disruptions, providing feasible solutions with lower computational effort. However, a 
more holistic approach is required. This work introduces a new tool based on a Meta-heuristic al-
gorithm, which evaluates the robustness of PSCs under multiple uncertainties and disruptions. The 
tool enables the development of what-if scenarios, helping decision-makers improve supply chain 
robustness and adaptability in the face of several risks 
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INTRODUCTION 
An essential role of pharmaceuticals is to provide 

stability and sustainability to any healthcare system, be-
ing one of the key areas of a country’s economy. Ensuring 
demand satisfaction for pharmaceutical products and 
having a perfect service level with acceptable costs is 
crucial for every country. In top of that, pharmaceutical 
drugs gather special characteristics, like extensive and 
complex production processes, product perishability, in-
tensive investment in R&D activities, and stringent trans-
portation conditions that only create harder conditions 

for companies to achieve the desired service level. 
For this reason, pharmaceutical supply chains 

(PSCs) need to guarantee a ceaseless flow of products 
throughout all stages and respond quickly and efficiently 
to possible changes and disruptions. Over the years, they 
became more complex, globalized, and subject to more 
strict safety procedures, quality controls, and regulations 
from governments and insurers. It is imperial to develop 
strategies that account for all these factors when man-
aging and designing a network.  

Furthermore, a good balance between all the factors 
and trade-offs affecting the performance of the PSC is 
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essential, from resource allocation to inventory manage-
ment and the location of entities. 

Nowadays, the pharmaceutical sector is under a 
paradigm shift. The growing of pharmaceutical compo-
nents in emerging countries and the unpredictability of 
markets is creating an additional layer for companies to 
account for and exposes them to more vulnerabilities. 
Moreover, the decrease of new pharmaceutical drugs by 
research-based companies due to reductions in R&D in-
vestment, price pressures, and the shortening of patent 
lives is making it difficult for these companies to maintain 
their performance and compete with generic pharmaceu-
tical enterprises [1]. Drug shortages are also increasing 
due to supply, demand, and regulatory issues, which are 
also affecting the price and the production of its main 
components [2]. More recently, the impacts of the 
COVID-19 pandemic also affected this sector, as the 
world’s main suppliers restricted production to domestic, 
and started to move to self-sufficiency and decentralized 
models [3].  

All these challenges have a high degree of uncer-
tainty associated with them, making the task of designing 
and operating an effective and responsive supply chain 
even more difficult. 

While deterministic models have traditionally pro-
vided a baseline for pharmaceutical supply chain (PSC) 
design, they often fail to capture the inherent volatility of 
real-world operations, leading to vulnerable networks 
and ineffective strategies. In contrast, the metaheuristic 
approach proposed in this work allows for the integration 
of multiple uncertainties—such as raw material supply 
and transportation network disruptions—simultaneously. 
This provides decision-makers with the ability to develop 
"what-if" scenarios and assess the resistance of specific 
network entities, identifying a clear need for increased 
redundancy and decentralization as strategies to thrive 
under severe uncertainty. 

Recent research shows that the field of optimizing 
PSC network design is still missing focus. The transition 
toward uncertainty-aware optimization is supported by a 
growing body of literature that identifies uncertainty 
quantification as a core requirement for process engi-
neering. [1, 4] highlight that while the pharmaceutical 
sector has been extensively studied, most research still 
focuses on inventory models rather than the global opti-
mization of network design under uncertainty. 

In the last years, approaches based on Heuristics 
and Metaheuristics algorithms have been applied, since 
they allow the discovery of a good feasible solution with 
less computational effort than exact methods. Opera-
tional risks and their inherent uncertainties, encountered 
in customer demand, costs, and the capacity of facilities 
have been addressed in a large scale by the literature [5, 
6, 7]. Particularly, [6, 7] have demonstrated the efficiency 
of hybrid metaheuristics in solving multi-objective PSC 
problems, proving that non-exact approaches can pro-
vide high-quality solutions for NP-hard network configu-
rations. Furthermore, [8] emphasizes how deterministic 
models significantly underestimate risks in post-pan-
demic landscapes. Additionally, some authors have also 
been able to quantify the resilience of a network and 
model the effect of disruptions on production [4] and 
suppliers [9]. On top of that, disruptions in the transpor-
tation network were studied by Roshan [10], that devel-
oped a model for re-routing planning in the event of nat-
ural disasters. 

By building on these foundations, this work ad-
dresses the existing research gap in simultaneous multi-
uncertainty assessment through an adaptable Simulated 
Annealing algorithm. In the last years, approaches based 
on Heuristics and Metaheuristics algorithms have been 
applied, since they allow the discovery of a good and fea-
sible solution for complex problems within a lower com-
putational effort.  

 
Figure 1. Pharmaceutical supply chain  
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PROBLEM CHARACTERIZATION 
This work characterizes a design and planning of a 

global pharmaceutical supply chain (PSC) with 4-levels, 
shown in Figure 1.  

The concerned PSC is defined by 4 stages: suppli-
ers, manufacturers, distribution centers (DCs) and mar-
kets. Raw materials are delivered to factories by suppli-
ers. After production, the final products are transported 
to distribution facilities, and from those to markets to sat-
isfy demand. The distribution facilities can operate in a 
cross-docking mode, or function as typical warehouses 
and accommodate inventory of final products, that can 
also exist at the factories. The transportation between 
different levels is carried out using unimodal transporta-
tion, by road, or intermodal transportation, considering 
road and sea. In the latter, products are first transported 
from the origin entity to a seaport, where they are trans-
shipped to a ship. Subsequently, they are transported to 
another seaport and finally to the end destination by 
road. Each entity has a seaport assigned, that works in a 
cross-docking mode. Supply, production levels, materials 
flow across entities and material storage handling are 
limited between specific bounds. Additionally, uncer-
tainty is considered in some parameters of the problem, 
namely in production capacity. A possible disruption on 

the transportation network is also taken into account. 
The aim of the problem is to define the PSC design 

over uncertainty alongside minimizing the total network 
cost. For that reason, the cost of factories and DCs in-
stallation, operational, storage, labor, transportation, and 
raw material are considered. Transportation costs in-
clude variable costs, arising from the distances travelled, 
contracted (fleet outsourced) and handling costs at the 
seaports. 

From a strategic view, the entities are chosen from 
a set of potential locations. At a tactical level, the supply 
and production quantities, in addition to the materials 
flow within the network are determined.  

At the same time, by studying this problem, it is pos-
sible to assess the severity of the impact of uncertainty 
across the multiple levels of the supply chain and under-
stand the degree of robustness of the PSC that results 
from it. 

METHODOLOGY 
The Simulated Annealing (SA) algorithm is extended 

from its traditional form [11] to consider uncertainties in 
the design of the pharmaceutical supply chain. The SA 
algorithm under uncertainty considers 6 main steps, as 
shown in Fig. 2. The inclusion of uncertainty is defined at 
Procedure I, circled in dashes. 

 
 

Figure 2. SA algorithm under uncertainty 
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Procedure I is the key novelty in the algorithm, 
hence it is the only procedure highlighted and explained 
in more detail. This procedure is related with the initiali-
zation of the algorithm and determination of the parame-
ters tainted with uncertainty. They are computed in the 
following way: 

Uncertainty Generation Characterization. For each 
parameter that can be uncertain or disrupted, generate 
an arbitrary number 𝑥𝑥 ∈ [0, 1]. Considering the disruption 
(𝑝𝑝𝑝𝑝) or uncertainty probability (𝑝𝑝𝑝𝑝) of each of those pa-
rameters: 

 If 𝑥𝑥 < 𝑝𝑝𝑝𝑝/𝑝𝑝𝑝𝑝, the parameter changes to a new 
value. 

 If 𝑥𝑥 ≥ 𝑝𝑝𝑝𝑝/𝑝𝑝𝑝𝑝, the value of the parameter remains 
the same. 

After those parameters are settled, the algorithm is 
initiated, and moves to the next procedure, in order to 
find a compromise solution. 

CASE STUDY 
A real case study of a global supply chain from a 

pharmaceutical company that produces and delivers 
vaccines all over the world is explored.  

 The pharmaceutical company in question can in-
stall entities across 9 different locations. There are five 
possible manufacturing sites dedicated to the production 
of vaccines: U.S (Pennsylvania), Canada (Toronto), Eu-
rope (France), Asia (India) and Africa (Kenya). These 
manufacturers, when installed, receive the required raw 
materials from a supplier of the same region. Distribution 
centres can be installed in every location that contains a 
market, such as U.S (Pennsylvania), Canada (Toronto), 
Europe (France), Asia (India), Latin America (Brazil), Mid-
dle East (Israel), Eurasia (Russia) and Australia. In addi-
tion, each of these regions has a seaport that can be used 
for transportation purposes.  

The aim of the case-study unfolds in two ways. 1) to 
determine which is the network design of the PSC capa-
ble of satisfying the total markets’ demand with minimum 
cost, in terms of location, number of entities, and materi-
als allocation. 2) analyse the impact of some uncertain-
ties in the design and its costs, identifying which entities 
are robust. For that purpose, a baseline scenario and two 
additional ones are explored considering different types 
of uncertainty. The scenarios characterization is detailed 
in Table 1, followed by the uncertainty or disruption prob-
ability associated to each of them, in Table 2.  

An exploratory analysis was performed for the algo-
rithm parametrization using: initial temperature (T0), num-
ber of iterations at the same temperature (NIST) and 
cooling rate (α). The best values found were T0 = 7500, 
NIST = 50 and α = 0.95. As a way of not falling in local 
minimums with higher network costs, an outer loop was 

added to the algorithm. For each run, the SA algorithm 
restarts its process 7 times, returning the solution with 
minimum costs encountered. 

Table 1: Scenarios’ characterization. 

Scenario Description 
A No Uncertainty All the parameters of the PSC 

are considered deterministic 
B Production Capac-
ity 

The maximum production ca-
pacity level of each manufac-
turer can decrease or main-
tain its original value 

C Disruption on the 
transportation net-
work 

Some of the routes used for 
transportation between fac-
tories and DCs and DCs and 
markets from the same re-
gion can suffer a disruption 
and become unavailable 

  

Table 2: Scenarios’ characterization. 

Scenario Disruption/ Uncertainty Proba-
bility (pd pu) 

A No Uncertainty Baseline 
B Production Ca-
pacity 𝑝𝑝𝑝𝑝���������� = 0.3  

C Disruption on 
the transportation 
network 

𝑝𝑝𝑝𝑝��������� = 0.3  

RESULT ANALYSIS 
The algorithm was performed 100 times for each 

scenario, and the solutions were analyzed considering 
their total network cost, general topology, and main char-
acteristics of the supply chain regarding number, location 
of entities and possible reasons for the designs. The sce-
nario A is deterministic and defined as the baseline. 
Therefore, all the remaining scenarios are compared with 
the baseline. The computational time required for an in-
dividual run in each of the scenarios addressed is dis-
played in Table 3. 

Table 3: Time for each run in all scenarios. 

Scenario Time for each run (CPU s) 
A No Uncertainty  
B Production Ca-
pacity  

C Disruption on 
the transportation 
network 

 

Scenario A – Baseline - Deterministic 
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The PSC characterization of scenario A in terms of 
network configuration for the minimum cost solution is 
shown in Figure 3, corresponding to a total cost of 190 
million €. 

Regarding the network design most of the solutions 
shared the same overall structure, only differing in a small 
secondary part of the chain, such in some transfers of 
small quantities of vaccines between entities. Figure 3 il-
lustrates the common topology for Baseline Scenario’s 
solutions. The PSC is composed by two suppliers, two 
factories and two DCs functioning in a cross-docking 
mode, located both in Asia and Africa. Africa is the big-
gest supplier, producer, and distributor of vaccines, ship-
ping them to its nearest markets, just like Asia, as shown 
in Figure 4. 

These locations are among the ones with the lowest 
entity and transport related costs, not to mention that 
Asia is the region with the lowest overall costs. Their cen-
tral location regarding other markets, and low costs jus-
tify the decision for the installation of entities. 

Uncertainty behavior and impact on the PSC 
total cost and configuration 

The results related with the cost, number, location 
and topology were explored and the most common to-
pologies were characterized. 

Scenario B 
As can be seen in Figure 5, Scenario B requires an 

additional factory installed in Europe to satisfy the de-
mand, due to capacity reduction of production in the fac-
tories used originally in Scenario A. As a result, the Euro-
pean supplier is also included in the PSC. The location for 
the factory comes from the fact that Europe is the third 
cheapest region to set up and operate a factory after Asia 
and Africa. Moreover, the PSC network for this scenario 
is composed by 6 DCs, resulting in a PSC with more en-
tities. More DCs were necessary apart from the ones in 
Asia and Africa, for all solutions. The additional DCs were 
normally installed in Latin America, Middle East, Europe, 
or/and Eurasia. These results are justified by cheapest la-
bour and seaport usage related costs of these 6 regions. 
Furthermore, these regions are among those with mar-
kets with higher demands. With the additional factory, 
and DCs the total cost of the PSC increased significantly 
to 220 million €. 

Scenario C 
The comparison with the baseline topology (Figure 

3) shows that all solutions from Scenario C had similar 
topologies to the Baseline. The main difference is the in-
stalation of two additional DCs. Given that Asia and Africa 
are the dominant regions for the installation of factories 
and DCs, it is logical that a blockage in one of the uni-
modal paths of these regions causes a change in the 
functioning of the chain since part of the vaccines need 
to be distributed by a different DC. Nevertheless, the so-
lutions from this scenario had the least impact in terms of 

 
Figure 3. Baseline SCP configuration 

 

 
Figure 4. – Baseline SCP Locations 
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costs. The least cost solution was comparable to the 
Baseline Scenario, implying that the instalation of addi-
tional DC higher costs is compensated by the supression 
of longer transportation and consequently lower trans-
portation costs. 

Some additional considerations 
The results demonstrate that, as the severity of the 

uncertainty increases, costs also increase. However, this 
was not always the case, for Scenario C, indicating that 
the location where uncertainty is experienced may play 
an important role in the impact on the chain.  

Given that Asia and Africa are the dominant regions 
for the installation of factories and DCs, it is logical that a 
decrease in the quantity of vaccines manufactured, or a 
blockage in one of the unimodal paths of these regions 
causes a major change in the functioning of the chain, 
and consequently higher costs, since part of the vaccines 
need to be produced in a new factory or even distributed 
by a different DC. 

The effect of uncertainty on the PSC topology lead 
to more decentralized networks, requiring more entities, 
mainly DCs. This way, they get closer to the markets, with 
the DCs being able to satisfy their own local markets, in-
stead of having two larger central DCs in Asia and Africa, 
as in the Baseline Scenario A, delivering vaccines to all 
markets. When comparing all the topologies, it is shown 
that a part of scenario A PSC is able to be robust and 
withstand both the production capacities uncertainty and 
the disruption. Asia and Africa continued to be the main 
regions for the supply and production of vaccines. Even 

with uncertainty, new entities emerge as common across 
the analysis, such as the use of a DC in Latin America 
and/or Middle East. The use of these entities brought ad-
ditional costs, but a higher agility to the network, in case 
of uncertainty. Hence, it constitutes a trade-off that 
should be carefully studied. 

CONCLUSIONS 
Throughout this work, a type of uncertainty and dis-

ruption with consequences on a global PSC were ex-
plored in terms of their impact in the total network costs 
and its topology, in order to provide information for deci-
sion makers to create resilient and informed decisions 
when faced with uncertain future situations across the 
pharmaceutical sector. 

To achieve this goal, a meta-heuristic (SA) tool able 
to consider different types of uncertainty and disruption 
was developed. To compare the severity of the uncer-
tainty and the disruption, the algorithm explored a deter-
ministic scenario (baseline), followed by two additional 
uncertain scenarios. A case study was provided for that 
purpose. 

The results showed that the SA algorithm was able 
to address the inclusion of different disturbances on a 
PSC. It was concluded that uncertainty on the production 
capacity of manufacturers imposed the biggest impact 
on network costs, simultaneously with the larger changes 
on the PSC topology. The entities through which the ma-
jority of products were produced and distributed were 
able to withstand all the disturbances studied, being 

 
Figure 5. - Scenario B PSC configuration 

 

 
Figure 6. – Scenario C PSC configuration 
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considered the most robust. Furthermore, it was also no-
ticeable a tendency for SC decentralization with increas-
ing severity of uncertainty, as more local entities closer 
to markets tended to be installed.  

As future works, deeper development of the algo-
rithm should be made, by testing new rules for the search 
of the initial and neighbor solutions, in order to provide 
more efficient and effective solutions. Moreover, more 
types of uncertainties could be explored. Additional 
measures to quantify robustness and resilience, flexibility 
on the supply chain may be also explored in the future. 
Finally, the proposed problem could aim to incorporate 
sustainability and social issues, as their association with 
the economic part of a company is becoming inseparable. 
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