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Abstract 
 

Vaccines are seen as one of the most important and cost-effective means to protect populations 

against infectious diseases. Pharmaceutical companies producing and distributing vaccines are 

confronted with planning and designing their supply chain to reduce costs and achieve highly effective 

supply networks. Moreover, sustainability is a pressing issue for supply chains in our days, which leads 

researchers to study supply chains that consider social and environmental performance indicators as 

their objectives. The problem addressed in this dissertation emerged from a gap in literature on the 

topic of design and planning of vaccine supply chains (VSC), including a modelling approach. This 

dissertation proposes a multi-period mixed-integer linear programming (MILP) model to solve the 

problem of simultaneously design and plan VSC. The model is applied to a representative European 

supply chain virtual case study (partly based in Sanofi Pasteur’s supply chain). To address the pressing 

issue of sustainable supply chains, the developed model incorporates the three dimensions of the triple-

bottom line (TBL) – economic, environmental and social dimensions. The results for different 

optimisation scenarios are detailed and discussed, in order to acknowledge trade-offs among the three 

performance indicators. The results may be utilised to better craft and execute strategic and tactical 

plans envisioning the achievement of economic, environmental and social objectives. 

 

Keywords: Vaccine supply chains, Mixed-integer linear programming, Sustainable supply chains, 

Modelling 
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Resumo 
 

As vacinas são vistas como um dos mais importantes e eficazes meios de proteção das 

populações contra doenças. As empresas farmacêuticas responsáveis pela produção e distribuição de 

vacinas são confrontadas com o planeamento e projeto de sua cadeia de abastecimento para reduzir 

custos e alcançar redes de distribuição altamente eficazes. Além disso, a sustentabilidade é 

atualmente uma questão premente para as cadeias de abastecimento, o que leva os investigadores e 

peritos a estudar cadeias de abastecimento que consideram os indicadores de desempenho social e 

ambiental como objetivos. O problema abordado nesta dissertação surgiu de uma lacuna na literatura 

sobre o tema do desenho e planeamento de cadeias de abastecimento de vacinas (CAV), incluindo 

uma abordagem de modelação. Esta dissertação propõe um modelo de programação linear mista 

multi-objetivo e multi-período para resolver o problema de desenho e planeaamento simultâneo de 

CAV. O modelo é aplicado a um caso de estudo virtual, representativo de uma cadeia de abastecimento 

europeia (parcialmente baseado na cadeia de abastecimento da Sanofi Pasteur). Para abordar a 

questão premente das cadeias de abastecimento sustentáveis, o modelo desenvolvido incorpora as 

três dimensões da triple-bottom line (TBL) - dimensões económica, ambiental e social. Os resultados 

para diferentes cenários de otimização são detalhados e discutidos com o intuito de reconhecer trade-

offs entre os três indicadores de desempenho. Os resultados podem ser utilizados para melhor elaborar 

e executar planos estratégicos e táticos visando a realização de objetivos económicos, ambientais e 

sociais. 

 
Palavras-chave: Cadeias de abastecimento de vacinas, Programação linear mista, Cadeias de 

abastecimento sustentáveis, Modelação 
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1. Introduction 

  

The global healthcare sector has undergone fundamental changes throughout the last years to 

cope with the new challenges of the modern economy (Papageorgiou et al., 2001). With each 

stakeholder demanding and striving to receive effective, efficient and global health equitable care, 

providers have been facing several challenging hurdles (Deloitte, 2016). 

Hence, the health ecosystem is experiencing an intense shift in business, clinical and operating 

models. The major drivers that have been fuelling this shift are related to demographic factors such as 

unprecedented and enduring ageing and growing of populations, proliferation of chronic diseases and 

informed and empowered consumers; healthcare factors such as growing demand for new innovative 

treatments and technology; and lastly, evolving financial and quality regulations (Deloitte, 2016). 

Therefore, these factors are leading to rising costs and an increase in spending levels for care provision, 

infrastructure improvements, and technology innovations (Yip et al., 2015). In addition, the world is 

uninterruptedly paying attention to how the healthcare industry is bringing care quality and value to their 

customers without compromising ethics, labour commitments, health & safety and environment. 

Pharmaceutical companies are included in the group of healthcare companies facing the 

aforementioned obstacles. In particular, pharmaceutical companies have been dealing with reinforced 

regulations regarding economic, environmental and social issues, driving them towards sustainability. 

Moreover, these same companies are confronted with planning and designing their supply chain to 

reduce costs, waste and achieve highly effective supply networks. Supply chain optimisation is now a 

major research theme in process operations and management (Shah, 2004; Papageorgiou, 2009; 

Barbosa-Póvoa, 2014). 

Within pharmaceutical companies, the ones that deal with vaccines face special challenges. 

Generally, vaccines are seen as an important means to protect populations against infectious diseases 

(Lemmens et al., 2016). Since the year of 2000, national-level Expanded Programmes on Immunization 

(EPIs) have seen their vaccine portfolios grow from 6 basic antigens to the 12 now recommended by 

the World Health Organization (Zaffran et al., 2013). The Expanded Programme on Immunization 

remains committed to its goal of universal access to all relevant vaccines for all at risk. The programme 

aims to expand the targeted groups to include older children, adolescents and adults and work in 

synergy with other public health programmes in order to control disease and achieve better health for 

all populations, particularly the underserved populations (WHO – Immunization, Vaccines and 

Biologicals, 2013). The prevention of infections through vaccination has been among the most 

successful public health interventions, that is, it is one of the most cost-effective ways to save lives, 

improve health and ensure long-term prosperity (Pfizer Inc., 2016). Vaccines bring added value to the 

economies of the world’s poorest countries with GAVI’s (The Vaccine Alliance) investment in 

immunisation set to yield an 18% rate of return by 2020, according to a Harvard School of Public Health 

study. 

There is a plethora of issues associated with Vaccine supply chains (VSCs). The location of a 

warehouse is, for example, an expensive and long-term strategic decision. The capacity of each supply 

chain entity is another decision that is often taken into account. On top of that, after defining the location 
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of every facility, the resources (such as technology for storing vaccines) that should be allocated to 

each facility also represent a troublesome question. To deepen the difficulties, vaccines are not like 

commodities since their primary objective is to eradicate harmful diseases and they have special 

storage conditions (refrigeration and/or freezing), thus leading to a much harder distribution planning. 

The complexity of supply chain design also increases with the number of stages and the method of 

distribution (which are multiple if one considers the extent and differences of populations).  

Bearing in mind this scenario for vaccine supply chains, the intent of this work is to study how to 

better make strategic and tactical decisions that will help to attain several key objectives, namely 

economic, environmental and social goals, and develop a model for the design and planning of VSC. 

The problem addressed in this work has the objective of determining the supply chain structure along 

with planning decisions that maximise profit, minimise environmental impact and maximise social 

benefits, in terms of the creation of jobs inside a VSC. The central goal of this study is to enable better 

utilisation of resources in VSC, and ultimately guarantee the fulfilment of vaccination. 

The purpose is to identify the main characteristics of such supply networks and explore issues 

that characterise these supply chains and present a challenge to the companies involved.  

For this objective, the associated literature is reviewed and discussed. Subsequently, to attain 

this, a modelling approach of a distribution/inventory-location model for VSC is developed. A virtual 

case study is studied to illustrate what is discussed theoretically and to prove the feasibility of the model. 

In the last step, the results are collected and analysed to draw some conclusions on the influence of 

different objectives in the design and planning of VSC. 
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1.1. Dissertation Methodology 
 

The methodology followed in the thesis is presented in this section. Figure 1 portrays the principal 

steps of the followed methodology. 

 

Figure 1. Methodology followed in the dissertation 

 

1. In a first step, a thorough comprehension of vaccine supply chains needs to be derived from 

literature so that healthcare trends are recognised and the context is clarified. The aim is to identify 

current practices in terms of supply chain design and planning, and subsequently understand what are 

the differences between traditional supply network and the ones used in the distribution of vaccines. 

For this understanding, a description of the supply networks for the four biggest players in the market 

of vaccines will also be conducted. The four companies analysed are Merck & Co., GlaxoSmithKline, 

Sanofi Pasteur and Pfizer. The information is present in their annual reports and in corporate 

responsibility reports. According to Statista, Inc. all of these companies will, individually, generate about 

$7bn on revenues with vaccine sales by the year of 2020 (Statista, 2016).   

 

2. The next stage aims at identifying the state-of-the-art supply chain design and planning, and 

subsequently comprehend what are the differences between traditional supply networks and the ones 

used in the distribution of vaccines. This literature review also contains multiple studies concerning 

various optimisation models for supply chains, and particularly, vaccine supply chains. Lastly, research 

gaps are determined in literature in order to emphasise the direction followed in the thesis.  

 

3. In the third stage, a model based on the work developed in Salema et al. (2010), Cardoso et 

al. (2013) and Mota et al. (2015) was developed. In a first step the mathematical formulation of the 

problem was performed. Subsequently, objective functions for all three pillars of sustainability – 

economic, environmental and social - and constraints were defined and described and only after that 

implemented in GAMS1. 

 

4. The fourth step concerns the creation of different scenarios as well as the collection and 

analysis of the data to optimise solutions for the different scenarios. Through the creation of distinct 

scenarios, it is possible to appraise how different optimisation goals affect the model output, that is, the 

                                                
1General Algebraic Modelling System: https://www.gams.com/ 
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solution created by the model will differ depending if the primary objective to minimise/maximise is 

economic, environmental or social. 

 

5. The last step of the methodology is the review, analysis and discussion of the results obtained 

for the scenarios analysed. Comparison among different scenarios is conducted and some conclusions 

are drawn in light of the problem. 

 

1.2. Objectives 
 

The objectives of this dissertation are twofold: first and foremost, to comprehend what 

characterises and affects vaccine supply chains; and secondly, to assess the influence of applying 

different key objectives (including all three dimensions of sustainability) in the design and planning of 

these supply chains. To achieve these goals, intermediary objectives were defined and accomplished: 

 
Identify the problem 

§ Analysis of vaccine production and supply around the world and its trends; 

§ Characterisation of vaccine supply chains; 

§ Review of supply chain practices among main vaccine producers; 

Literature review 

§ Pharmaceutical industry; 

§ Supply chain management; 

§ Pharmaceutical supply chains; 

§ Vaccine supply networks; 

Model formulation and data collection 

§ Create a design and planning vaccine supply chain model based on models developed by 

Salema et al. (2010), Cardoso et al. (2013) and Mota et al. (2016), to comprise all three 

dimensions of sustainability as target objectives; 

§ Model pharmaceutical products that must be operated through a cold chain;  

§ Differentiate scenarios to acquire data on the different objectives; 

§ Collect data to achieve desired solutions (scenarios); 

Model application 

§ Obtain solutions and results for each scenario; 

§ Analysis of the results obtained; 
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1.3. Dissertation Outline 
 
This master’s thesis is organised in six chapters. The first chapter presents the contextualisation 

of the problem, the central objectives of the study and, lastly, the methodology employed for the 

development of this document. 

The second chapter is thus a brief description of vaccine supply chains and presents, therefore, 

the problem statement. For this understanding, the description of the supply networks for the four 

biggest players in the market of vaccines will be described according to their guiding principles and their 

way of operating their supply networks. 
The third chapter regards the literature review that is intended to provide knowledge about the 

theme discussed, namely, the pharmaceutical industry, in more detail, on vaccination; supply chain 

management, including all upgrades up until now regarding sustainability; a narrower viewpoint centred 

in vaccine supply networks and the issues associated; and, finally, a part where modelling in this context 

is reviewed. At the end of this chapter, some conclusions are drawn concerning the bibliographic review. 

For this chapter the approach was to search for keywords, related to each of the topics mentioned 

above, in scientific databases such as Science Direct, PubMed and Google Scholar. The scientific 

articles were then categorised under certain criteria, thereafter resulting in filtration and refinement of 

the literature. 

Chapter 4 is intended to provide information on the formulation of the model in general, as well 

as the mathematical formulation of it. To the extent of the problem characteristics a mixed integer linear 

programming (MILP) model is developed. 

The description of the virtual case study will be presented in chapter 5. The details of the case to 

prove the applicability of the model are shown in this chapter. The analysis of various instances 

(scenarios) is also performed in this chapter. The results from the application of the model, and from 

the different scenarios, will also be displayed in this chapter. After its presentation, results are discussed 

and sensitivity analyses are performed. 

In the last chapter, conclusions are drawn and future directions for research are given.  
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2. Vaccine Supply Chains 
 
2.1. Vaccine production and supply around the world  
  

Immunisation is one of the most successful and cost-effective public health interventions. The 

production, quality control and marketing authorisation of vaccines have always been complex, but in 

recent years, these have become increasingly complex. The complexity of a vaccine’s manufacturing 

chain is, arguably, due to three main factors. The first factor is related with the complexity of vaccines. 

Advances in medical science and cutting edge manufacturing technologies have led to the development 

of highly sophisticated vaccines. In addition, sophisticated manufacturing and testing techniques are 

required to cope with the variability of biological processes. Lastly, the facilities in which the production 

of vaccines takes place has to be of top quality to assure the consistent quality of vaccines produced.  

Secondly, other factor of utmost importance concerns, what is called, globalised manufacturing 

chains. This phenomenon is trending amongst manufacturers so that they are able to increase their 

production capacity (multi-sourcing) and maximise their utilisation to better meet patient demand. There 

are numerous drivers moving manufacturing chains towards globalisation. One of the most fundamental 

drivers is the support of better patient access to vaccination. Furthermore, globalisation and multi-

sourcing offer improved security of supply, improved manufacturing productivity and faster response to 

customer needs as depict in figure 2. 

 

Figure 2. Globalised manufacturing chain (IFPMA, 2014) 

 

 

Thirdly, the regulatory requirements are becoming increasingly complex for manufacturers. 

Greater expectations for public safety continue to drive quality to higher standards, creating a strong 

focus upon vaccine quality, safety and efficacy. Some results of increasingly regulatory requirements 

are redundant testing and delayed access to vaccines. Subsequently, prolonged testing leaves less 

time for the distribution and administration of vaccines to patients. Therefore, the remaining shelf life of 

a vaccine is directly affected by the time taken for testing (see Figure 3). 
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Figure 3. Regulatory complexity – redundant testing and delayed access to vaccines (IFPMA, 2014) 

 

 

To answer these complexities, vaccine supply chains need to be optimised in terms of structure, 

planning and operation taking into account the associated supply chain characteristics. In order to 

comprehend current immunisation supply chain and logistics systems, it is necessary to also 

comprehend the current immunisation landscape and the challenges that these systems are facing 

nowadays. In the last years, important progress has been made in developing and introducing new 

vaccines and expanding the reach of immunisation programmes. As a result, the annual number of 

deaths among children under five years of age fell an estimated 2 million from 2000 to 2010 (WHO – 

Global Vaccine Action Plan, 2013). The strengthening by countries of national programmes, aided by 

improved support from and coordination among local, national, regional and international stakeholders, 

has succeeded in improving immunisation coverage rates (WHO – Data, statistics and graphics, 2016). 

Despite this progress, coverage gaps persist between countries, as well as within countries. Vaccine-

preventable diseases remain a foremost cause of morbidity and mortality. The average coverage with 

three doses of diphtheria-tetanus-pertussis-containing vaccine and with measles-containing vaccine in 

low-income countries was 16% and 15% below that of high-income countries in 2010, respectively 

(WHO – Global Vaccine Action Plan, 2013). On top of that, in some countries, coverage of measles-

containing vaccine in rural areas is 33% lower than in urban areas. Similarly, the measles vaccine 

coverage rate for the richest fifth of the population in some countries is up to 58% higher than for the 

poorest fifth. 

Geographical distance from health centres and socioeconomic status are determinants of 

inequities. Yet, inequities need to be tackled because populations from lower-middle-income countries 

often carry heavier disease burden, may lack access to medical care and basic services and have 

fragile economies.  

The World Health Assembly, a decision-making body of the WHO, has approved a framework to 

deliver universal access to immunisation in the decade of 2011-2020, regardless of where you are born, 

who you are, or where you live. To achieve this ambitious goal, supply and logistics systems – already 

burdened – will face an even greater need for innovations. Moreover, the number of health workers, as 

well as their knowledge and skills, will need to be enhanced, better coordinated and better supervised. 

Most of the challenges of universal immunisation coverage are related to roadblocks along the 

delivery route. The bottlenecks to consider are Frontline Workers issues, cold chain breaks and logistics 
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and transportation constraints. Frontline health workers are those directly providing services where they 

are most needed, especially in remote and rural areas (Frontline Health Workers Coalition, June 2016). 

This workforce provides immunisation and treat common infections. However, many are community 

health workers and midwives who lack training, which may, sometimes, lead to incorrect vaccines 

administered, administration errors, incorrect dose administered or even accidental overdose. (IFPMA, 

2016) Throughout the supply chain delivery, vaccines have to be kept under tight temperature control, 

normally in the range of 2ºC - 8ºC, in case of refrigerated vaccines, and between -50ºC and -15ºC, in 

the case of frozen vaccines (CDC, 2016). Failure to store and handle vaccines properly under the right 

temperature range can diminish vaccine effectiveness, consequently leading to inadequate immune 

responses in patients and poor protection against diseases (IFPMA, 2016). To adequately store these 

vaccines, refrigeration and freezing technologies are necessary at the distribution hubs (warehouses). 

Similarly, for the transportation of vaccines to remote sites, and some developing countries, where 

roadblocks exist, and temperatures are extremely high, efficient packaging and labelling are mandatory.  

Along the supply chain delivery, after manufacturing is complete, vaccines are ready to be 

shipped. International shipping and vaccines’ arrival involve several challenges such as limited space 

and weight of packages, cold chain limitations, assurance of environmental sustainability, control check 

of both quantity and quality, among others. At district/regional stores, vaccines are warehoused, thus 

requiring storage capacity, electricity supply, stock management & demand forecast, 

transportation/shipping solutions, cost, and efficiency, and, lastly, temperature excursion management. 

After warehousing vaccines, they are typically transported to health centres. Cold chain breaks usually 

occur in this step, travelling the “last mile”. Temperature monitoring technologies are significant and 

useful procedures to ensure that vaccines are correctly transferred from health centres to communities. 

Upon vaccine administration to individuals, extremely challenging vaccine preparation is required, 

which means that there is also the necessity of having trained staff for the administration of vaccines. 

Another complication is the possibility of having counterfeited vaccines circulating. At the extreme end 

of the supply chain delivery, it is mandatory that governments and state entities assure patient 

adherence to vaccines and encourage documentation (inventory and patients’ records). 

Lastly, and of tremendous importance, we have complex regulatory requirements that might differ 

from region to region. In Europe, the regulatory framework for vaccines is made up of rigorous 

regulatory procedures to assess quality, efficacy and safety. This regulation does not only apply to 

manufacturing but also to innovation addressing supply chain challenges, such as changing the 

packaging, presentation and controlled-temperature chain (CTC) of vaccines. This will certainly result 

in easier transport and administration of vaccines. To better understand how vaccine supply chains 

function, a detailed characterisation is provided in the next section. Entities and flows playing part in 

the supply chain are detailed and explained to fully grasp how vaccine supply chains operate. 
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2.2. Vaccine Supply Chain Caracterisation 
 

Vaccine supply chains are characterised by two main parts, one being the manufacturing process 

and the other being the distribution process. Figure 4 demonstrates a generic representation of vaccine 

supply chains. The first two steps (suppliers and manufacture) may be included in the manufacturing 

process whereas the three other steps may be included in the delivery process. For the sake of 

simplicity, and if one considers clustering consumers, one can consider customers and consumers to 

be in the same step of the supply chain. This may happen because the extreme end of vaccine supply 

chains, concerning clients, is predominantly a ramification from state/private healthcare entities to final 

consumers (patients). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Vaccine supply chain structure. 

 

Starting with the manufacturing process of vaccines, it starts right after the completion of R&D 

activities and initiates after the approval as safe and effective by a regulatory authority. Vaccine 

manufacturing involves several steps and each step can be performed in different sites located in 

different countries. Hence, a vaccine normally travels through numerous different locations before being 

ready for shipment. The control of quality represents itself up to 70% of manufacturing time (IFPMA, 

2014).  
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Manufacturing comprises the following steps: 

 

§ Raw material reception; 

For which pharmaceuticals companies establish various codes of conduct for their 

suppliers to guarantee the accordance with regulatory bodies. The conformance of raw 

materials is checked with the quality specifications. 

 

§ Bulk antigen manufacturing; 

In this step, the active ingredient of the vaccine is manufactured. In terms of the 

production of high quality, safe and efficacious vaccines, this is the most critical step. 

This step is usually referred to as primary manufacturing. 

 

§ Formulation; 

 

The active ingredient manufactured in the last step is mixed with other ingredients to 

ensure product stability and enhance the immune response. This step is also called 

secondary manufacturing. 

 

§ Filling; 

The vaccine is filled into the final container. This could be a vial or a prefilled syringe. 

 

§ Packaging 

After filling vaccines into the final container, products are labeled, according to 

regulatory requirements, and packed for shipping to the customer. 

 

§ Lot Release 

In this final step, the quality of the manufactured product is assured. The national 

regulatory authority gives the final authorisation to release the product for distribution. 

 

 

A representation of the manufacturing process steps is shown in figure 5. 
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Figure 5. Vaccines’ manufacturing process (IFPMA, 2014) 

 

All of these steps are part of the manufacturing chain and can take up to 24 months to complete, 

approximately, which represents a huge lead time in the delivery of vaccines from factories to 

warehouses. In relation to the manufacturing process of vaccines, there is another significant concern 

associated with the introduction of variations to already existent vaccines. These variations may 

introduce and extra layer of complexity, thus creating more time lags between the manufacturing and 

the distribution, which can further reduce the potency of vaccines and diminish their remaining shelf 

life. 

Afterwards, vaccines are shipped for distribution. In the distribution process there are also a few 

steps to be mentioned: 

 

§ Intenational shipping and vaccine arrival; 

 

In this step the main challenges are related with the space and weight available to 

transport vaccines from factories to warehouses while maintaining the cold chain 

functioning throughout the course of the transportation and assuring environmental 

sustainability. 

 

§ Warehousing 

 

To store vaccines it is necessary to consider the available storage space and capacity 

as well as the electricity supply. Moreover, stock management and shipping solutions, 

cost, and efficiency need to be considered. 
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§ National/District/Regional store 

 

In this study, this step is considered to be the last one, since vaccines are delivered to 

final markets as countries. Therefore, this step represents the last mile logistics, in 

which the primary concern is the conservation of the cold chain and again shipping 

solutions. 

 

The last step occurs at health centres (thus at a regional level) when vaccines are prepared and 

administered to patients. All steps of the distribution process can be observed in figure 6. 

 

Figure 6. Vaccines’ distribution process (IFPMA, 2016) 

 

Thus the immunisation supply chain can be classified as quite complex and special attention to 

the management of such systems must exist. Adding to the above issues, other aspects characterise 

these supply chains adding to the already complex system. Firstly, the investments needed to foster 

new innovative vaccines are enourmous. Secondly, the uncertainty associated to forecasted demands 

and the unpredictability of use by public purchasers is considerably high. 

Additionally to what has been discussed for the manufacture of vaccines, the urge to expand 

access of vaccines to resource-poor settings is pushing manufacturers to invest and research topics 

such as heat-stability packaging, efficient labeling, and developing novel delivery services. 

Nevertheless, the benefits from these investments won’t be fully realised unless there is also progress 

in the optimisation of supply chains. This will enable reducing cold chain footprint, limit waste rates, and 

increase vaccination coverage, compliance, and safety (IFPMA, 2016). It is utterly essential to ensure 

the appropriate functioning of supply chain management in the context of immunisation, otherwise, 

failure to store and handle vaccines properly may reduce vaccine effectiveness, consequently resulting 

in inadequate immune responses in patients. Successively, the public’s trust in immunisation may be 

eroded if the vaccines people are receiving have been compromised (e.g. exposed to inadequate 

conditions/temperatures or simply mishandled), (Tan, 2014). 
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2.3. The Vaccination market 
 

The purpose of this section is to contribute with an overview of the biggest companies in the 

vaccines market. The information of each one of the enterprises was taken from the respective annual, 

financial and corporate responsibility reports. Four main enterprises were identified as the big players 

(Gavi, the Vaccine Alliance, June 2016). 

 
2.3.1. Merck & Co., Inc. (Merck & Co., Inc., 2015) 
 

Merck’s manufacturing & supply chain mission is to provide patients and customers with a reliable 

supply of high-quality, safe and effective medicines and vaccines. For this goal they apply and adhere 

to a strict set of quality standards, from research and development to the manufacturing and distribution 

of medicines, vaccines and other products. Merck also holds a program of corporate global anti-

counterfeiting to deter, detect and respond to counterfeit activity. As expected, Merck conducts 

demanding audits of every potential new supplier of active ingredients, raw materials or formulated 

products. Merck has been implementing an investment, of more than $1 billion, in their vaccine 

manufacturing capabilities over the past nine years. They’ve made progress in creating adequate 

manufacturing capacity for most vaccines, so that they eliminate supply disruptions when temporary 

issues arise in manufacturing. Merck’s commitments in terms of manufacturing & supply chain are: 

 

§ To maintain strict quality standards and effective supply-chain management to ensure the 

efficacy, safety and supply of their products no matter where they are manufactured; 

§ To sustain an interdependent, flexible supply chain to take into account global and local market 

supply needs; 

§ To engage and invest in local and regional partnerships to enable market access. 

 

Merck is a member of the Pharmaceutical Distribution Security Alliance (PDSA) that supports 

increased enforcement of existing anti-counterfeiting laws. They have also been active in continuously 

examining their supply chain to reduce inefficiencies, optimise yields and lower costs of production and 

have passed these savings on to their customers in the form of lower prices, particularly in lower-income 

markets. 

 

2.3.2. GlaxoSmithKline plc (GlaxoSmithKline plc, 2016) 
 

GSK vaccines business is one of the largest in the world, developing, producing and distributing 

over 1.9 million vaccines every day to people across the world. The vaccines department in GSK 

employs ca. 15,000 people and sales are growing yearly. 

GSK motto is to simplify their business, through the simplification of their vaccines operating 

model. The integration of Novartis vaccines’ business, in 2015, acted as a catalyst to further simplify 

and, at the same time, strengthen GSK manufacturing network, and reduce supply costs, thus 

increasing operating profit margin. At the present time, GSK has 17 vaccines manufacturing sites 
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strategically positioned around the world. This broad and diversified imprint gives GSK greater 

manufacturing capacity, efficiency and flexibility. Significant investments were also made in 2015 for 

expansion and construction of new manufacturing sites. On top of that, GSK claims absolute 

commitment to quality through the highest quality standards in manufacturing. 

GSK is focused on practicing a responsible business. They state, on their 2015 annual report, 

they have reached 1.3 million children with life-saving immunisation, treatments and other interventions. 

Another important approach of GSK is related with extending health for all, therefore increasing access 

to healthcare, no matter where they live or their ability to pay. For this purpose, partnerships were 

established such as the one with Save the Children.  

Their thirst for innovation has also led them to develop a malaria candidate vaccine, which has 

already been recommended for a pilot programme by WHO. 

In 2013, the Group initiated the Major Change restructuring programme focused on 

opportunities to simplify supply chain processes, build the company’s capabilities in manufacturing and 

R&D, and restructure its European Pharmaceuticals business. GlaxoSmithKline intend to rescale 

commercial operations and relevant manufacturing operations across the company’s pharmaceuticals 

business. 

 

2.3.3. Sanofi, S.A. (Sanofi, S.A., 2015 & 2016) 
 

Sanofi provides a wide range of medicines, vaccines and therapeutic solutions. As a core 

objective, Sanofi intends to speed up innovation and launch new medicines and vaccines to meet 

current and future healthcare needs. Sanofi’s industrial and R&D network is spread all over the world, 

being present in more than 40 countries, and including manufacturing sites, development centres and 

distribution hubs. Under the principle of ensuring the safety of the end-to-end supply chain, Sanofi 

monitors the quality performance of their suppliers and subcontractors and ensures optimal distribution 

conditions. The business unit in the group that is connected to vaccines is called Sanofi Pasteur. In 

Sanofi’s 2015 Corporate Responsibility report, their preoccupation with the integrity and traceability of 

their products stands out. Furthermore, Sanofi considers the safeguarding of the supply chain and 

business continuity to be two of the most important responsibilities of the Group. Hence the supply 

chain strategy of Sanofi focuses on the endeavour to guarantee the continuous supply of drugs and 

vaccines to their patients, without any disruption. Their goal is to attain a “zero out-of-stock” objective. 

The supply chain management team is responsible for implementing the various processes 

effectively, on all the sites where the Group operates, to certify controlled processes and compliance 

with their continuous improvement policy. In each affiliate, the supply chain and marketing functions 

work together to produce highly reliable sales forecasts. 

At site level, sales forecasts are utilised to define the manufacturing needs for each product. For 

this purpose, it is essential to carefully analyse material and capacity requirements. After manufacturing, 

products are shipped through the Group’s Distribution organisation. Shipments may be direct, when 

manufacturing sites produce for the local market, or via an export platform, allowing grouping and 
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transportation cost optimisation. Once the products arrive in each domestic distribution hub, they are 

delivered through their three main distribution channels: 

§ Direct to pharmacies; 

§ Direct to hospitals; 

§ Deliveries to wholesalers. 

 
2.3.4. Pfizer Inc. (Pfizer Inc., 2016) 
 

Pfizer wants to affirm their robust portfolio with strong margins and good cash flows, along with 

a reliable supply chain and an excellent reputation for quality. In 2015, Pfizer developed and approved 

a set of supply chain goals that aim to result in meaningful environmental improvement across their key 

suppliers. These measures are related with the major contribution of suppliers to their external 

environmental footprint. Therefore, Pfizer is trying to align such supplier goals with their strategic 

imperative of gaining respect from society. All this effort can be included in their environmental 

sustainable programme launched in 2010 – Green Journey. This programme is guided by the following 

four key components: 

 

1. Optimising processes to reduce their environmental footprint across their three goal areas 

(climate, water, waste); 

2. Responding to their customers’ desire for innovative, sustainable packaging designs and 

materials; 

3. Expanding sustainability efforts across their manufacturing supply chain; 

4. Increasing their understanding of their impact on the environment. 

 

They hope to minimise potential impacts on human health and the environment from the 

manufacture, use and disposal of their medicines – across their supply chain and the lifecycle of their 

products.   

In terms of vaccines, their most prominent one is Prevenar 13 (pneumococcal polysaccharide 

conjugate vaccine, 13-valent adsorbed). It is one of the most technically complex vaccines to 

manufacture, and to optimise logistics and local supply. As it was mentioned before, this vaccine is one 

of those manufactured in many parts of the world. 

According to Pfizer’s 2015 Annual Review, one dose of Prevenar 13, from start to finish, takes 

the work of 1,700 employees, 678 quality tests, 400 different raw materials, 580 steps in manufacturing 

and 2.5 years to manufacture. However, Pfizer has accomplished the delivery of Prevenar’s billionth 

dose. 

Pfizer’s Supply chain management is based on what they call a Highly Orchestrated Supply 

Network (HOSuN). HOSuN is designed to align inventory and supply chain planning, transportation 

management, temperature control management, logistics and logistics security, environmental health 

and safety, dangerous goods compliance, global trade compliance and trade management. 
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Pfizer is also an active member of the Pharmaceutical Supply Chain Initiative (PSCI), an industry-

wide trade association creating a common platform to drive continuous improvement across the supply 

chain to improve labour, ethics, environmental, and health and safety practices. 

As an example of these practices by Pfizer, they changed the pneumococcal vaccine 

presentation from a prefilled glass syringe to a single-dose vial for use in developing countries. The 

change in packaging and presentation reduced the cold chain space per dose required from 55.9cm3 

to 12cm3 (IFPMA, 2016). 

 
2.3.5. Opportunities and Challenges 
 

Health economists traditionally utilise two well-established tools to evaluate health interventions 

in economic terms. Those are known as Cost-effectiveness analysis (CEA), which seeks to determine 

the cost of an intervention in relationship to a particular outcome; and Cost-benefit analysis (CBA), 

which makes a direct comparison between costs and benefits by monetising the value of benefits 

(Bloom et al., 2015). However, in healthcare it is sometimes difficult to quantify the value of 

effectiveness and benefits generated by some intervention. Immunisation is one of the most successful 

and cost-effective public health interventions (Gavi, the Vaccine Alliance, June 2016). Vaccines remove 

a major barrier to human development and allow children to attend school and go on to be productive 

members of their community. By reducing illness and long-term disability, vaccines also generate 

savings for health systems and families. In 2005, Harvard University scientists calculated that spending 

on Gavi’s programme to expand vaccine coverage in eligible countries would deliver a rate of return of 

18% by 2020 (Bloom et al., 2005). Children in developing countries now have greater access to 

vaccines thanks to the Vaccine Alliance’s (Gavi) help. Nevertheless, one in five of all children who die 

before the age of five still lose their lives to vaccine-preventable diseases (Regional Office for Africa: 

WHO, June 2016). 

GlaxoSmithKline has reported that vaccination represents a market of $25 billion nowadays, that 

will grow at ~10% p.a. for the next 10 years (GlaxoSmithKline plc, 2014). With the potential of this 

market, great improvements may occur to reduce costs, waste and achieve highly effective supply 

networks. 

The fact that vaccines are life-saving products emphasises even more the importance of studying 

supply chain network design and optimisation. The most pressing hurdles that need to be overcome 

are related with planning production efficiently to guarantee the supply of vaccines from factories to 

warehouses; guarantee the proper storage of vaccines (and sufficient space) according to their storage 

and handling conditions and finally meeting the demand for vaccines. 

This dissertation addresses the problem of structuring an efficient supply chain and planning the 

optimal storage and transport conditions while considering social, environmental and economic 

objectives. Vaccines, in their presentation forms, ready for shipment are taken as products. In order to 

understand the key features that a vaccine supply chain should respect, background information on the 

main organisational features was already provided. The challenges meant to be considered in this study 
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were also mentioned in this chapter. The purpose is to plan the utilisation of network resources to 

achieve the best performance possible in the face of unavoidable challenges as cold chains. 
 
2.3.6. Conclusions 
 

Both the manufacturing and the supply processes in vaccine supply chains have their part of 

issues that need to be addressed so as to minimise waste of resources and achieve a better outcome. 

To understand what can be done to overcome current hurdles, a review on previous research 

publications related with VSC ought to be conducted.  

Hence, in the next chapter, literature related with vaccine supply chains and concerning various 

fields of research is reviewed. In the first part, a general overview over the pharmaceutical industry is 

given. Subsequently, research in supply chain management in the last years in the 21st century is 

commented. Afterwards, a narrower point of view inside pharmaceutical supply chains is given so as to 

understand some particularities of these chains. Lastly, to recognise issues mentioned in this chapter, 

literature on VSC, specifically, is reviewed. Some issues have already been addressed while others still 

require research and analysis.   
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3. Literature Review  
 

This literature review can be defined as a primarily qualitative synthesis. It should be noted that 

reviewing literature is an important supporting tool for other stages of the research process (Seuring et 

al., 2012). 

In this chapter, the theoretical concepts are presented in a systematic format. The most 

significant notions are the description of the pharmaceutical sector, the explanation of forward logistics, 

reverse logistics and the integration of both flows, resulting in closed-loop supply chains, and finally 

pharmaceutical and vaccine supply networks with different approaches for modelling.  

In the first part, a brief description of the economic sector of pharmaceuticals is provided along 

with the trends within that industry. In the next subsection, the research evolution in supply chain 

management is presented. At last, a detailed description of pharmaceutical and vaccine supply 

networks with different approaches for modelling is presented. Finally, some conclusions are drawn 

and future research directions of some researchers are given. 

 

3.1. Pharmaceutical industry 
 

The pharmaceutical industry entails a complex set of processes, operations and organisations 

involved in the discovery, development and manufacture of drugs, medications and vaccines (Shah, 

2004). 

Another possible definition for the pharmaceutical industry is, simply put, the part of the 

healthcare sector dealing with medications. Yet the industry comprises quite different subfields 

regarding the development, production, distribution (including access and uptake), and marketing of 

medications. The main goal of the pharmaceutical industry is to deliver drugs that help in the prevention 

of diseases, maintain health and cure or retard diseases, consequently reducing morbidity. As 

expected, a number of international regulatory entities monitor drug safety, quality, patents and pricing 

given that this industry affects the global population (Market Realist, 2015).  

From its early days, the pharmaceutical industry has enjoyed a very satisfying economic status, 

with profits commonly growing steadily. Nevertheless, market pressures and harsh socio-political 

regulations are among the present causes that are changing the way in which the pharmaceutical 

business is operating (Gatica et al., 2003). In response to these factors, pharmaceutical companies are 

undergoing major changes to cope with the new challenges of the modern economy (Papageorgiou et 

al., 2001). 

In this context, biotechnology has changed the way diseases are treated. The ability to produce 

biologics has resulted in an improved comprehension of mechanisms of diseases and resulted in the 

development of a myriad of innovative drugs and vaccines (Ghia et al., 2015). Among the large 

international pharmaceutical companies, only three, Sanofi Pasteur, GlaxoSmithKline and Merck, 

currently manufacture a broad range of vaccines. Others, such as Pfizer and Novartis, offer a narrower 

range of products addressing particular disease indications or particular market niches (Smith et al., 

2011). In the drug-manufacturing category, the major publicly traded companies include Johnson & 
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Johnson, Novartis AG, Pfizer Inc., Merck, Sanofi, and GlaxoSmithKline. The last four are the major 

players in the market of vaccines, by market share.  

These companies invest large quantities of assets into their global supply chains so that they are 

able to deliver their products efficiently to markets, and ultimately to patients. Supply chain management 

(SCM) has been a pressing field in terms of research for pharmaceutical companies to further reduce 

costs, and thus maximise profits. Literature on supply chain management is present in the next 

subsection to better understand how this research topic has been evolving in the last years. 

 

3.2. Supply Chain Management 
 

Supply Chains (SC) are normally considered as integrated systems that, traditionally, start at the 

supply of raw materials and end with the distribution and sales of goods to final consumers. 

In recent years, the literature on SC has been growing towards the integration of both forward 

and reverse logistics, culminating in closed-loop supply chains, which consider both flows 

simultaneously. In regard to forward logistics and strategic decision-making associated, various works 

have been published. One of the major reviews before the 20th century was Vidal et al. (1997), which 

only comprised a strategic model. However, the authors further developed their research (Goetschalckx 

et al., 2002) into integrating both strategic and tactical features, in what they called global logistics 

systems. Lambert et al. (2000) provides an insightful paper discussing how supply chain management 

can be utilised as a competitive advantage among companies. Another significant paper can be found 

in Croom et al. (2000), covering a study based on the analysis of a large number of publications on 

supply chain management.  Mentzer et al. (2001) provides numerous definitions of supply chain 

management, emphasising the need of integrating flows of information, materials, money, manpower, 

and capital equipment as stated by Forrester (1958). Additionally, in Croxton et al. (2001) one is able 

to acquire and understand strategic and operational supply chain processes such as Manufacturing 

flow management and demand management, as identified by the Global Supply Chain Forum. Peidro 

et al. (2009) presents a review of the literature related to supply chain planning methods under 

uncertainty, with the objective of applying quantitative approaches for modelling supply chains under 

uncertainty. In another paper (Papageorgiou et al., 2009), advances and opportunities for the 

optimisation of process industries are presented, several up to date definitions of SCM are provided, 

and ultimately support is given for the tendency of supply chains to evolve towards sustainable and 

environmentally conscious systems. 

With the introduction of sustainability as an essential feature of supply chain structures, the 

preoccupation with social and environmental design and planning rose, representing now, along with 

economic concerns, crucial features of a supply network (Linton et al., 2007). The integration of 

environmental and social aspects with economic considerations is known as the triple-bottom-line (TBL) 

as stated by Elkington et al. (2004). Being TBL a starting point for Corporate Social Responsibility (CSR) 

and Sustainable Development (SD), activities of reverse logistics in the supply chain have been studied 

lately more often, mostly because they are now a reality. One of the first major reviews concerning 

reverse logistics is offered in Fleischmann et al. (1997). In this review, a general framework for reverse 
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logistics is suggested along with mathematical methods from the perspective of Operational Research. 

Furthermore, differences and similarities with classical forward logistics are pointed out in this paper. 

The number of published works where both forward and reverse structures are accounted for 

simultaneously has been augmenting in the last years. After the beginning of the 20th century, some 

authors instigated investigations on closing the loop, thus giving rise to the term Closed-loop Supply 

Chain (CLCS). Guide et al. (2006) and Guide et. al (2009) represent some of the initial work on the field 

of closed-loop supply chains. In the latter, the evolutionary process of CLSC to a fully recognised 

subfield of supply chain management is illustrated. In 2009, Amaro et al. proposed a Mixed-Integer 

Linear Programming (MILP) formulation for the optimal planning of multi-period CLSC under 

uncertainty, and with different scenarios, while accounting for different partnership structures, 

considering not only production, but also storage and distribution. The objective function built takes into 

account the partnership structure and actualised cash flows. In Salema et al. (2007) a MILP formulation 

is proposed for the design of multi-product reverse logistics networks with uncertainty. Subsequently, 

in Salema et al. (2010), a generic modelling framework for simultaneous design and planning of supply 

chains with reverse flows was developed. This model included a multi-period and multi-product network 

covering strategic design and tactical planning of its operations. A generic representation of the network 

considered in the study is observable in figure 7. 

 

 

 

Figure 7. Generic network representation (Salema et al., 2010) 
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Later on, Lieckens et al. (2012) focused on multi-level reverse logistics network design, also 

under uncertainty, with an innovative modelling approach based in differential evolution algorithms. 

Similarly, Cardoso et al. (2013) proposed a mixed-integer linear programming model for the design and 

planning of supply chains with reverse flows while considering tactical planning and demand 

uncertainty. The objective function in MILP formulations varied between the supply chain cost and the 

expected net present value, respectively, in the last two papers mentioned.  Bradenburg et al. (2014) 

provides a content analysis of numerous papers on quantitative models that address sustainability in 

SC, indicating developments and directions resulting from the expansion of previous publications. 

In 2015, Mota et al., proposed a supply chain design and planning model that comprised 

economic, environmental and social performance indicators with the goal of addressing the 

sustainability of supply chains.  

Among other publications, Cannella et al. (2016) offers a systematic literature review of the 

studies dealing with return flow and CLSC. Moreover, the study concludes that companies have to 

invest in returns management, not only to embrace sustainable operations, but also because feeding 

the production-distribution system with product returns flow will improve the SC dynamic performance.  

In the next subsection, pharmaceutical supply chains’ literature will be reviewed in order to 

understand the specific issues affecting these chains. Different issues have steered researches in 

different directions, consequently resulting in different outcomes and conclusions that may complement 

each other. The next subsection is especially important to provide supplementary information on 

pharmaceutical supply chains.  

 

3.3. Pharmaceutical Supply Chains 
 

The supply network of the pharmaceutical industry is similar to that of any other industry in the 

manufacturing sector. Among the substantial published research on Supply chain network design 

(SCND), only a small fraction of these studies directly deal with the pharmaceutical sector. Despite all 

advances and improvements in the manufacturing, storage, and distribution methods, several 

pharmaceutical companies are still significantly far form effectively satisfying market demands in a 

consistent manner (Mousazadeh et al., 2015). 

Inside the industry, the preferred mechanism to overcome the productivity crises has been to 

increase investment, primarily, in the two extreme ends of the supply chain, R&D and sales. However, 

supply chain optimisation is an excellent way to increase profit margins and is becoming current practice 

(Sousa et al., 2011). 

In 2001, Papageorgiou et al. developed a mathematical programming technique (MILP) so as to 

facilitate the strategic supply chain decision-making process for pharmaceutical industries. They 

considered three main issues during the optimisation-based approach to select both the optimal product 

development and introduction strategy together with long-term capacity planning and investment 

strategy at multiple sites. The three main issues considered for a typical pharmaceutical industry were 

Product Management, Capacity Management and Trading Structure. Analogously, Gatica et al. (2003) 

expanded the research of the last paper by introducing uncertainty to clinical trials. The advantage of 
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this model in comparison with the first one is evident, for it allows discriminating between different risk 

management alternatives. 

Shah et al. (2004) discusses the difficulty, at the supply chain design stage, in balancing future 

capacity with anticipated demands in the face of the very significant uncertainty that arises out of clinical 

trials and competitor activity. In this paper, the low manufacturing velocities are highlighted and the 

quality assurance activities at several points are also mentioned. All of these factors translate into a 

lasting overall supply chain cycle time, which lasts even more in the case of biopharmaceuticals such 

as vaccines. The drivers in the pharmaceutical industry are examined and the distinct stages of a typical 

pharmaceutical supply chain are enumerated. In contrast to the first two publications discussed in this 

subsection, Shah et al. (2004) makes a clear distinction between operational and strategic issues. A 

literature review is, thereafter, presented concerning some of the key issues. 

Amaro & Barbosa-Póvoa (2008) presents a generic integrated approach for the planning and 

scheduling of supply chains. In spite of this model being broad, it was applied to a pharmaceutical case 

study, which consisted in a multi-product supply chain. Therefore, the output of the model has two levels 

of information, namely, the optimal aggregated plan for a given time domain and its concretisation at 

the scheduling level (optimised based on a pre-defined economical criterion). Kumar et al. (2009) points 

out the obvious need to maintain traceability of pharmaceutical products throughout the supply chain 

so that reverse logistics become more effective. This study aims to scrutinise pharmaceutical supply 

chains, in search of potential improvements, using DMAIC process (an acronym for Define, Measure, 

Analyse, Improve and Control – a core tool used to drive Six Sigma projects). In Sousa et al. (2011) a 

model was built to optimise primary and secondary manufacturing independently for the whole supply 

chain. The model aims to allocate the manufacture of primary and secondary products, solve the optimal 

production amounts and inventory levels and establish the product flows between echelons. To facilitate 

the resolution of the main problem, they also separated in terms of temporal decomposition, into 

independent sub-problems, one per each time period. A rather different approach was taken by 

Masoumi et al. (2012), which developed a new supply chain network model for the study of oligopolistic 

competition among the producers of a perishable product such as pharmaceuticals. They present a 

case study focused on a real-world scenario of cholesterol-lowering drugs to assess the applicability. 

Their model is also intended to capture the perishability and brand differentiation of pharmaceuticals. 

Kabra et al. (2013) have proposed a model based on state-task-network representation to deal 

with specific features such as multiple intermediate due dates, shelf life, and waste disposal, and 

penalties on backlogs and delayed orders. The feasibility of the model proposed was illustrated through 

a bio-pharmaceutical industry example.  

In 2016, Weraikat et al. published two papers addressing reverse supply chain (RSC) inside the 

pharmaceutical industry. The first one (Weraikat et al., 2016a) addressed a coordination method in a 

reverse supply chain of a real pharmaceutical case study. As Kumar et al. (2009) stated, RSC activities 

are handled, the majority of times, through third-part logistics (3PL). The model developed is inspired 

in Walther et al. (2008), which consists in a negotiation-based mechanism that reflects the relationship 

between the retailer (producer representative) and several 3PL companies. The second paper released 

(Weraikat et al., 2016b) was an extension of the research carried out in the initial one. The major 
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difference is that the latter publication involved customers in the coordination model, thus attaining a 

coordination mechanism among all entities of RSC (i.e., customer, producer, and 3PL companies). 

In the next segment of this chapter, more in-depth information on vaccine supply chains is 

provided. Particular concerns in the field are pointed out and diverse research approaches are 

discussed. Some entities that intervene in the world of immunisation are briefly mentioned in the next 

segment as well.  

 

3.4. Vaccine Supply Networks 
 

The actors on the demand side of the vaccine market are, mainly, governments of industrialised 

and developing countries, procurement agencies, the private sector, and various regulatory and 

advisory bodies overseeing vaccine quality and safety. Nonetheless, the majority of the global vaccine 

sales are made in High Income Countries (HICs), constituting 82% in terms of value and, roughly, 20% 

of the annual volume of vaccines sold. Ergo, not only HICs pay higher prices, they are more likely to 

incorporate newer vaccines in their national health policies (WHO – Vaccine Market, 2016).  

Pharmaceutical companies are businesses, not public health agencies and thus they are not 

obligated to make vaccines. During the past decades, the number of pharmaceutical companies making 

vaccines has diminished severely, and those that still make vaccines have reduced resources to make 

new ones. This gradual abandonment is due to research, development, testing, and manufacture 

extremely expensive costs and because the market to sell vaccines is much smaller than the market 

for other drug product. Furthermore, vaccines are difficult to make and, because they are used once or 

at most a few times during one’s life, have revenues that are dramatically less than products that are 

used every day (Offit et al., 2005).  Pharmaceutical companies have found it difficult to persuade 

shareholders of the value of continuing to develop vaccines for poor countries. Even if payments for 

vaccines increase and/or costs of making vaccines decrease, the urge for successful immunisation 

programmes with functional supply chains and logistics systems still exists. The crucial objective is to 

guarantee the uninterrupted availability of quality vaccines from manufacturer to service-delivery levels, 

so that opportunities to vaccinate are not missed because vaccines are not available (WHO – 

Immunization supply chain and logistics, 2016). 

In total, the manufacturing lead time can vary between 9 and 22 months and the quality control 

and quality assurance processes can take up to 70% of this time (IFPMA, 2014). All these factors 

constitute challenges to the task of designing a responsive, cost-effective and humanitarian global 

vaccine supply chain. 

The issues for vaccine supply chains are quite broad, yet they can be described according to 

some key characteristics. 

In 2005, Bloom et al. reasonably describes the progression of the immunisation landscape 

throughout the years, whilst commenting on vaccination coverage. The paper provides a brief summary 

of the history of vaccination and its impacts on human health, at the beginning, and ends with the 

research-to-date and new researches on the economic benefits of immunisation. This article also 

reports the creation of GAVI (The Vaccine Alliance) in the year of 2000. GAVI comprises United Nations 
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agencies, governments, donors, foundations, private companies, and institutions. At present, GAVI is 

in Phase IV (2016-2020) of its strategy, with their mind set to achieve coverage and equity as their core 

strategy. They aim to save children’s lives and protect people’s health by increasing equitable use of 

vaccines in lower-income countries (Gavi, the Vaccine Alliance - Strategy, June 2016). Additionally, this 

research presents several facts at the basis of the loss of momentum regarding vaccination. As 

examples, they refer to people living in inaccessible areas, out of range of clinics and health services, 

or reluctant to be vaccinated or to vaccinate their children; among others, cold chain breaks, lack of 

trained medical staff and political disruptions are also referred. At last, some broader economic impacts 

of immunisation are enumerated. 

In Kaufmann et al. (2011), the potential inability to distribute new vaccines is emphasised. They 

state that if supply chain improvements do not occur, the money and time spent to develop and finance 

new vaccines will be put at risk because vaccines won’t reliably reach those who need them. 

Temperature controlled transport and storage and shelf life issues (due to inaccurate forecasts or 

ineffective distribution practices) are discussed as well in this paper, and the efforts of international 

agencies such as UNICEF and GAVI to overcome them are listed. These problems assume acute 

proportions in countries with limited or unreliable infrastructures (electric power systems, 

communications, and transportations), tropical climate, and unstable governments. The majority of the 

countries has complex supply chain processes ending either in health centres or with the nurse 

travelling by bus or on foot to reach a remote location – a so called outreach session. However, the 

question is that for each transfer made between stages of the supply chain, the risk of bottlenecks or 

breakdowns increases. As key challenges, Kaufmann et al. (2011) cites demand forecasting, financing 

and procurement processes, storage and transportation, human resources and maintenance. On the 

other hand, as solutions they outline synchronisation and integration of activities, amelioration of 

distribution methods, improving the use of technology, train in-country staff and use commercial 

partners. 

A study to assess the impact of making thermostable vaccines was conducted by Lee et al. 

(2012). They concluded that this feature would not only relieve supply chain bottlenecks but also 

increase vaccine availability of all EPI vaccines, and decrease cold storage. 

In the same tone of describing supply network problems, Zaffran et al. (2013) briefly presents 

current issues faced by vaccine supply chains and logistics systems. As a way to optimise and 

strengthen logistics systems, this paper argues that vaccine products and packaging ought to be 

designed to meet the needs of developing countries. Effective vaccine delivery should be achieved and 

environmental impact of energy, materials and processes used in immunisation should be minimised. 

As other kinds of supply chains, information systems and internet connection remarkably enable better 

and more timely decision-making. Concluding, time and resources need to be invested to meet the 

needs of a 21st century immunisation programme. 

Some articles published explore economic evaluations of vaccines. Aballéa et al. (2013) 

exhaustively reviewed 68 economic evaluations of RV (rotavirus) vaccination. All studies for developing 

countries concluded in favour of vaccination. 
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In Yadav et al. (2014), they discuss whether the benefits of integrating vaccine supply chains 

with other supply chains (such as health commodities) will outweigh the costs. In order to proceed 

cautiously, this paper provides a framework for deciding where such integration offers the most 

significant benefits. For the construction of this framework they reviewed literature related with public 

health supply chains, vaccine supply chain, and in the commercial sector. The authors also supply 

readers with some examples/experiences from the integration of family planning products with essential 

medicines. One of the greatest challenges of integrating multiple supply chains is further complicating 

each product unique demand and supply characteristics. As a future opportunity they mention the need 

for operational research to better understand the benefits of vaccine supply chain integration. Edward 

Purssell, senior lecturer in King’s College London equally seeks to review the importance of the cold 

chain in the distribution of vaccines (2015). 

Lee et al. (2015) segmented 57 GAVI-eligible countries’ vaccine supply chains based on their 

structure. Afterwards, they explored the costs and impact of various alternative structures. In their 

results, they acquired information that the majority of supply chains consist of four levels. However, 

their modelling suggests that simplified systems may provide substantial cost savings for countries in 

the largest GAVI vaccine supply chain segment. Surely there are advantages to having more levels and 

storage locations in a supply chain. Yet, it is important to balance the decentralisation of operations with 

coordination complications and increased time spent in storage, thus raising the risk of wastage due to 

temperature exposure or expiry. 

In 2015, Hovav et al. developed mathematical models for optimising costs of an influenza-vaccine 

supply chain. The model seeks to decrease the total monetary expenses of the healthcare organisation 

while taking into account public benefits of the vaccination programme. To assess the applicability of 

their model, they provide a real-world case study. 

Another interesting publication was presented by Mvundura et al., (2015) which had the goal of 

estimating the costs of the vaccine supply chain and service delivery for selected districts, namely, for 

Kenya and Tanzania. 

Recently, Lemmens et al. (2016) published a paper with the intention of providing a literature 

review about supply chain network design (SCND) for vaccines. For this objective, they split the 

decisions as strategic, tactical and operational. Besides, they provide an overview of how uncertainty 

is incorporated. In this article, three classes of non-exclusive SCND models were considered: (1) 

location-allocation, (2) inventory-location and (3) production-distribution. Inside the category of 

inventory-location models, inventory impacts of facility location are addressed, which is sometimes 

ignored and neglected in location-allocation models. In inventory-location models there is also the 

opportunity to explore risk pooling benefits, perishability issues and inventory coordination, taking into 

account the trade-off between transportation and storage costs. The authors further detail the utility of 

each of the models together with their review. In another section of their study, they review multiple 

performance criteria on a supply chain network. Economic criteria are most of the times used in the 

field of SCND modelling. Technological criteria worth mentioning are vaccine transport and storage (in 

terms of capacity utilisation) and human capital. Finally, value criteria are generally associated with 
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vaccine availability and environmental responsibility. At the end, distinct modelling and optimisation 

approaches are characterised and classified according to their best use.  

Challenges that need to be addressed in future studies in this area include highly uncertain 

manufacturing lead times due to continuous quality control and assurance, reliable cold chain storage 

to effectively deal with the perishability of vaccines and guaranteeing a worldwide safe vaccination 

whilst ultimately minimising the costs of a SCND. 

 

3.5. Conclusions 
 

Given the structure of vaccine supply chains discussed in chapter 2 and the state-of-the-art 

studies being developed in the field of vaccine supply chains, as the one presented in Lemmens et al. 

(2016), this dissertation proposes to foster a model to tackle the hurdles discussed at the end of the 

current chapter. For this objective, the intention is to design and plan a supply network that integrates 

cold chain requirements that will guarantee an universal immunisation coverage. On top of that, 

pharmaceutical companies have been pressed to maintain and improve their contribute in terms of 

corporate responsibility, which steer them to make more efforts in order to reduce greenhouse gases 

emissions, electricity consumption and improve their delivery rates to people who are not getting their 

products (vaccines). Furthermore, by implementing such supply network, the company would be 

creating jobs for citizens which would also improve the social contribution of the company. 

Up until now there have been no research papers aiming to mimic or simulate the task of 

designing and planning a vaccine supply chain. To cover this research gap, a model is developed in 

this dissertation, based on the model presented in Bruna et al. (2016). The objective is to determine a 

set of important features of the supply chain such as the network structure and the production and 

storage levels. Furthermore, the model balances three objectives supported by economic, 

environmental and social performance metrics.  
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4. Model formulation 
 
4.1. Problem definition 
 

The problem discussed in this dissertation aims to determine the optimal supply chain structure 

for vaccines along with planning decisions that maximise the expected net present value (NPV), 

minimise environmental impact (energy consumption and CO2 emission) and maximise social benefit 

(through the creation of jobs), in a solution of compromise. The generic representation depicted in figure 

8 is implemented in a MILP (mixed-integer linear programming) model. The supply chain is formed by 

three echelons: factories with a given minimum and maximum capacity, warehouses, where final 

products are stored and delivered to markets and, finally, patients’ markets. Final products (vaccines) 

flow to warehouses or directly to markets. It is considered that inventory of final products is only allowed 

at warehouses. Final products entail both vaccines that rely on refrigeration and congelation to preserve 

their potency. At warehouses, technology selection is possible and both storage technologies 

(refrigerating and freezing technologies) can be allocated to each warehouse. Transhipment is allowed 

between warehouses and transportation between different entities can be performed by unimodal or 

intermodal transportation. In this study, intermodal freight includes road and sea freight modes. 

 

 
Figure 8. Supply chain representation 

 

 

The supply chain representation to use in the model was based on the work developed by Salema 

et al. (2010) and later generalized in Mota et al. (2015). In this research, the model employed in Mota 

et al. (2015) is upgraded to address the decision of selecting and allocating specific storage 

technologies for vaccines and model the operations involved in vaccine supply chains. 

A graph representation is utilised to characterise the supply chain structure that goes from 

manufacturing sites to markets (countries). Nodes represent any supply chain entity (such as factories, 

warehouses, and markets), whilst arcs between two nodes define an existing flow. The supply chain is 

split into echelons according to the node type. 
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Nodes are characterised by the following set of properties: 

 

§ Input flows: arcs that represent products coming from the previous network level; 

§ Output flows: arcs that represent products going to the next network level; 

§ Operation: nodes indicate the transformation that products undergo and that is responsible for 

turning input products into output products. This process can be a storage operation or simply 

a cross-docking operation. The operation varies according to the function that the entity has on 

the supply chain (factory, warehouse, seaport, etc.) Any operation has also some specific 

characteristics: 

o Time: any operation has a time of execution, which can take the value of zero if defined 

as instantaneous; 

o Capacity: the operation may be performed within maximum and minimum pre-

established values. 

 

On the other hand, arcs represent any kind of flows between two entities. They are characterised by: 

 

§ Origin: source entity; 

§ Destination: target entity; 

§ Material: one material is associated with each flow; 

§ Time: time needed to go from the origin to the destination; 

§ Capacity: maximum and minimum limits modelled for each flow. These limits are mostly related 

to transportation modes.  

 

 

Overall, given: 

§ A possible superstructure for the location of the supply chain entities, and for each 

entity/location (when applicable): 

§ Investment costs; 

§ Maximum and minimum flow capacities; 

§ Maximum and minimum production capacities; 

§ Maximum storage capacities; 

§ Environmental impact factor of each facility for each impact category; 

§ Social factor based on GDP per capita; 

§ Maximum supply capacity (from factories); 

§ Initial stock levels; 
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§ Possible storage technologies and for each technology: 

§ Maximum storage capacities; 

§ Investment costs; 

§ Operating costs; 

§ Necessary number of workers; 

§ Environmental impact characterisation factors per unit stored; 

§ Possible transportation modes and for each transportation mode: 

§ Maximum and minimum transportation capacities; 

§ Investment/outsourcing costs; 

§ Variable transportation costs; 

§ Contracted fixed costs (for transport hub); 

§ Handling costs at transport hubs; 

§ Necessary number of workers; 

§ Environmental impact characterisation ("#$	&' ∙ &)); 

§ The products within the supply chain, and for each product: 

§ Product demand; 

§ Price per unit sold; 

§ Product weight; 

§ Product volume; 

§ Distance between each pair of entities; 

 

The objective is to determine: 

§ The network structure; 

§ The production and storage levels; 

§ The required entities capacities; 

§ The transportation network (insourcing, outsourcing or combination of both); 

§ The supply flow amounts (from factories); 

§ Storage technology selection and allocation; 

 

While: 

§ Maximising profit, evaluated through the expected net present value (NPV); 

§ Minimising environmental impact, in terms of carbon dioxide emission and energy 

consumption; 

§ Maximising social benefit, evaluated through an indicator that evaluates the creation of jobs. It 

includes a factor based on the GDP per capita. 
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4.2. Mathematical formulation 
 
 

+, - Entities or locations . = .0 ∪ .2 ∪ .3 ∪ .4567 = .35897: ∪ .35897; ∪ … 

    .0  Factories 

    .=  Warehouses 

    .3  Markets (clients) 

    .4567  Seaports 

 

> Transport modes  ? = ?7683@ ∪ ?A5B7 

    ?7683@  Truck 

    ?A5B7  Boat 

 

' Technologies  C = C065D ∪ C6E06 

    C065D  Freezing technologies 

    C6E06  Refrigerating technologies 

 

) Products  F = F065D ∪ F6E06 

    F065D  Frozen products 

    F6E06  Refrigerated product 

 

G Time periods 

 

H Environmental midpoint categories 

 

I Allowed entity – entity connections  I = +, - ∶ +, - ∈ .  

L Allowed product – entity connections  L = ), + ∶ ) ∈ F ∧ + ∈ .  

N  Allowed product – technology pairs  N = ), ' ∶ ) ∈ F ∧ ' ∈ C  

O Allowed flows of products   O = ), +, - ∶ (), +) ∈ L ∧ (+, -) ∈ I  

P#G Allowed transport modes between entities P#G = >, +, - ∶ > ∈ ? ∧ (+, -) ∈ I  

P#GQ All allowed network   P#GQ = >,), +, - ∶ (>, +, -) ∈ P#G ∧ (), +, -) ∈ O  
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4.3. Parameters 
 
 

Parameters are described in groups, according to the sets to which they apply. The values 

assigned to parameters are pre-established before running the model, which means their value is not 

yielded by the model. The function of parameters is to restrain some variables that the model will 

calculate. Therefore, parameters impede variables from having unreasonable values. Constraints will 

be presented in sub-section 4.6, in the same groups as parameters. 

 
 
Entity-related parameters 
 
In this group, parameters concerning entities in the network structure are contemplated.   
 
RSTU

TBV  Maximum supply capacity for product ) by factory + 
 
RSTU

TU9  Minimum quantity for product ) by factory + 
 
#HTU

TBV  Maximum flow capacity in entity +  
 
+WTU
TBV  Maximum inventory level for product ) in entity + 

 
+WTU
TU9  Minimum inventory level for product ) in entity + 

 
+XRTU  Stock of product ) in entity + in time period 1 
 
#>U

TBV  Maximum installation area of entity + 
 
#>U

TU9  Maximum installation area of entity + 
 
ℎℎHU  Handling costs at hub terminals 
 
ZU  Workers needed when entity + opens 
 
WHU  Labour cost at location + 
 
Z"RSU  Workers needed per square meter for entity + 
 
RS)HU  Construction cost of entity + per square meter 
 
[U
\]^  Social factor of location + based on GDP per capita 

 
Product-related parameters 
 
_TU7  Demand of product ) by client + in time period G 
 
`aFT9  Bill of materials at warehouses and seaports 
 
b"cT  Necessary volume per unit of product ) 
 
"cRT  Price per unit sold of product m 
 
RHT  Inventory holding of product ) 
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Technology-related parameters 
 
RHd

TBV  Maximum storage quantity of technology ' 
 
RHd

TU9  Minimum storage quantity of technology ' 
 
>Gd  Necessary area of technology g 
 
Zd  Fixed workers per technology ' 
 
G#Hd  Installation cost of technology ' 
 
e"Hd  Operating costs of technology ' 
 
 
Transportation-related parameters 
 
WGB
TBV  Maximum level of transportation in mode > 

 
WGB
TU9  Minimum level of transportation in mode > 

 
HH>B

TBV  Contracted capacity with freighter 
 
>bR  Average speed (&)/ℎ) 
 
)ℎZ  Maximum driving hours per week 
 
gGHB  Fixed transportation cost for transportation mode > 
 
+Xb  Maximum investment in trucks 
 
>bHB  Average fuel consumption (h/100&)) of transportation mode > 
 
g"  Fuel price (€/h) 
 
b)H  Vehicle maintenance costs (€/&)) 
 
GHB  Variable transportation cost of transportation mode > per &) 
 
Hg"U Contracted payment to the freighter for allocated capacity per time period and/or for 

hub terminal use 
 
ZB Workers needed per transportation mode a for the case of road transportation. For 

the case of sea transportation, it represents the average number of jobs created in 
freighters per &)  

 
Environment-related parameters 
 
#+Td3 Environmental impact characterisation factor of storing product ) with technology ', 

at midpoint category H (per product unit) 
 
#+B3 Environmental impact characterisation factor of transport mode >, at midpoint 

category H (per &)) 
 
#+U3  Environmental impact characterisation factor of installing entity +, at midpoint category 
  H (per square meter) 
 
l3  Normalisation factor for midpoint category 
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Others 
 
_+RGUm  Distance between entities + and - (&)) 
 
`+'F  Large number 
 
nGℎ  Number of periods in time horizon (e.g. years) 
 
Z"G  Number of weeks per time period 
 
+$  Interest rate 
 
Rb  Salvage value 
 
Gr  Tax rate 
 
ZZℎ  Weekly working hours 
 
 
4.4. Decision variables 
 
 
Continuous variables 
 
oTU7  Amount of inventory of product ) stored in entity + in time period G 
 
oTdU7  Amount of product ) stored with technology ' at entity + in time period G 
 
QTU7  Amount of product ) produced at entity + in time period G 
 
pTBUm7 Amount of product ) transported by transport mode > between entities + and - in time 

period G 
 
qrU  Necessary capacity of entity + 
 
qrsU7  Used capacity in entity + in time period G 
 
tBU7 Necessary number of vehicles of transportation mode > entity + in time period G 

 
Integer variables 
 
tBU  Necessary number of vehicles of transportation modes > in entity + in all time horizon 
uBUm7 Number of trips with transportation mode > between entities + and - in time period G 
 
vdU  Number of installed technologies 'in entity + 
 
 
Binary variables 
 
qU  =1 if entity + is installed 
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Auxiliary variables at objective functions 
 
PQL  Net Present Value	
	
rO7  Cash flow in time period G	
	
Pw7  Net earnings in time period G	
	
Oxr7  Fraction of the total depreciation capital in time period G	
	
Or.  Fixed capital investment	
	
xQ7  Depreciation of the capital at time period G 
 
wXb.)"  Environmental impact indicator 
 
CxQ.X_  Social indicator based on GDP per capita 
 
 
4.5. Objective functions 
 

When one is modelling a multi-objective problem there are two options to do it: one can either 

condense multiple objectives in the same objective function or, contrarily, model the objective functions 

separately according to each specific objective. If it is the case of modelling all objectives together in 

one objective function, the procedure has an additional step of finding weighting factors. However, by 

doing so, some negative consequences may emerge. Specifically, the subjectivity and the uncertainty 

of the model may be affected negatively, which will ultimately contribute to a difficult comprehension of 

the trade-offs between the objectives.  

In this case the decision was taken to model each objective of the Triple bottom line (3BL) – 

economic, environmental and social - as individual objective functions.  

 
 
4.5.1. Economic objective function 
 
 

Equation (1) represents the model economic objective function, which maximises the NPV for 

the time horizon modelled. Equations (2) to (6) are support equations used to calculate the NPV. This 

approach to quantify an economic objective is based on the work developed in Cardoso et al. (2013). 

The NPV is calculated, according to Brealey et al. (2014), as the sum of the discounted cash flows of 

each time period (denoted by rO7), through the usage of the interest rate +$.  
 
 
 

maxPQL =
rO7

(1 + +$)7
7	∈	}

 

(1) 
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Equation (2) calculate the cash flow in each time period, obtained from the difference between 

the net earnings Pw7  and the fraction of the total depreciable capital Oxr7 . Additionally, equation (2) 
also calculates the cash flow for the last time period, where it is taken into account part of the total fixed 

capital investment Or.  that may be recovered at the end of the time horizon, using a salvage value 

Rb. 
 
 
rO~ =

Pw~ − Oxr7,
Pw~ − Oxr7 + Rb	×	Or.,

  G = 1, … , Ps − 1
G = Ps

 
(2) 

 
 
 

Equation (3) represents the formula for the net earnings. Net earnings are given by the difference 

between the incomes and the total cost, as shown in equation (3). 

Pw7 = 1 − G$ "cRTpTBUm7
T,U,m 	∈	ÅÇÉÑ
B,T,U,m 	∈	ÖE7^

− e"HdoTdU7
T,d 	∈	Ü
U	∈	áà

+
>bHB
100

∙ g" + b)H ∙ 2_Um ∙ uBUm7 +
B,T,U,m 	∈	ÖE7^
B	∈	äãåçéè

+ GHB ∙ b"cT ∙ _Um ∙ pTBUm7
B,T,U,m 	∈	ÖE7^
B	∈	äêëíã

+ ℎℎHm ∙ pTBUm7
B,T,U,m 	∈	ÖE7^

m	∈	áìëåã	∧	U	∉	áìëåã

+ Hg"U ∙ qU
U	∈	áìëåã

+ ZU ∙ WHU ∙ ZZℎ ∙ Z"G ∙ qU
U	∈	áà

+ Z"RS ∙ WHU ∙ ZZℎ ∙ Z"G ∙ qrU
U	∈	áà

+ Zd ∙ WHU ∙ ZZℎ ∙ Z"G ∙ vdU
T,d 	∈	Ü
U	∈	áà

+ ZB ∙ WHU ∙ ZZℎ
B,U.m 	∈	ÖE7
B	∈	äãåçéè

∙ Z"G ∙ tBU + G$ ∙ xQ7 

(3) 
 

Firstly, the incomes are determined from sales through the multiplication of products’ price per 

unit sold "RcT  and the quantity that is delivered in markets in each time period G. The total cost terms 

include the following in the respective order: 

 

§ Storage operating costs are given by the amount of products stored oTdU7  multiplied by 

the unitary operating costs e"Hd ; 

§ Transportation costs for road transportation are given by the number of trips between 

entities uBUm7  multiplied by the distance travelled 2 ∙ _Um  and the transportation cost 

per &), which is in its turn given by the vehicle average fuel consumption >bHB , the 

fuel price g"  and the vehicle maintenance costs per &) (b)H). In this case the distance 

travelled is given by 2 ∙ _Um because trucks belong to a determined entity, so it is 

necessary that they return to their respective entity after delivering their cargo; 
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§ Transportation costs for sea transportation are given by the flow of products transported 

with transportation mode > pTBUm7  multiplied by the transportation cost per &' ∙ &) 

GHB , the weight of each product unit ("ZT) and, finally, the distance travelled _Um ; 

§ Handling costs at the hub terminal are given by the flow of products through the hub 

terminals at the seaports pTBUm7  multiplied by the unit handling costs at these terminals 

(ℎℎH); 

§ Contracted costs with the freighter (Hg"U) for the allocated transportation capacity and/or 

for hub terminal use per time period, where it is considered that a contract is established 

with companies operating at hub terminals; 

§ Labour costs at entities are the labour costs for storage and labour costs for owned 

transportation modes (road transportation). These are given and vary with the fixed ZU  

and variable (Z"RS) number of workers at each entity, the number of workers needed to 

operate each technology (Zd) and the number of workers per transportation mode (ZB), 

respectively. Other factors that influence labour costs are the labour cost at each location 

(WHU), the weekly working hours (ZZℎ) and the number of weeks per time period (Z"G).  

Finally, the last term defines the depreciation of the capital invested (xQ7) and G$ represents the 

tax rate. For the capital invested it was considered a depreciation linear method as presented in 

equation (4).  
 
 

xQ7 =
(1 − Rb) ∙ Or.

Ps
 

(4) 
 

Oxr7 =
Or.

Ps
 

(5) 
 
Or. = RS)HU

U	∈	áà

∙ qrU + G#HdvdU
T,d 	∈	Ü
U	∈	áà

+ gGHBtBU
B,U,m 	∈	ÖE7
B	∈	äãåçéè

 

(6) 
 

In equation (5) the division of the fixed capital investment into equal parts for each time period G 

is shown. The fixed capital investment Or.  is described in equation (6) and its terms include the 

following in the respective order: 

 

§ Investment in facilities, given by the construction cost per ); (RS)HU) multiplied by the 

necessary installation area (qrU). Note that the construction cost depends on the location 

of the facilities; 

§ Investment in technologies, given by the installed number of technologies multiplied by 

the installation cost of each different technology (G#Hd);  
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§ Investment in transportation vehicles, given by the fixed investment in road transportation 

(gGHB) multiplied by the number of vehicles of transportation mode > in each entity + (tBU). 

Notice that these incurred costs represent the fleet purchased for the company. 

 
4.5.2. Environmental objective function 
 
 

In order to model the environmental objective function, the ReCiPe methodology was used and 

the approach was based in Mota et al. (2015). The approach was extended to include storage 

technologies and different means of transportation. A detailed literature review on the application of 

ReCiPe to network design models is presented in Mota et al. (2015). 

 
 

min wXb.)">HG = l3 #+Td3"ZToTdU7
7	∈	}

T,d 	∈	Ü

+ #+B3"ZT_UmpTBUm7
7	∈	}

B,T,U,m 	∈	ÖE7^

+ #+U3qrU
U	∈	áà3

 

(7) 
 

In equation (7) the environmental impact of three different supply chain activities is calculated for 

each midpoint category H. The activities are the following, in respective order: 

 

§ The environmental impact of storage, given by the environmental impact per H)ò stored 

with technology ' (#+Td3) multiplied by the volume of product ) and the total amount of 

products stored (oTdU7); 

§ The environmental impact of transportation, given by the environmental impact per &' ∙

&) transported with transportation mode > #+B3  multiplied by the weight of each product 

unit "ZT  and the distance travelled (_Um) and he product flow pTBUm7 ; 

§ The environmental impact of entity installation, given by the environmental impact per 

square meter of entity + installed #+U3  multiplied by the installed area in entity + qrU . 

 

The final calculation of the environmental impact is given by the normalised sum of the impact of 

each individual activity described just now with the normalisation factor l3. The use of this normalisation 

factor is justifiable since the results of each impact category need to be in the same units. 

 
4.5.3. Social objective function 
 

The measurement of the social objective was performed through equation (8). In this equation, 

preference is given to supply chain entities and activities that are going to be located in regions with 

lower GDP per capita. A map with the GDP per capita in the model applicable area is given in figure 8. 

Based on the GDP per capita, a regional factor characterises each region +. The contribution of each 

different activity to the creation of jobs in that location is given by the following terms of equation (8), in 

respective order: 
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§ Entity installation (warehouses), which considers the number of jobs created in each 

warehouse. The first two terms in equation (8) are part of this activity. It takes into account the 

minimum number of workers needed when a facility opens ZU  and the workers that operate 

in warehouses with different capacities (Z"RS); 

§ Technology installation, which considers the number of jobs created with the operation of each 

technology (Zd); 

§ Transportation, which considers the number of workers per transportation mode ZB  in the 

company’s fleet, and the estimated number of jobs created per &) through sea transportation, 

averaged in the number of years in the time horizon (=í
ô7ö
). Transportation activity entails thus 

the last two terms in equation (8). The economic equivalent of the latter term is not present in 

the economic objective function because this service is included in the variable and fixed costs 

paid to freighters. 

 

maxCxQ.X_ = [U
\]^ZUqU

U	∈	áà

+ [U
\]^ ∙ Z"RS ∙ qrU

U	∈	áà

+ [U
\]^ZdvdU

T,d 	∈	Ü
U	∈	áà

+ [U
\]^ZBtBU

B,U,m 	∈	ÖE7
B	∈	äãåçéè

+ [U
\]^ ZB

nGℎ
B,T,U,m 	∈	ÖE7^
B	∈	äêëíã
7	∈	}

∙ "ZT ∙ _Um ∙ pTBUm7 

(8) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

Figure 9. Real GDP per capita (Eurostat, 2016d) 
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4.6. Constraints 
 
 

For the model to be applied and run properly, recreating what would happen in real life, some 

constraints have to be defined. Constraints have been grouped in a similar way to what was done for 

parameters. Explanation is given for each constraint.  

 
Material balances 
 
Material balance at factories: 
 
 

p9BUm7
9,m: 9,U,m 	∈	Åúùûü
B: B,9,U,m 	∈	ÖE7^

= +XRTU, G = 1 ∧ ) ∈ F ∧ + ∈ .0 

(9) 
 

p9BUm7
9,m: 9,U,m 	∈	Åúùûü
B: B,9,U,m 	∈	ÖE7^

= QTU7, G ∈ s ∖ {1} ∧ ) ∈ F ∧ + ∈ .0 

(10) 
 
Material balance at warehouses: 
 

`aFT9p9BmU7
9,m	∶	 9,m,U 	∈	ÅÇÉ£
B	∶	 B,9,m,U 	∈	ÖE7^

= oTU7 + `aFT9p9BUm7
9,m	∶	 9,U,m 	∈	Åúùû£
B	∶	 B,9,U,m 	∈	ÖE7^

, G = 1 ∧ ) ∈ F ∧ + ∈ .= 

(11) 
 
 
 

oTU(7§:) + `aFT9p9BmU7
9,m	∶	 9,m,U 	∈	ÅÇÉ£
B	∶	 B,9,m,U 	∈	ÖE7^

= oTU7 + `aFT9p9BUm7
9,m	∶	 9,U,m 	∈	Åúùû£
B	∶	 B,9,U,m 	∈	ÖE7^

, G ∈ s ∖ {1} ∧ ) ∈ F ∧ + ∈ .Z 

(12) 
 
 
 
 
Cross-docking at seaports: 
 
 

`aFT9p9BmU7
9,m	∶	 9,m,U 	∈	ÅÇÉ•ëåã
B	∶	 B,9,m,U 	∈	ÖE7^

= `aFT9p9BUm7
9,m	∶	 9,U,m 	∈	Åúùû•ëåã
B	∶	 B,9,U,m 	∈	ÖE7^

, G ∈ s ∧ ) ∈ F ∧ + ∈ .4567 

(13) 
 
 
 
Demand at markets: 
 

p9BmU7
m: T,m,U 	∈	ÅÇÉÑ
B: B,T,U,m 	∈	ÖE7^

= _TU7, + ∈ .3, G ∈ s 

(14) 
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Since inventory is not allowed at any entities other than warehouses, the initial stock that factories 

have at the beginning of the study, represent stock to be transported to warehouses, where it can be 

stored. Constraint (9) models the outgoing product flow when G = 1 and assures that all final products 

have to be moved out of factories. Constraint (10) equally models the outbound flow of final products 

from factories for all other time periods.  

In terms of the inventory kept in warehouses, the balance between the products kept in stock 

previously plus the inbound flow must equal the amount kept in stock currently plus the outbound 

product flow. This balance is preserved by equation (12). In the case of seaports, these entities operate 

solely in a cross-docking mode. For these entities to operate accordingly, the stock is not kept at those 

locations, contrarily all material that goes to a seaport must go out as well. Equation (13) guarantees 

that for each product and time unit, the inbound flow at each seaport equals the outbound flow. 

The last constraint regarding material balances is equation (14) that ensures that demand at 

markets has to be completely satisfied. Notice that for each constraint, there are merely some elements 

of each set for which the constraint applies. 

 
Entity capacity constraints 
 
Supply capacity: 
 
 
QTU7 ≤ RSTU

TBV, + ∈ .0 ∧ ) ∈ F ∧ G ∈ s 
(15) 

 
QTU7 ≥ RSTU

TU9, + ∈ .0 ∧ ) ∈ F ∧ G ∈ s 
(16) 

 
Flow capacity: 
 

pTBUm7
B,T,m: B,T,U,m 	∈	ÖE7^

≤ #HU
TBVqU, + ∈ . ∧ G ∈ s 

(17) 
 

pTBUm7
B,T,U: B,T,U,m 	∈	ÖE7^

≤ #Hm
TBqm, - ∈ . ∧ G ∈ s 

(18) 
 
Stock capacity: 
 
oTU7 ≤ +WTU

TBVqU, ) ∈ F ∧ + ∈ .= ∧ G ∈ s 
(19) 

 
oTU7 ≥ +WTU

TU9qU, ) ∈ F ∧ + ∈ .= ∧ G ∈ s 
(20) 

 
 
 

Constraints (15) to (24) are intended to set the capacity limits. In the case of inequations (15) 
and (16), the constraints define the maximum and minimum supply of final products by factories to 

warehouses. Inequations (17) and (18) delimit flow capacities between each pair of entities. 

Additionally, in inequations (19) and (20), the stock permitted at warehouses is circumscribed between 
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the maximum and minimum stock capacity. Also notice that in inequations (17) to (20) the flow and 

stock capacity will be equal to zero if the facilities are not integrated in the supply chain (when qU = 0). 

Finally, in these first constraints, the capacities are pre-established, that is, before running the model 

these parameters are given, independently of the installed entities and technologies. 

 
 
Entity capacity: 
 

qrsU7 = b"cTpTBmU7
T,B,m: T,B,m 	∈	ÖE7^

+ b"cT
T: T,U 	∈	®

oTU7, + ∈ .= ∧ G ∈ s 

(21) 
qrU ≥ qrsU7, + ∈ .= 

(22) 
 
qrU ≤ #>U

TBVqU, + ∈ .= 
(23) 

 
qrU ≥ #>U

TU9qU, + ∈ .= 
(24) 

 
Entity existence constraints: 
 

pTBUm7 ≥ qm
B,T,U,7: BT,U,m 	∈	ÖE7^

 

(25) 
 

pTBUm7 ≥ qU
B,T,m,7: BT,U,m 	∈	ÖE7^

 

(26) 
 

 

The last described constraints are part of those whose capacities were pre-established while 

constraints (21) to (26) are related with the installation area of warehouses, hence they are modelled 

distinctly. In this case the capacity installed (in warehouses) depends on what the company decides. In 

equation (21) the capacity being used at each entity at each time is modelled. The capacity is given by 

the sum of the inbound flow of products and the current stock of products already at the warehouse. 

This constraint makes sure that the capacity is enough to store both the incoming products and the 

current stock level. However, constraint (22) borders the capacity at use (qrsU7) with the maximum 

capacity allocated to each warehouse over the time horizon. 

Equations (23) and (24) confine the installation area at each warehouse, maximum and minimum, 

respectively. Finally, expressions (25) and (26) assure that entities will only be installed if there are 

product flows going through those same entities. Therefore, these constraints function also as minimum 

flow constraints since they indicate that if an entity is installed then there are product flows going through 

it. 
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Transportation constraints 
 
 
Physical constraints: 
 

pTBmU7
B,m: B,T,m,U 	∈	ÖE7^
m	∖	(áìëåã	∪	á©)

= pTBUm7
B,m: B,T,U,m 	∈	ÖE7^

m	∈	áìëåã

, ) ∈ F ∧ + ∈ .4567 

(27) 
 
 
Necessary number of trips: 
 

pTBmU7
T: B,T,U,m 	∈	ÖE7^

≤ WGB
TBVuBUm7, (>, +, -) ∈ P#G 

(28) 
 

pTBmU7
T: B,T,U,m 	∈	ÖE7^

≥ WGB
TU9uBUm7, (>, +, -) ∈ P#G 

(29) 
 

 

Constraint (27) asserts that product flows entering a seaport must be transported by cargo ship 

to another seaport. Moreover, set P#G, defined in the network superstructure, guarantees that trips 

between seaports can only be performed by sea transportation. 

By writing constraint (28) one imposes that the total amount of products being transported 

between a pair of entities in a given time period is less than or equals the product of the maximum 

capacity of transportation (in the transportation mode being used) and the number of trips made 

between those entities. Contrarily, equation (29) assures that the flow of products is greater than or 

equals the minimum level of transportation times the number of trips that happened between the pair 

of entities.  

 
Contracted capacity with sea carrier: 
 

pTBUm7
T: B,T,U,m 	∈	ÖE7^

≤ HH>B
TBV, (>, +, -) ∈ P#G ∧ > ∈ ?A5B7 

(32) 
 

Necessary number of transportation modes: 
 

tsBU7 =
2 ∙ _+RGUmuBUm7m

>bR ∙ )ℎZ ∙ Z"G
, (>, +, -) ∈ P#G ∧ > ∈ ?7683@ 

(33) 
 
tBU ≥ tsBU7, > ∈ ?7683@ 

(34) 
gGHBtBU ≤ +Xb

B,U	∶	B	∈	äãåçéè

 

(35) 
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Constraint (32) prevents the transportation performed by sea transportation, with a cargo ship, in 

each time period to be greater than the contracted capacity with the freighter. Equation (33) mark out 

the upper boundary for the number of trucks allocated to each entity of origin in each time period. The 

numerator in the expression includes the sum of the products of the distances of a two-way trip between 

a pair of entities and the number of trips between those entities (for a particular transportation mode >). 

On the other hand, the denominator includes the average speed of trucks, the maximum driving hours 

allowed per week and the number of weeks per time period. With these parameters the numerator 

replicates the amount of kilometres travelled by truck in each time period, whilst the denominator reflects 

the maximum amount of kilometres that a truck may travel per time period. Constraint (34) states that 

the number of motor vehicles necessary at each origin entity + has to be greater than or equal to the 

minimum necessary number of vehicles calculated through tBU. For constraint (35) it was taken into 

account the maximum investment to be put into truck purchases, that is, the maximum investment limits 

the number of trucks that can be purchased based on the fixed costs per truck.  

 

 
Technology constraints 
 
Technology capacity: 
 
o™´¨~ ≤ RH´

™≠Æv´™¨, + ∈ .= ∧ (), ') ∈ N 
(38) 

 
o™´¨~ ≥ RH´

™¨Øv´™¨, + ∈ .= ∧ (), ') ∈ N 
(39) 

 
 
 
oTdU7, 	pTBUm7, 	qrU, 	qrsU7, 	tsBU7 ≥ 0 
 
tBU, 	uBUm7, 	vdTU ∈ ℕ ∧ {0} 
 
qU ∈ {0, 1} 

(40) 
 

 Equations (38) and (39) represent technology constraints. The former concerns the maximum 

storage capacity of each storing technology, while the latter regards the minimum storage level. 

Constraints (40) entails the domains of the decision variables.  

The problem is modelled through Mixed-Integer Linear Programming (MILP) and includes 

continuous, binary, positive and integer variables to be calculated. The MILP model was implemented 

in GAMS 24.7.4 software. 
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5. Case study 
 

The developed model was applied for an European vaccine supply chain case study created in 

this thesis. The virtual company considered in this case study, which will operate this supply chain, was 

created based on the information extracted from the corporate responsibility report (2014) of Sanofi, 

S.A. (Sanofi, S.A., 2015). The supply chain entities are all located in Europe. 

In their report, they declare the existence of three manufacturing sites to produce vaccines in 

Europe. However, one of the manufacturing sites is only responsible for the production of antigens. 

Thus, the production of vaccines as a final product only takes place in two manufacturing sites and 

therefore these two locations were considered. Their locations are known to be Marcy l’Etoile and 

Neuville-sur-Saône, both nearby the city of Lyon (Key facts – Sanofi Pasteur, 2016; Sanofi – Marcy 

l’Etoile, 2016; Sanofi – Neuville-sur-Saône, 2016; Sanofi – Val de Reuil, 2016). Both factories are 

already established and operating. 

According to an infographic available in the website of Vaccines Europe (Vaccines Europe, 

2016), the European production of vaccines accounts for, roughly, 80% of the doses of vaccines 

produced by Vaccines Europe members. This fact corroborates the hypothesis that the majority of 

vaccines administered in Europe are also produced in Europe. They also depict where European 

production sites are located (figure 10).  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Vaccine manufacturing sites in Europe. (Vaccines Europe, 2015) 
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The clients contemplated in this study are all part of Europe-28, except for Norway and 

Switzerland. In terms of customer markets supplied by the company, they were clustered in 21 

countries. To simplify references to countries in the model, their names were replaced by their two-

letter country codes. Currently, the two factories have sufficient capacity to meet the demand of their 

21 clients. The company must satisfy the demand of all countries, which corresponds to the number of 

births multiplied by the number of doses of each vaccine recommended by the World Health 

Organisation. All the markets to which the company delivers as well as their demand for products rpIPV 

and fpMMR are presented in table 1. 

 

Table 1. Markets supplied by the company. 

 

The company now intends to determine where are the best locations to locate warehouses, to 

which vaccines will flow after being produced at factories. This location should account not only for an 

economic objective but also considering the environmental and social aspects.  

Based on the highest demand for vaccines in France, due to their highest birth rate in Europe 

(Eurostat, 2016a), France is the largest client. Due to the nearness to the manufacturing sites, one of 

the warehouses could be fixed in Lyon. This city would also be a wise choice because of its proximity 

to central Europe and because prices are 30% lower, on average, in comparison with Paris. 

Furthermore, the headquarters of Sanofi Pasteur are located in Lyon and the manufacturing sites are 

nearby, which would represent a reduced risk (OnlyLyon, 2016). Based on the proximity to the seaport 

and taking in account its size, Rotterdam ought to be considered a relevant location for another one of 

the warehouses. The location of the city of Rotterdam is also favourable for the distribution of vaccines 

to the north-western part of Europe. Furthermore, a survey performed by Prologis (Prologis, 2016) 

determined the most desirable logistics locations in Europe. From that survey, some cities were 

selected for potential locations for the construction of a warehouse. Those selected were Madrid, Ile-

Country 
Country 
codes 

Demand 
Country 

Country 
codes 

Demand 

rpIPV fpMMR rpIPV fpMMR 

Austria AT 3,089 20,594 Luxemburg LU 229 1,530 

Belgium BE 4,726 31,504 Netherlands NL 6,622 44,146 

Czech 

Republic 
CZ 4,153 27,685 Norway NO 2,229 14,862 

Denmark DK 2,150 14,331 Poland PL 14,181 94,540 

Finland FI 2,163 14,422 Portugal PT 3,113 20,756 

France FR 30,971 206,471 Slovakia SK 2,080 13,868 

Germany DE 27,024 180,162 Slovenia SI 800 5,334 

Hungary HU 3,526 23,507 Spain ES 16,106 107,371 

Ireland IE 2,543 16,956 Sweden SE 4,343 28,957 

Italy IT 18,998 126,654 Switzerland CH 3,224 21,492 

   United Kingdom UK 29,329 195,529 
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de-France (Paris), Rotterdam, Venlo, Frankfurt and Prague. All cities have good accessibility conditions 

and support logistics activities. 

For the purpose of transporting vaccines from factories to warehouses or directly to markets, and 

then from warehouses to markets, two distinct means of transportation were considered. The 

transportation means considered are trucks and cargo ships. The company wishes to acquire a fleet of 

trucks to perform these deliveries. As for cargo ships, containers’ space is paid for so that vaccines can 

be transported through sea transportation. In order to transport vaccines to farther locations in northern 

Europe such as Norway, Sweden and Finland, sea transportation was considered. The possibility of 

transporting goods through cargo ships forces connections to be established between two seaports. 

The seaports assumed comprise the Port of Rotterdam, the Port of Oslo, the Port of Stockholm, the 

Port of Helsinki and the Port of Gdansk. The reason for the choice of these ports is related to the fact 

that these ports allow the connection between northern countries and countries in central Europe.  

Airports were excluded right from the start since it was nonsensical to consider transportation 

through planes with such small distances between entities in the supply chain.  

Having already decided that the company will only own two factories, the company will own two 

fixed manufacturing sites, located in Marcy l’Etoile and Neuville-sur-Saône. Their goal is to design the 

supply network and plan the production and distribution of vaccines to their markets. The superstructure 

representing this case study is depicted in figure 11.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Case-study superstructure 
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A code was attributed to each entity in table 2. The time horizon considered for the appraisal of 

this case-study is five years with annual increments for planning decisions. The time window considered 

in each time period emerges from the average manufacturing lead time for vaccines, which is, 

approximately, 12 months.  

 

Table 2. Entities codification in the case-study superstructure. 

Factories Warehouses Markets Seaports 

Marcy l’Etoile F1 Madrid W1 Austria C1 Rotterdam S1 

Neuville-sur-Saône F2 Lyon W2 Belgium C2 Oslo S2 

 Paris W3 Czech Republic C3 Stockholm S3 

 Rotterdam W4 Denmark C4 Helsinki S4 

 Venlo W5 Finland C5 Gdansk S5 

 Frankfurt W6 France C6  

 Prague W7 Germany C7  

  Hungary C8  

  Ireland C9  

  Italy C10  

  Luxemburg C11  

  Netherlands C12  

  Norway C13  

  Poland C14  

  Portugal C15  

  Slovakia C16  

  Slovenia C17  

  Spain C18  

  Sweden C19  

  Switzerland C20  

  United Kingdom C21  

 

 

 

In the next subsections, detailed descriptions will be given about the case-study parameters and 

assumptions. Descriptions will be provided according to each set category: entities, products, 

technologies, transportation modes, environmental parameters, financial parameters. 
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5.1. Entity characterisation 
 

The model includes four kinds of entities, namely, factories, warehouses, seaports and markets. 

The characterisation of seaports is provided in the subsection where transportation modes are 

described. 

 

5.1.1. Factories 
 
 In this case-study, factories are regarded as suppliers of vaccines. They produce vaccines and 

afterwards they are shipped to warehouses or directly to markets. They have a maximum supply 

capacity (RSTU
TBV) and a minimum order quantity (RSTU

TU9) per time period. The two manufacturing sites 

in Marcy l’Etoile and Neuville-sur-Saône are denoted by F1 and F2, respectively. Both factories are 

characterised according to their parameters in table 3. The maximum supply quantity and the minimum 

order quantity are given in number of vaccines, in SKU’s.  

 

Table 3. Maximum supply quantity and minimum order quantity for factories. 

Factories, ¨ F1 F2 

Vaccines, ™ 
(SKU) 

Maximum 
supply capacity 

(RSTU
TBV) 

Minimum order 
quantity 

 (RSTU
TU9) 

Maximum 
supply capacity 

(RSTU
TBV) 

Minimum order 
quantity 

 (RSTU
TU9) 

$".QL 500,000 200,000 500,000 200,000 

g"FF± 3,000,000 1,000,000 3,000,000 1,000,000 

 

 

5.1.2. Warehouses 
 

Warehouses will be used to store vaccines in inventory. For that purpose, different storing 

technologies may be installed in these facilities. Parameters defined for warehouses are maximum 

installation area (#>U
TBV) and minimum installation area (#>U

TBV). The installation area is not pre-defined 

for any warehouse since none of them is yet constructed, contrarily, the optimal installation area is given 

by the model, depending on what specific scenario the model is running. Parameters are given in table 

4. 

Table 4. Maximum and minimum installation are for warehouses. 

Warehouses, ¨ W1 W2 W3 W4 W5 W6 W7 

Installation 
area 

Maximum 
installation area, 

#>U
TBV	();) 

500 500 500 500 500 500 500 

Minimum 
installation area, 

#>U
TBV	();) 

100 100 100 100 100 100 100 
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5.1.3. Country characterisation 
 

To fully characterise countries there is the need to detail the parameters that apply to them. The 

average labour costs WHU  are applicable to workers at warehouses and truck drivers operating the 

firm’s fleet. Truck drivers are hired at the entity from which the truck departs since the truck needs to 

go back to that same entity. In regard to the construction costs RS)HU , these are only relevant to the 

warehouses as factories are already built and operating. The last parameter concerning countries is 

the GDP per capita, which corresponds to the inverse of the regional factor, [U
\]^, presented in the 

social objective function. All parameters are grouped by country and given in table 5. 

 

Table 5. Parameters of countries and entities in each country. 

Countries Entities 

Location variable costs GDP per 
capita in PPP 

(EU28=1) 
Average labour 

cost, WHU	(€/h)  

Construction 

cost, RS)HU	(€/);)  
Austria C1 30.5 - 1.3 

Belgium C2 38.0 - 1.2 

Czech Republic W7, C3 10.0 564 0.8 

Denmark C4 40.0 - 1.2 

Finland C5, S4 31.4 - 1.2 

France F1, F2, W2, W3, C6 34.6 840 1.1 

Germany W6, C7 31.6 822 1.2 

Hungary C8 7.4 - 0.7 

Ireland C9 30.3 - 1.4 

Italy C10 28.0 - 1.0 

Luxemburg C11 34.1 - 2.6 

Netherlands W4, W5, C12, S1 32.8 895 1.3 

Norway C13, S2 57.1 - 1.8 

Poland C14, S5 7.9 - 0.6 

Portugal C15 13.3 - 0.8 

Slovakia C16 9.0 - 0.7 

Slovenia C17 15.6 - 0.8 

Spain W1, C18 21.1 373 1.0 

Sweden C19, S3 37.3 - 1.3 

Switzerland C20 52.3 - 1.5 

United Kingdom C21 21.8 - 1.1 
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5.2. Product and technology characterisation 
 

The company manufactures and commercialises two types of products, one vaccine against 

poliomyelitis and another one against measles, mumps and rubella. The former is denoted by $".QL 

while the latter is denoted by g"FF±. These two vaccines represent two different families of vaccines, 

one that is composed by vaccines that should be refrigerated and another one comprising vaccines that 

should be frozen. Therefore, the range of temperatures for each family of vaccines differ, being 2 to 

8ºC for refrigerated vaccines and -50 to -15ºC for frozen vaccines. Product $".QL, a SKU, is presented 

in a cardboard box with 10 vials, each containing 10 doses of vaccines, thus, each product SKU 

contains 100 doses of vaccines. On the other hand, product g"FF± is presented in a cardboard box 

with 10 vials as well, however, the vials only contain one dose of vaccine, consequently each product 

SKU contains 10 doses of vaccines. 

 

Figure 12. Products’ presentation 

 

Both products are stored at warehouses with the appropriate storing technologies. The proposed 

technologies differ in products stored, storage capacity and environmental impact. There are two 

technologies that adequately store refrigerated products and two others for frozen products. At 

warehouses, storage technologies need to be selected and the space allocated for each technology 

needs to be determined. The technologies considered for this model are Walk-In Cold Rooms (WICR) 

and refrigerators for refrigerated vaccines, and Walk-In Freezer Rooms (WIFR) and freezers for frozen 

vaccines. Table 6 demonstrates what technologies are appropriate to store each vaccine, a 1 means 

that the vaccine can be stored using that technology whilst a 0 means the contrary. 
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Table 6. Correspondence of vaccines to technologies.  

Storage technologies, '/ 
Products, ) 

WICR Refrigerators WIFR Freezers 

$".QL 1 1 0 0 

g"FF± 0 0 1 1 

 

In table 7, products are characterised in terms of inventory cost (RHT), price per unit sold ("cRT), 

product weight ("ZT) and necessary storage volume per unit of product (b"cT). As mentioned before, 

inventory is only kept at warehouses. 

 

Table 7. Characterisation of products. 

Product 
Inventory cost, RHT 

(€) 
Price per unit 

sold, "cRT	(€)  

Product weight, 

"ZT	(&') 

Volume per unit, 

b"cT	 H)
ò  

$".QL 7.50 2690 0.400 250 

g"FF± 3.81 560 0.500 127 

 
The inventory policy followed by the company is quite simple since the inventory of packaged 

vaccines is only kept at warehouses. The manufacture lead time takes up to 12 months on average, 

meaning that the inventory of vaccines has to be sufficient to supply markets for 1 year. Table 8 contains 

the maximum and minimum inventory levels, +WTU
TBV and  +WTU

TU9 respectively, as well as the initial stock 

(+XRTU) existent at factories (O1	>X_	O2) in the first time period G = 1 . 

 

 

Table 8. Inventory levels at warehouses and initial stock at factories. 

Product Maximum inventory, +WTU
TBV Minimum inventory, +WTU

TU9 Initial inventory, +XRTU 

$".QL 200,000 20,000 363,201 

g"FF± 1,250,000 125,000 2,421,339 

  

 

5.3. Transportation 
 

As explained before, products may be transported in two distinct modes. Transportation may be 

unimodal or intermodal. The difference lies in the type of transportation modes taking part in the 

transportation of products, that is, unimodal transportation is performed only by trucks whereas 

intermodal transportation occurs with a combination of trucks and cargo ships. Intermodal transportation 

normally starts with trucks transporting products (from the origin entity, factories), afterwards they are 

transhipped to cargo ships, at seaports, and transported to other seaport where they are again 

transhipped to trucks and taken to their destination. It is considered that technologies have the 

appropriate refrigerating and freezing conditions to transport vaccines. 
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As technologies, trucks are also characterised according to their capacity, variable costs, number 

of drivers and average vehicle consumption. The capacity is given in terms of the number of products. 

All these parameters were defined beforehand. On the contrary, the investment costs directed to the 

purchase of trucks are calculated by the model. In relation to cargo ships and freighter’s cost, they are 

also characterised by their capacity, hub fixed cost and hub variable cost. Values for the freighters cost 

are presented in Appendix I.  

 

Table 9. Maximum and minimum transportation quantity, and vehicles’ characterisation. 

Transportation 
mode 

Maximum 
capacity, 

WGB
TBV 

Minimum 
capacity, 

WGB
TU9 

Number of 

drivers, ZB 

Vehicle 
consumption, 

>bHB	(l/100km)  

s$cH&? 35,000 1,000 1 14 

s$cH&` 55,000 1,000 1 18 

r>$'e	Rℎ+" 500,000 1,000 - - 

 

 
5.4. Environmental characterisation 
 

In the model developed, the environmental impact of some supply chain activities is 

characterised using SimaPro Ecoinvent database version 8.01. By utilising this database, data are 

extracted in order to characterise the four different storage technologies, three different transportation 

modes and the installation of entities. Values for the environmental impact are shown in Appendix II. 

 
5.5. Other parameters 
 

Extra economic parameters are considered so that calculations are closer to real life. The 

parameters contemplated are an interest rate (+$) of 10%, a salvage value (Rb) of 20%, and a tax rate 

(G$) of 30%. 

In the next chapter results are presented and discussed so that conclusions can be drawn in the 

last chapter. Configurations for each one of the scenarios are also depicted. The construction of the 

virtual case study in this chapter is essential to contextualise the background and the dimension of the 

company under study. The strategy of the company to be implemented is directly influenced by the 

results from the execution of the model. Ultimately, the results are a great indicator of how close the 

company is from achieving their performance targets and how strategies can be crafted and executed 

to better meet the company’s goals.  
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6. Results and discussion 
 

This chapter presents the results obtained from the execution of the model described in chapter 

4 and applied to the case study described in chapter 5. For the purpose of comprehending how each 

sustainability pillar, measured by each objective function defined, affects the vaccine supply chain 

design and planning modelled, various scenarios are considered. The scenarios were divided into three 

main objectives, economic, environmental and social. With each scenario it is possible to observe and 

analyse how the model reacted to different objectives. To assess the behaviour of the model, three 

main scenarios were studied: 

 

§ Scenario A: In this scenario, the optimum economic performance is prioritised, which 

means that Net Present Value is maximised; 

§ Scenario B: In this scenario, the optimum environmental performance is prioritised, which 

means that environmental impact is minimised; 

§ Scenario C: In this scenario, the optimum social performance is prioritised, which means 

that the creation of jobs in countries with lower socio-economic conditions is maximised. 

 

For each scenario, a different superstructure for the supply chain was obtained. The 

superstructures are shown in figure 13 to 15. In addition, results are shown and analysed for each of 

the optimisation scenarios. Afterwards, results are analysed altogether in order to extract further 

conclusions from the model. Table 10 summarises the results of the performance indicators for each of 

the scenarios described above. A higher value in the environmental indicator means a higher negative 

environmental impact, whereas a higher value in the social indicator means a higher benefit for society 

in general (more job opportunities and/or selection of countries with lower GDP per capita). 

 

 
Table 10. Performance indicator’s values for scenarios A, B and C. 

  Scenarios 

Performance 
Indicator 

Units A B C 

Economic € 1,817,029,498 1,696,733,844 1,183,138,668 

Environmental - 1,172,908 280,488 4,136,532 

Social - 386.18 478.38 1,476.73 
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One can observe that the most profitable solution (Scenario A) does not have the worst 

environmental performance when compared with the other two scenarios (B and C). However, scenario 

A has the worst social performance in comparison with the other two cases. The environmentally 

sustainable solution (Scenario B) is obtained at the cost of a 7% reduction in the profit over the 5-year 

time horizon, and the social performance increases by 24%, which translates in more 186 job 

opportunities. In its turn, the socially beneficial solution (Scenario C) is obtained through the 

maximisation of job opportunities, at the expense of a 35% decline in the NPV. The environmental 

impact is also extremely affected (negatively), worsening around 1276% its performance, largely due 

to a massive usage of transportation. However, this solution increases the social performance by 283% 

when compared with Scenario A, which corresponds to the creation of 1,246 additional job 

opportunities. These scenarios are more detailed below. 

 

6.1. Strategic and Tactical integrated approach 
 

In the economic optimisation scenario, the best structure for the vaccine supply chain was 

obtained considering the maximisation of the economic performance. This implies that all the decisions 

regarding the design of the VSC, such as the sites and dimension of the warehouses, storage 

technologies or transportation modes, are determined through profit maximisation of the entire supply 

chain. The obtained superstructure is depicted in figure 13.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Superstructure obtained for NPV maximisation. 



 55 

In all scenarios both factories, in Marcy l’Etoile and Neuville-sur-Saône, are operating but not at 

maximum capacity. However, in this scenario of profit maximisation, warehouses are only installed in 

Madrid and Prague. In Madrid, the warehouse has the capacity of 266 m2, and in Prague the warehouse 

has the capacity of 476 m2. Storage is preferably done with refrigerators and freezers, since their ratio 

of capacity to price is greater when comparing with refrigerators and freezers, respectively. Inventory 

of rpIPV is kept at both warehouses. The warehouse of Prague is used almost exclusively to store 

product fpMMR, though some inventory of this product is also kept at the warehouse in Madrid. In terms 

of transportation, trucks of bigger capacity (trucks B) were purchased in higher quantity in comparison 

with smaller trucks (trucks A). In this case, 6 Trucks B were purchased, and only 2 Trucks A were 

acquired. Sea transportation is not used in this scenario. The inventory profiles for scenarios A, B and 

C are provided in Appendix III. 

In terms of costs, this scenario has the lowest costs in total, when compared with scenario B and 

C. The most important costs are detailed in table 11, where capital invested in entities, trucks and 

technologies is shown as well as inventory holding costs. 

 

Table 11. Fixed capital invested in entities, trucks and technologies in scenario A. 

 Units Scenario A 

Fixed capital invested in entities (warehouses) € 362,727 

Fixed capital invested in trucks € 260,000 

Fixed capital invested in technologies € 213,151 

Inventory holding costs  € 570,420 

 

 The environmental impact caused by storage, transportation and facility installation is displayed 

in table 12.  

 

Table 12. Environmental impact of storage, transportation and facility installation in scenario A. 

 Scenario A 

Storage 26 

Transportation 1,172,326 

Facility installation 556 

TOTAL 1,172,908 

 

 

In the environmental optimisation scenario, the best structure for the vaccine supply chain was 

obtained considering the minimisation of the negative environmental impact. The configuration obtained 

is displayed in figure 14. All the decisions were taken envisioning the reduction of the negative 
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environmental impact of transportation, storing products in electricity consuming technologies and the 

installation of warehouses.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14. Superstructure obtained for Environmental impact minimisation. 

 
All possible warehouses were installed in order to decrease the number of trips travelled with 

trucks, therefore decreasing the overall number of travelled kilometres. As for their capacity, all 

warehouses have the capacity of 100 m2 (minimum capacity), except for the warehouse in Lyon which 

was installed with the capacity of 142 m2. As in the first scenario, refrigerators and freezers were 

preferred over WICR and WIFR. Inventory of product rpIPV is mostly kept at warehouses in Lyon, Paris, 

Rotterdam, Venlo and Prague, whilst inventory of product fpMMR is mostly kept at warehouses in Lyon, 

Paris, Venlo, Frankfurt and Prague. The number of small trucks purchased was zero, so that the 

environmental impact caused by trucks could also by diminished. On the other hand, 12 trucks B were 

acquired to guarantee that the number of trips among entities is minimised, thus reducing the 

environmental impact associated to transportation. For the same reason, sea transportation is used in 

this scenario because even though the environmental impact of boats is greater than that of trucks, 

boats may carry more products per trip.  

In this scenario, values for costs are presented in the same way as in scenario A. Those values 

are presented in table 13. 
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Table 13. Fixed capital invested in entities, trucks and technologies in scenario B. 

 Units Scenario B 

Fixed capital invested in entities (warehouses) € 558,180 

Fixed capital invested in trucks € 600,000 

Fixed capital invested in technologies € 213,151 

Inventory holding costs  € 11,834,356 

 

The environmental impact caused by storage, transportation and facility installation in scenario 

B is displayed in table 14. The environmental impact is greatly reduced in this scenario due to the 

decline of the number of transportation trips. Transportation is thus the most important pinpoint to 

consider when crafting strategies to reduce environmental impact.    

 

Table 14. Environmental impact of storage, transportation and facility installation in scenario B. 

 Scenario B 

Storage 26 

Transportation 279,906 

Facility installation 556 

TOTAL 280,488 

 

In the social optimisation scenario, the best structure for the vaccine supply chain was obtained 

considering the maximisation of the social benefit. The superstructure obtained for scenario C is 

depicted in figure 15. In the context of this study, social benefit was measured through the number of 

job opportunities created in the operation of storing technologies, in warehouses and in driving the fleet 

of trucks owned by the company.  

The outcome from the execution of the model with the objective of maximising the social benefit 

yielded the expected results. All warehouses were installed with maximum capacity, although their 

capacity was not being utilised. This occurred so as to maximise the number of jobs created. Similarly, 

small trucks were purchased in place of bigger ones. Since smaller trucks also have a smaller capacity, 

it means that more trucks are needed, thus creating more jobs for drivers. Hence, 45 trucks A were 

purchased, and 13 trucks B were also acquired. In terms of technology selection, refrigerators and 

freezers were chosen not because they were less costly, or even because their environmental impact 

was less than that of WICR and WIFR, but rather because the number of jobs they would create was 

bigger. Inventory is distributed among all warehouses. Sea transportation was also considered in this 

model to increase even further the creation of jobs. The results from this scenario clearly show that it is 

not feasible, that is, there are large quantities of resources not being used which are only making the 

company incurring in additional costs (as displayed in table 15).   
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Figure 15. Superstructure obtained for Social benefit (job creation) maximisation. 
 

In scenario C, the company incurred in useless costs since the objective was to maximise the 

number of job opportunities without any economic restriction, therefore, the sum of the costs is much 

greater in comparison with scenario A and B. The costs for this scenario are displayed in table 15.  

 

Table 15. Fixed capital invested in entities, trucks and technologies in scenario C. 

 Units Scenario C 

Fixed capital invested in entities (warehouses) € 2,614,500 

Fixed capital invested in trucks € 2,000,000 

Fixed capital invested in technologies € 1,062,450 

Inventory holding costs  € 5,737,233 

 

 

The environmental impact caused by storage, transportation and facility installation in scenario 

C is displayed in table 16. It is possible to observe from table 16 that scenario C is also environmentally 

unsustainable, besides being economically infeasible. The excessive impact to the environment from 

using such big fleet of trucks is unsustainable.  
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Table 16. Environmental impact of storage, transportation and facility installation in scenario C. 

 Scenario C 

Storage 159 

Transportation 4,133,751 

Facility installation 2,622 

TOTAL 4,136,532 

 
 

The results returned from the execution of the model differ across the different optimisation 

objectives both in terms of strategic and tactical decisions. The strategic design of the supply chain is 

dealt simultaneously with the tactical planning of its operation, which covers production, storage and 

distribution. The fact that this model comprises both management dimensions (strategic and tactical), 

allows the implementation of an integrated approach. Hence, decisions about the design and planning 

of the supply chain are interconnected so that a better performance is achieved. Table 11 summarises 

further results from the model. In the next subsections, results are commented in relation to the location 

of entities, selection of technologies, allocation of the warehouses to store inventory and means of 

transportation utilised to distribute vaccines. 
 

Table 17. Decisions’ results summary for scenario A, B and C 

 Scenarios 

 
A B C 

Warehouses 
Madrid 

Prague 
All installed 

All installed with 

maximum capacity 

Storage Refrigerators and freezers are the preferred storage technologies used 

Inventory More inventory of 

rpIPV is kept 

More inventory of 

fpMMR is kept 

More inventory of 

fpMMR is kept 

Transportation 

Most trucks 

purchased are big 

trucks 

Most trucks 

purchased are small 

trucks 

Most trucks 

purchased are small 

trucks 

Sea transportation is 

not used 
Sea transportation is used in all scenarios 
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6.1.1. Entities and installed capacity 
 

As aforementioned, factories in Marcy l’Etoile and Neuville-sur-Saône (F1 and F2) are 

operational in all scenarios considered. In scenario A, only two warehouses (W1 and W7) are opened 

but only W7 operates at, practically, full capacity. In scenario B, all warehouses are opened but they do 

not operate with maximum capacity. Finally, in scenario C, it is possible to observe, as expected, that 

as profit is not being maximised, installed capacity increases at warehouses (with all warehouses 

opened) as this allows for the creation of more job opportunities.   

The supply of vaccines from factories is balanced since the manufacturing sites are fairly close 

from each other and thus their distance to other entities is reasonably similar. 

 

6.1.2. Storage 
 

Storage activities are balanced between the two warehouses in scenario A, with a total of 1,200 

units of rpIPV and 12,500 units of fpMMR, approximately on average, stored for each time period in 

each warehouse. On the other hand, in scenarios B and C, storage is performed in all warehouses with 

preference for some of them. In general, storage technologies chosen were firstly refrigerators and 

freezers, and only after reaching full capacity WICR and WIFR were used. 

 

6.1.3. Transportation 
 

Transportation decisions directly influence the analysed supply chain. In this model, road and 

sea transportation were used, thus unimodal and intermodal options were modelled and impacted 

differently the supply chain performance. In terms of road transportation, the truck with more capacity 

(TruckB) is chosen both in scenario A (6 trucks of type TruckB compared to 2 trucks of type TruckA) 

and scenario B (all trucks purchased are TruckB type). These options allowed to reduce costs (in the 

purchase of trucks) and reduce environmental impact (because fewer trucks of type TruckB are needed 

to transport vaccines). In contrast, TruckA is a better option in terms of social benefit (scenario C), 

because more trucks are needed to transport the same amount of vaccines, therefore originating more 

job opportunities. Sea transportation is utilised in parallel with road transportation in both the 

environmentally and socially sustainable strategic design of the supply chain. However, the reason for 

using it differs. In scenario B sea transportation is used because more capacity is allowed in each trip, 

thus reducing the negative environmental impact, while in scenario C the usage of sea transportation 

may be explained simply by the creation of additional job opportunities.  

 

6.2. Environmental sustainability and social responsibility strategies 
 

To assess the negative environmental impact, three different elements were considered, those 

are the impact of storage, transportation and facility installation as mentioned previously. Table 18 
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summarises the results for each one of those elements adding up to the total sum presented at the 

beginning of the current chapter.  

The analysis of the results presented in table 18 permits the evaluation of the negative 

environmental impact for each one of the activities. It is also possible to quantify the contribution of 

each one of the activities in the total environmental impact calculated through the model. 

 

Table 18. Environmental impact of the different supply chain elements and activities for scenario A, B and C. 

 Scenario A Scenario B Scenario C 

Storage 26 26 159 

Transportation 1,172,326 279,906 4,133,751 

Facility 
installation 

556 556 2,622 

TOTAL 1,172,908 280,488 4,136,532 

 

 
Storage activities are the ones that contribute less to these supply chain environmental impacts. 

Nevertheless, there is an opportunity to improve the supply chain sustainability in terms of 

environmental impact when it comes to storage technologies. This may occur if fewer refrigerators and 

freezers are used, that is, the capacity of storage technologies should be completely used before 

purchasing more technologies. Furthermore, WICR and WIFR must be avoided if environmental impact 

is to be minimised. 

Transportation is the greatest contributor to the total environmental impact and is the one that 

varies the most among scenarios. In this study, intermodal solutions seem to be environmentally 

beneficial due to a higher transportation capacity of boats. Testing different warehouse locations and 

exploring rail options would be strategies worth following to further reduce environmental impact. 

To study better strategies on how to increase social benefit while preserving reasonable 

economic and environmental performances, a new scenario ought to be designed. In the next 

subsection, a scenario is designed to offer a solution of compromise where the NPV obtained in 

scenario A is reduced by 5% as an additional constraint.  

In the maximisation of social benefit, results show a tendency towards Czech Republic, given 

that it is the country with the lowest GDP among the available options where a warehouse may be 

installed. In addition, the hourly labour cost is lower when compared with the rest of the countries. 

 

6.3. Social and environmental optimisation with profit constraint 
 

As seen before, some of the solutions through single objective optimisation might not be viable 

to implement. Hence, it becomes necessary to analyse more than one objective simultaneously.  

The goal of this section is to study how to better design and plan the supply chain while optimising 

one objective and constraining other objectives. This approach is applied to the economic and 
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environmental objectives, and then to the economic and social objectives. In this case, the goal is to 

comprehend how to minimise environmental impact or maximise social benefit with an additional 

economic constraint, which offer an overview of the necessary trade-offs. 

 
§ Scenario D: In this scenario, the optimum environmental performance is prioritised with a 

maximum reduction of 5% in the NPV determined in scenario A. This results from the 

minimisation of the environmental impact function with an additional constraint stating that the 

NPV must be at least 95% of the profit obtained in scenario A; 

§ Scenario E: In this scenario, the optimum social performance is prioritised with a maximum 

reduction of 5% in the NPV determined in scenario A. This results from the maximisation of the 

social objective function with an additional constraint stating that the NPV must be at least 95% 

of the profit obtained in case A. 

 
Table 19. Performance indicator’s values for scenarios D and E. 

  Scenarios 

Performance 
Indicator 

Units D E 

Economic € 1,726,000,000 1,726,000,000 

Environmental - 284,593 1,038,437 

Social - 564.09 1,011.42 

 
 

With the additional economic constraint, the profit has not declined as much as expected when 

the environmental impact is being minimised. In fact, profit has increased by 2% when compared with 

scenario B. Yet, the environmental impact is significantly higher, approximately, 5% higher than that of 

scenario B. Hence, it is possible to conclude that a trade-off exists between the economic and the 

environmental indicators. Similarly, when the social performance indicator is maximised under the 

additional economic constraint, the same effect is observable. The social performance suffered a 

substantial decline so that the profit could be maintained at 95% of the original profit in scenario A. 

Consequently, 531 fewer job opportunities were created, but with a profit growth of 46% in comparison 

to scenario C. 
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Figure 16. Superstructure obtained for Environmental impact minimisation with additional NPV constraint. 

  

The structure obtained for the optimisation scenario D is presented in figure 16. All the decisions 

were taken envisioning the reduction of the negative environmental impact of transportation, storing 

products in electricity consuming technologies and the installation of warehouses, while maintaining the 

profit at 95% of that of scenario A. All warehouses were installed, except for the warehouse in 

Rotterdam. Their capacity was set to 100 m2 (minimum capacity), except for the warehouse in Lyon 

which was built with a capacity of 242 m2. The number of trucks A (small) purchased was null as in 

scenario B. As for the number of trucks B, 11 trucks were purchased, 1 less than in scenario B because 

the warehouse in Rotterdam was not installed. The picture for sea transportation remained the same 

as in scenario B. The costs for this scenario are presented in table 20. 

 

Table 20. Fixed capital invested in entities, trucks and technologies in scenario D. 

 Units Scenario D 

Fixed capital invested in entities (warehouses) € 558,180 

Fixed capital invested in trucks € 550,000 

Fixed capital invested in technologies € 213,151 

Inventory holding costs  € 10,421,866 

 

The environmental impact caused by storage, transportation and facility installation is displayed 

in table 21.  
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Table 21. Environmental impact of storage, transportation and facility installation in scenario D.  

 Scenario D 

Storage 26 

Transportation 284,011 

Facility installation 566 

TOTAL 284,593 

 

In the social optimisation scenario under the additional economic constraint (scenario E), the best 

structure for the vaccine supply chain is depicted in figure 17. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Superstructure obtained for Social benefit (job creation) maximisation with additional NPV constraint 
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The outcome from the execution of the model in scenario E showed that all warehouses were 

installed but not at full capacity. The warehouse in Madrid and Prague were installed with maximum 

capacity (500 m2) while the remaining warehouses were installed with, approximately, half of the 

maximum capacity. In this scenario 50 trucks A and 10 trucks B were acquired, thus maximising the 

number of job opportunities created through transportation. Seaports were not used in this scenario, 

thus excluding intermodal transportation. The costs were greatly reduced in comparison with scenario 

C as observable in table 22.  

 

Table 22. Fixed capital invested in entities, trucks and technologies in scenario E. 

 Units Scenario E 

Fixed capital invested in entities (warehouses) € 1,591,797 

Fixed capital invested in trucks € 2,000,000 

Fixed capital invested in technologies € 695,180 

Inventory holding costs € 5,473,907 

 

The environmental impact caused by storage, transportation and facility installation is displayed 

in table 23.  

 

Table 23. Environmental impact of storage, transportation and facility installation in scenario E. 

 Scenario E 

Storage 114 

Transportation 1,036,592 

Facility installation 1,731 

TOTAL 1,038,437 

 

  

Lastly, scenario E demonstrates an example of how social benefit may be created while 

decreasing negative environmental impact and generating a higher profit. 

The outcome from the execution of the model in this scenario shows clear improvements for the 

economic and environmental performance indicators while maintaining the social performance indicator 

close to the one obtained from the scenario where the social indicator is maximised. In future 

improvements of the model, a multi-objective optimisation method ought to be used in order to extract 

better conclusions on how the performance indicators interact.  
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6.4. Sensitivity analysis 
 

Since assumptions had to be made on some critical parameters a sensitivity analysis was 

performed in order to understand the impact of these parameters changes in the supply chain network 

structure and planning. Two different analysis were conducted where changes in the following 

parameters were considered: demand values and investment costs. For the case of demand values, 

variations of -5%, -10%, +5% and +10% were considered. Investments costs were also experimented 

with a +5% and +10% variation. 

 

6.4.1. Demand 
 

Demand uncertainty is a major problem that affects supply chains. In this study this uncertainty 

has been modelled through a variance of -5%, -10%, +5% and +10% in the demand value estimated 

initially. The values taken as base may be subject to some subjectivity and sensitivity analysis was 

therefore conducted. 

The supply chain structure did not suffer any changes in terms of number and location of 

infrastructures in all runs, for -5%, -10%, +5% and +10%. However, some differences in terms of flows 

of products are noticeable. In the case where demand was 10% greater than the original case, one 

additional freezer was purchased for the warehouse in Madrid.  

In cases where demand increases, invested capital in entities, trucks and technologies also 

increases, because there are more sales, yet the increase only occurred for the case where demand 

was 10% greater than the original and it was not significant. More sales lead to more capacity needed 

at warehouses and more storing technologies purchased (only in the case of demand 10% greater than 

the original case). In addition, more trucks were bought to cope with the additional demand. Both cases 

also present a higher NPV because of more sales accomplished.  

In cases where demand decreases, the invested capital remained the same as in scenario A. 

After the sensitivity analysis, one can conclude that the design of the supply chain is quite robust. The 

planning is more sensitive to variations but it is also not too significant. 

 

Figure 18. Sensitivity analysis – Demand 
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6.4.2. Investment costs 
 

Inflation may raise prices which will increase the investment capital needed for the construction 

of facilities, the installation of storing technologies and the purchase of trucks. Knowing that for a 

planning horizon of 5 years it is possible that prices rise, two increased values for investment costs 

were considered: +5% and 10%. The investment costs considered include costs incurred in the 

purchase of trucks, in the purchase of storage technologies, in the construction of warehouses and, 

finally, inventory holding costs. As expected when the investment costs increase the NPV decreases, 

since the profit is sensitive to and dependent of the investment costs. These alterations can be seen in 

figure 18. The difference between the NPV in scenario A and that from the +10% investment costs 

variance is only, approximately, 1%. Furthermore, the network structure remains stable. The activities 

and capacities of entities and transportation modes did not suffer any significant alterations. 

Based on the results one may conclude that the variation of the investment costs does not have 

a great influence in the design and operation of the supply chain under study. This occurred since the 

major part of the total expenses incurred are included in the production costs that account for 60% of 

the selling price (GAVI Alliance, 2010). 

 

 

Figure 18. Profit varying with the investment costs. 
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6.5. Conclusions 
 

This section clearly shows that depending on the performance objective that the company wants 

to prioritise, the company’s decision-making will be more concerned with improving the activities and 

processes that drive that objective. 

The economic performance indicator is only concerned with maximising the profits, therefore the 

demand will have to be fully satisfied in order to generate more revenues, and the costs, in general, will 

have to be cut in order to guarantee the performance of the company’s activities and processes with 

the minimum possible quantity of resources. 

In the case of environmental impact, the major decision affecting the environmental performance 

is related to the trade-off between having the company doing more transportation trips against keeping 

more inventory at warehouses. Hence, to guarantee a more sustainable supply chain, inventory keeping 

has to be considered in opposition to excessive transportation trips. Alternatively, environmental-

friendly transportation solutions may be procured to achieve sustainability while reducing inventory 

holding costs. 

The social indicator created in this model envisions the maximisation of job opportunities in 

countries with a lower GDP per capita. This decision to maximise social benefit has to be taken 

moderately so that profits do not drop drastically. As presented earlier, the scenario whose objective 

was to maximise social benefit was not viable nor realistic. In reality, creating jobs in countries with the 

lowest GDP is usually never the standard since pharmaceutical companies want to centralise their 

operations in the most developed countries, where specialised human resources exist. Nevertheless, 

efforts may be made to relocate operations in countries with lower GDP to maximise social benefit and, 

most certainly, reduce operation costs.  

Ultimately, the goal is to design and plan the operations of the supply chain in order to maximise 

profits while ensuring that the company is embracing environmental sustainability in its operations and 

that the company is demonstrating social responsibility. With this model, the scenario where a better 

balance among the performance indicators was achieved is scenario D because profits have only 

dropped 5% in comparison with scenario A, the negative environmental impact has only increased 5% 

in comparison with scenario B, and the social benefit is approximately one-third of the one from scenario 

C, but then again the value of the social benefit in that scenario was unrealistic. 

Model statistics for each scenario analysed so far are presented in Appendix IV as computational 

results.   
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6. Conclusions and Future work 
 

The core objective of this research is to address a gap identified in literature on the field of vaccine 

supply chains. The approach carried out in this study focused mainly in providing an integrated supply 

chain design and planning model that comprises various interconnected decisions such as warehouse 

location and capacity installation, storage technology selection, inventory and production planning and 

transportation network definition. Furthermore, this approach intends to entail economic, environmental 

and social aspects in their performance evaluation so that greater business value is created. For the 

construction of the model a mixed-integer linear programming optimisation was used. Generally, the 

model developed is presented as a method to obtain optimised results for the design and planning of 

the supply chain for each one of the performance indicators individually.  

Additionally, a case study was structured in order to test the applicability of the model formulated. 

The case was based on the knowledge gathered from the characterisation of VSC, from the existent 

supply chain of Sanofi Pasteur and, lastly, from parameters collected from various legitimate sources. 

The developed model provides support for strategic and tactical decisions at several levels of the 

supply chain. Specifically, it allows to understand the effect of these decisions on each one of the 

performance indicators (economic, environmental and social), thus enabling derivation of potential 

trade-off strategies to balance them. Moreover, the model also facilitates the comprehension of 

connections among different supply chain activities, giving an opportunity to better understand the 

performance of the combined indicators across the supply chain. From the usage of environmental 

indicators, it is possible to identify environmental sustainability foci and select actions to diminish 

environmental impact of supply chain activities. Similarly, from the usage of social indicators, it is 

possible to investigate socially responsible options while arranging compromises, either with the 

economic performance of the company, the environmental impact or both. 

As future challenges, numerous features ought to be included in the model. Firstly, developing 

countries would be a much interesting case to explore with this methodology due to increased hurdles. 

To further understand how to better plan inventory, other storing technologies such as solar 

refrigerators/freezers for zones with depleted electricity supply would also be useful. In the social 

dimension, health equity issues (in terms of the accessibility to vaccines) should also be addressed as 

to minimise the differences that exist among regions even inside the same country. However, to improve 

the social benefit in developing countries, the economic and environmental performance indicators 

would certainly be negatively impacted. Yet, ultimately, the objective of immunisation is to eradicate 

and prevent diseases in the world, which can arguably be classified as a social objective. Furthermore, 

the model may still be improved to explicitly explore parameters uncertainty, uncertain and variable long 

manufacturing lead times and consider risk measurement associated to investment costs. Finally, a 

multi-objective optimisation model should be developed with a method such as e-constraint to 

categorically achieve the accomplishment of various performance indicators in a solution of 

compromise. A real life case study could also help to understand real life problems and more specifically 

study the delivery of vaccines to developing markets. 
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In terms of limitations one should note that a virtual case study was used to test the applicability 

of the model and collect the results. Thus, estimations were used for demands and data were collected 

to identify and select possible locations for entities. As for the rest of the parameters, most were search 

in statistics websites instead of values provided by a company.   

My contribution for the model is principally concerned with adapting the model employed in Mota 

et al. (2016) to a very particular case, vaccine supply chains. With this, a research gap was filled and 

more work can now be developed in the field of modelling the design and planning of vaccine supply 

chains with multiple objectives. 
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Appendices 
 
Appendix I. Freighters cost 
 
 
 

Table AI.1. Freighters cost 
		

Maximum	contracted	capacity	per	time	
period	

Handling	costs	at	hub	terminals	per	
unit	

Variable	transportation	
costs	per	km		

Fixed	hub	terminal	
cost			

		

Boat	 3	000	000	 0,150	€	 0,01	€	
288000	

0,075	€	 144000	
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Appendix II. Environmental module values 
 

Table AII.1. Environmental impact of entity installation. 
 
 
 
 
 
 
 
 

 
 

Table AII.2. Environmental impact of storage technologies. 

		 Technology	 		 		 		 		 		 		 		 		 		

		 		 CC	 OD	 TA	 FE	 ME	 HT	 POF	 PMF	 TET	
rpIPV	 WICR	 6,44E+02	 2,48E-05	 2,93E+00	 5,43E-02	 5,97E-02	 2,33E+01	 1,59E+00	 2,39E+00	 1,46E-02	
rpIPV	 Refri	 3,27E+01	 1,26E-06	 1,48E-01	 2,76E-03	 3,03E-03	 1,18E+00	 8,04E-02	 1,21E-01	 7,41E-04	
fpMMR	 WIFR	 5,15E+02	 1,98E-05	 2,34E+00	 4,34E-02	 4,77E-02	 1,86E+01	 1,27E+00	 1,91E+00	 1,17E-02	
fpMMR	 Freez	 1,68E+02	 6,47E-06	 7,64E-01	 1,42E-02	 1,56E-02	 6,08E+00	 4,14E-01	 6,25E-01	 3,81E-03	

	 	 FET	 MET	 IR	 ALO	 ULO	 NLT	 MRD	 FRD	 	

rpIPV	 WICR	 1,83E-01	 2,53E-01	 5,43E+01	 1,13E+01	 4,16E+00	 4,95E-02	 4,30E+00	 1,35E+01	 	

rpIPV	 Refri	 9,29E-03	 1,28E-02	 2,75E+00	 5,74E-01	 2,11E-01	 2,51E-03	 2,18E-01	 6,87E-01	 	
fpMMR	 WIFR	 1,46E-01	 2,03E-01	 4,34E+01	 9,05E+00	 3,32E+00	 3,96E-02	 3,44E+00	 1,08E+01	 	
fpMMR	 Freez	 4,78E-02	 6,61E-02	 1,42E+01	 2,95E+00	 1,08E+00	 1,29E-02	 1,12E+00	 3,53E+00	 	

 
 
 
 
 
 
 
 

		 CC	 OD	 TA	 FE	 ME	 HT	 POF	 PMF	 TET	

Entity,	per	m2	 3,55E+02	 3,31E-05	 2,84E+00	 9,23E-03	 1,06E-01	 5,10E+01	 1,74E+00	 9,76E-01	 5,60E-02	

	 FET	 MET	 IR	 ALO	 ULO	 NLT	 MRD	 FRD	 	

Entity,	per	m2	 1,33E+00	 7,80E-01	 1,29E+01	 1,02E+02	 6,42E+00	 6,97E-02	 3,54E+00	 1,10E+02	 	
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Table AII.3. Environmental impact of transportation modes. 
Transportation	
modes,	per	km	 	

		 		 		 		 		 		 		 		

		 CC	 OD	 TA	 FE	 ME	 HT	 POF	 PMF	 TET	
TruckA	 1,29E-01	 2,39E-08	 6,42E-04	 4,32E-06	 2,93E-05	 3,37E-02	 8,81E-04	 3,91E-04	 7,33E-05	
TruckB	 2,40E-02	 4,44E-09	 1,19E-04	 8,03E-07	 5,45E-06	 6,27E-03	 1,64E-04	 7,27E-05	 1,36E-05	
Boat	 6,31E-02	 9,52E-09	 5,05E-04	 2,07E-06	 2,83E-05	 1,66E-03	 7,93E-04	 2,58E-04	 4,14E-06	
	 FET	 MET	 IR	 ALO	 ULO	 NLT	 MRD	 FRD	 	

TruckA	 9,38E-05	 5,47E-04	 7,09E-03	 1,92E-02	 9,16E-03	 5,02E-05	 9,37E-04	 6,19E-03	 	
TruckB	 1,74E-05	 1,02E-04	 1,32E-03	 3,56E-03	 1,70E-03	 9,33E-06	 1,74E-04	 1,15E-03	 	
Boat	 2,69E-05	 3,75E-05	 3,04E-03	 7,71E-03	 2,68E-03	 4,48E-05	 5,04E-04	 6,20E-03	 	

 
 
 

Table AII.4. Normalisation factors 
		 CC	 OD	 TA	 FE	 ME	 HT	 POF	 PMF	 TET	

Normalisation	factor	 1,81E-04	 2,66E+01	 2,37E-02	 3,45E+00	 1,36E-01	 6,89E-04	 1,76E-02	 7,11E-02	 1,23E-01	
	 FET	 MET	 IR	 ALO	 ULO	 NLT	 MRD	 FRD	 	

Normalisation	factor	 2,20E-01	 1,48E-03	 7,59E-04	 1,84E-04	 1,29E-03	 8,31E-02	 2,25E-03	 7,75E-04	 	
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Appendix III. Inventory profiles 
 
 
Table AIII.1. Inventory profile for scenario A. 
Time	period	 rpIPV	stored	 fpMMR	stored	

1	 1827	 20116	
2	 1599	 20968	
3	 1589	 4860	
4	 1587	 4860	
5	 1587	 12405	
6	 1078	 20099	
7	 1077	 3878	
8	 1077	 18968	
9	 806	 19478	
10	 7	 7	

 
 
Table AIII.2. Inventory profile for scenario B. 
Time	period	 rpIPV	stored	 fpMMR	stored	

1	 97860	 87378	
2	 102084	 204026	
3	 102271	 310960	
4	 102279	 349673	
5	 102279	 33052	
6	 102279	 31511	
7	 102279	 159248	
8	 102279	 106437	
9	 102279	 20799	
10	 2	 111	
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Table AIII.3. Inventory profile for scenario C. 
Time	period	 rpIPV	stored	 fpMMR	stored	

1	 57237	 59600	
2	 56239	 67245	
3	 74740	 68259	
4	 84024	 68394	
5	 107976	 68412	
6	 76789	 68414	
7	 8	 68415	
8	 7	 68415	
9	 107	 68415	
10	 207	 2	
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Appendix IV. Model statistics 
 
Table AIV.1. Computational results 

Scenario Objective function Single variables Discrete variables CPU (s) GAP (%) Objective value 

A Maximise profit 23,073 21,313 506 0.05 1,817,029,498 

B Minimise environmental impact 23,073 21,313 70 0.01 280,488 

C Maximise social benefit 23,073 21,313 3,093 0.04 1,476.73 

D Minimise environmental impact 23,073 21,313 89 0.04 284,593 

E Maximise social benefit 23,073 21,313 105,483 1.13 1,011.42 
 


