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Determining facilities’ locations is a strategic decision in the design and redesign of supply 

chain networks. It affects the network’s performance over a long time horizon and sets 

limitations for further decisions. Various decision support and solution approaches exist, 

typically, utilizing simplified models of the network configuration. However, a multitude of 

factors, which may not be considered in the model development, influence the real net-

work’s performance. Therefore, all solutions need to be scrutinized before implementing 

them in the real network to anticipate the extent of the performance’s variation. Simulation 

modeling facilitates a straightforward evaluation of various factors’ impact on a network’s 

performance. This approach can be used for the determination of locations as well as 

generating results for the succeeding analyses. However, the partially considerable com-

putation effort, inherent in this approach, limits its applicability. 

 

An agent-based simulation model for a three-tier retail supply chain network is developed. 

Various warehouse location alternatives are generated and the locations minimizing the 

costs and order fulfillment times are selected utilizing the analytical hierarchy process. 

The selected alternative is subjected to parameter variations of initially constant factors to 

determine their influence on the model’s performance. These responses are examined 

utilizing various quantitative analyses. It is found that factors connected to products or 

facilities with considerably differing specifications have a notable influence on particular 

responses. However, this effect is restricted to responses on which the adjacent tiers’ be-

havior has a significant influence. Simulation modeling offers the opportunity to include 

these factors in the location decision to lessen the difference in the modeled and real net-

work’s performance and mitigate the risk of flawed decisions.  
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1 INTRODUCTION 

The facility location problem (FLP) is an old problem in strategic management and opera-

tions research. In the last decades it has become an integral part of supply chain network 

design and redesign (SCND/R) due to its considerable influence on the performance of 

the entire supply chain network (SCN). Additionally, deciding on a facility location is a stra-

tegic decision (Farahani, Rezapour, Drezner, & Fallah, 2014), which incurs high invest-

ment costs and limits all operational and tactical decisions for a certain amount of time. 

Therefore, utilizing models that support decision-makers’ evaluation of potential facility 

locations is crucial. Depending on the decision-making context these models need to inte-

grate contrasting objectives as well as uncertain real-world decision factors. However, the 

model’s complexity is restricted due to time and budget constraints, which can influence 

the personnel capacity for developing and adapting the model as well as the availability of 

computing power. For many problems in the field of operations research it is necessary to 

limit the computation time for solution proposals, since some decisions itself have to be 

made under time pressure. For instance, a model considering the current delivery sched-

ule cannot run multiple hours or days when determining the optimal routes for the next 

day’s deliveries. Therefore, a good tradeoff between the model’s complexity and solvabil-

ity is essential on all decision-making levels.  

 

Specifically, in the current business environment, which is characterized by “[i]ncreasing 

global competition and cooperation” (Manzini & Bindi, 2009, p. 915) a continuous evalua-

tion of the SCN’s configurations (Pickett, 2013, p. 30) and potential adaption to consider 

new information is required. Additionally, the traditional tools of decision-making in many 

companies: “[e]xperience and intuition” (Abo-Hamad & Arisha, 2011, p. 95) may no longer 

yield the desired results in this rapidly changing environment. Therefore, reproducible and 

more transparent tools and methods supporting the decision-making process need to be 

utilized.  

 

Simulation modeling is one option that can generate multiple outcomes for situations with 

incomplete information without influencing or disturbing the current real-life system. Ac-

cording to Banks, Carson, and Nelson (1996, p. 4) utilizing simulation “is intuitively ap-

pealing to a client because it mimics what happens in a real system” and it does not re-

quire extensive assumptions regarding unknown factors, e.g., their statistical distribution.  
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In various engineering disciplines simulation has a long standing reputation as an im-

portant tool for design and evaluation of new systems or components. For instance, the 

behavior of various airplane designs in a wind tunnel can be evaluated by computer simu-

lations instead of expensive real tests. In operations research simulation modeling as-

sumes a similar role when various policies are under development and evaluation. Its utili-

zation is recommended when the system is too complex to be modeled otherwise. (Hillier 

& Lieberman, 1995, pp. 900–901) Therefore, simulation modeling has a wide field of ap-

plication. For instance, in the United States new health care policies are subject to an 

evaluation based on simulation modeling to determine potential behaviors of the affected 

population (Glied & Tilipman, 2010). Other applications include the order release planning 

in manufacturing systems or waste management and efficiency optimization in power 

plants. In the health sector it is utilized to forecast pharmaceutical costs and results as 

well as minimizing the time a patient spends in emergency departments. Additionally, it is 

used to model environmental disasters, like oil spills, to determine appropriate counterac-

tions. (Banks et al., 1996, pp. 6–8) In commercial organizations it is utilized as an analysis 

and modeling tool when business processes are engineered and reengineered (Banks et 

al., 1996, p. 8).  

 

But the ability to model even complex systems introduces the problem of the model’s 

solvability in a reasonable time and the necessary compromise between these two char-

acteristics again. One of the main critiques many traditional facility location models face is 

that they are limiting the demand occurrence to one or two levels in the network and that 

no intra-level flow of goods exists (Melo, Nickel, & Saldanha-da-Gama, 2008, p. 4). In 

short, they can be perceived as too abstract or simplistic. However, this is not the only 

problem that occurs when developing SCN or facility location models. To enable the mod-

eling of SCNs it is necessary to define the key decision factors, their measurement, val-

ues, and desired performance levels. However, this decision is extremely context and 

objective dependent. Therefore, it is nearly impossible to develop a model that can be 

generalized to suit all SCND/R projects. Nevertheless, it is possible to examine which de-

cision factors have a significant influence on the model’s performance in various contexts 

and obtain a good measurement for them. 

 

In this thesis a simplified, three-tier SCN simulation model is developed to support the 

location decision for two and three warehouses, which are operating as intermediaries 

between the supplier and the retail stores in the network. Utilizing the analytic hierarchy 

process (AHP), a multi-criteria decision-making (MCDM) tool, the facility locations that 
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minimize the total costs as well as the order fulfillment times for warehouse and retail 

store orders are selected. Finally, the model’s behavior is examined by performing various 

experiments and a cost sensitivity analysis. 

 

1.1 Research objective, questions and limitations 

The modeling and subsequent optimization of various problems is a popular research 

theme in many scientific disciplines. However, many authors in operations research publi-

cations caution against over-relying on the optimization results alone and recommend 

using further analysis and decision-making tools to validate the results. The main problem 

all these solutions face is that they are derived from a simplified model with a limited num-

ber of influencing factors and numerous assumptions leading some scientists to the con-

clusion that “all models are wrong” (Sterman, 2000, p. 846). When an optimal solution is 

implemented in the real system the decision-maker needs to be aware that the perfor-

mance measures will deviate from the model’s solution proposal. One of the reasons for 

this deviation is that there may be influencing factors that have not been included in the 

model, but have an impact on the real system’s performance. It is generally acknowledged 

that the more realistic and complex models become the more computational effort is 

needed to solve them. Additionally, these become extremely context dependent and can-

not easily be applied to other problems and processes. Finding the right level between 

simplification and closeness to reality is the big dilemma of everyone attempting to model 

real-life systems. 

 

Most proposals for new models and solution algorithms in the operations research litera-

ture contain a computational study, in which the model’s behavior and performance is 

evaluated. Typically the computational time and model’s results in comparison to other 

solution algorithms is evaluated. However, the basic assumptions and influencing factors 

are constant. Hence, analyzing the model’s behavior and performance when formerly 

constant parameters change would be recommendable before its solution is implemented 

in the real system. This can be accommodated by utilizing simulation modeling, where 

multiple parameter settings can be examined without influencing the real system. With the 

development of user-friendly software tools and the steady increase in computers’ perfor-

mance the utilization of simulation will become even more extensive in scientific as well as 

practical subject areas. Already, many organizations use simulation modeling to evaluate 

policy changes, different system configurations, and to design or improve disaster contin-



  15 

gency plans (Banks et al., 1996, pp. 6–8; Glied & Tilipman, 2010; Hillier & Lieberman, 

1995, pp. 900–901).  

 

Abo-Hamad and Arisha (2011, p. 97) identified the need to further develop the application 

of simulation optimization tools in supply chain (SC) problems. However, the papers they 

analyzed were mainly focused on tactical and operational level decisions and did not men-

tion the FLP. In a similar literature search only a few papers were found to utilize the simu-

lation optimization approach in solving the FLP and its newer extensions (Herazo-Padilla, 

Montoya-Torres, Isaza, & Alvarado-Valencia, 2015; Saif & Elhedhli, 2016). The simulation 

type chosen in this thesis is agent-based modeling (ABM) and this approach was identi-

fied by multiple other researchers as an auspicious field of study for various scientific dis-

ciplines (Barbati, Bruno, & Genovese, 2012, p. 6027; Oliveira, Lima, & Montevechi, 2016, 

p. 186). 

 

Therefore, this research utilizes simulation modeling for the FLP and attempts to answer 

the following research questions: 

RQ 1: How do simulation models for the facility location problem perform, when pre-

viously constant factors are subject to change? 

 

To support answering this question the following sub-questions are formulated: 

RQ 2: Which objectives and factors are generally considered in facility location 

models? 

RQ 3: What particular issues have to be considered in simulation modeling? 

RQ 4: Which initially constant factors have a significant influence on the models’ per-

formance? 

 

The aim of this research is to evaluate the impact constant factors, which are not explicitly 

considered in the facility location decision-making, can have on a model’s performance 

and try to identify critical factors that should be considered in future modeling activities of 

the FLP. 

 

The scope of this research is limited to the FLP only. The inventory and vehicle routing 

problem will not be explicitly considered. The inventory levels and connected order poli-

cies will be utilized to set the behavior and interaction rules for the agents in the simulation 

model. The routing decision will be made by the simulation algorithm by selecting the 

fastest route in the existing Finnish infrastructure network without attempting to consoli-
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date the shipments. Only locations in Finland will be considered in the model, therefore, 

the production and distribution processes before entering the country will not be part of 

the model. Additionally, the cost factors will be considered in a simplified form only, e.g., 

fixed transportation costs per kilometer, fixed costs for the establishment and operation of 

facilities, and it is assumed to be the same cost for each location. Furthermore, the re-

search will be utilizing a mix of randomly generated and real input data as well as value 

ranges for the chosen decision factors and parameters to assess their impact. However, 

due to the necessary assumptions and the context specific simulation model the validity 

and generalizability of the results are limited.  

 

1.2 Thesis structure 

In the next chapter a literature review regarding SCND/R and the FLP is performed from 

which the conceptual framework of this thesis is derived. The research methodology and a 

methodological framework is explained in chapter 3. In chapter 4 the simulation model will 

be developed, experiments defined and performed as well as the results reported. This 

thesis closes with a discussion of the findings in chapter 5 and a conclusion containing 

limitations and recommendations in chapter 6. The thesis structure is visualized in Figure 

1. 

 

 

Figure 1: Thesis structure 
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2 OPTIMIZING THE SUPPLY CHAIN NETWORK DESIGN 

In this chapter the theoretical foundation for this thesis is examined and utilized to gener-

ate a conceptual framework on which the following empirical analysis is based. This chap-

ter is divided into thematic areas covering SCNs, their design and the decision where to 

locate facilities in the physical network. Most publications used in this literature review are 

peer-reviewed. However, books and websites are used additionally to widen the perspec-

tive where necessary. 

 

2.1 Supply chains and supply chain networks 

Most textbooks on the supply chain management (SCM) topic contain at least one figure 

that visualizes the SC as a linear sequence containing raw materials, various suppliers, 

manufacturing and distribution companies as well as the end customer. Therefore, the 

most common conception of this value-creating process is a straight line that can be step-

wise followed through the stages and the denomination as a supply “chain” strengthens 

this conception. In this subchapter the differences and commonalities between the con-

cepts of SCs and SCNs as well as a definition of the concepts are presented. 

 

A SC consists of various entities that are connected by “flows of products, services, fi-

nances, and/or information” (Mentzer et al., 2001, p. 4) from the raw material source to the 

end customer. These flows can occur upstream, towards the raw materials source, or 

downstream, towards the end customer, and should at least encompass three entities. In 

this definition the end customer is part of the SC resulting in the distributors being part of 

both flows and not the final destination of a product or service. (Mentzer et al., 2001, p. 4) 

This definition seems to confirm the conception the SC as a linear sequence, however, an 

entity can be part of multiple SCs and, therefore, a network structure emerges (Braziotis, 

Bourlakis, Rogers, & Tannock, 2013, p. 648; Farahani et al., 2014, p. 113; Ivanov & 

Sokolov, 2010, p. 64; Mentzer et al., 2001, p. 4). 

 

The terms SCN, supply network, distribution network, logistics network, and so on are 

used interchangeable throughout the literature highlighting the need for a common defini-

tion. To complicate this issue even further some authors use the term SC, although, they 

explicitly state their understanding of it as a network. Consensus seems to exist on which 

main entities a SCN usually contains, since the most general understanding of a SCN is 

that of interconnected SCs resulting in similar or equal entities in the network. Suppliers, 



  18 

manufacturing plants, distribution centers, customers, and transportation resources are 

some of the main entities in SCNs (Klibi, Martel, & Guitouni, 2010, p. 284; Pickett, 2013, 

p. 35). 

 

Braziotis et al. (2013) examine the difference between the SC and SCN concepts and 

propose a general classification and definition of both concepts. According to them SCs 

are “a set of primarily collaborative activities and relationships that link companies in the 

value-creation process, in order to provide the final customer with the appropriate value 

mix of products and/or services” (Braziotis et al., 2013, p. 648). This definition highlights 

the value-creating process and the collaboration and relationships necessary to achieve 

the common SC goal of offering products and/or services to satisfy the end customers’ 

need. In contrast, they define supply networks as the combination of active and inactive 

SC members, where inactive members can be understood as additional resources to be 

activated if the need arises. In this definition both concepts are interconnected (cf. Figure 

2) and it is important for companies to know all network members. (Braziotis et al., 2013, 

pp. 648–649) 

 

 

Figure 2: Interconnectedness of SC and SCN concepts (Adapted from: Braziotis et al., 2013, p. 649) 

 

SCs and SCNs have some aspects in common. Strategic planning and management de-

cision-making are recurring issues in both concepts as well as the need for a continuous 

assessment of the risk-benefit distribution in the relationships. Another major aspect is 

trust and the level of coordination and collaboration in the relationships, including the ex-

change of information and value. (Braziotis et al., 2013, p. 648) However, analyzing and 

managing a SCN is more complex, which is partially due to the relationships and inter-

connections of SC members with various other SCs and their members. (Braziotis et al., 

2013, pp. 644–646) While SCs operate in a relatively structured and stable form, SCNs 
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with their larger member base tend to operate in a more flexible and dynamic form ena-

bling the network to react faster to changes. To benefit from this wider member base (e.g., 

by the mitigation of supply risk or access to expertise for future innovation and value-

creation) it is important to uphold relationships with active and inactive network members. 

However, knowing all active and, especially, inactive members can become important to 

identify members that could pose a threat to the network (e.g., by unethical business be-

havior) and enable a quick reaction to these threats. In Table 1 the proposed classification 

of SCs and SCNs based on some key criteria are displayed and highlights the main differ-

ences between the two concepts. (Braziotis et al., 2013, p. 649) 

 

Table 1: Classification of SC and SCN (Source: Braziotis et al., 2013, p. 649) 

Criteria Supply Chain (SC) Supply Chain Network (SCN) 

Focal concept Products and services Relationships 

Design and  
configuration 

Linear and ongoing, relatively stable 
structures (established power attrib-
utes) 

Non-linear and dynamic structures 
(non-established power attributes) 

Complexity Low High 

Operations Predictable and stable Unpredictable/un-solidified 

Coordination Management focuses on the coordi-
nation of flow (information, products 
and finance) and on integration 

Management focused on the coordi-
nation of the web of inter-firm rela-
tionships 

Integration Structured Ad hoc/unplanned 

Means to enhance  
competitiveness 

Cooperation, collaboration, and co-
ordination among SC members in-
volving competition between these 
members in some occasions 

Cooperation, collaboration, and co-
ordination among members of a web 
of SCs. At the same time, it involves 
conflict and competition too 

 

Braziotis et al. (2013, pp. 649–650) conclude that the main benefit of utilizing the SCN 

approach in supply management is being able to lessen the impact of or prevent supply 

disruptions, especially in uncertain and dynamic environments. The research and publica-

tions of the Industrial Marketing and Purchasing Group (IMP) is recommended for a deep-

er insight into the network approach. 

 

2.2 Supply chain network design 

As already mentioned in the previous chapter certain terms are used interchangeably in 

the literature: SCND/R, distribution network design, logistic network design, or network 

design are sometimes referred to as strategic SC planning (Melo et al., 2008, p. 2; Melo, 

Nickel, & Saldanha-da-Gama, 2009, p. 403). All these terms mainly concern the design of 

the physical structure of the network (Farahani et al., 2014, p. 93; Simchi-Levi, Kaminsky, 
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& Simchi-Levi, 2008, p. 79). The overall goal of SCND/R is to create an efficient network 

to achieve the best possible configuration in terms of network “performance, resilience, 

cost and competitiveness” (Farahani et al., 2014, pp. 93, 100; Melo et al., 2008, p. 2) or, 

more tangible, achieving customer satisfaction with “minimum cost or maximum profit” 

(Cortinhal, Lopes, & Melo, 2015, p. 118; Yolmeh & Salehi, 2015, p. 298). This includes 

decisions on strategic, tactical, and operational levels (Farahani et al., 2014, p. 100; Klibi 

et al., 2010, p. 283; Melo et al., 2008, p. 2), where the strategic decisions (e.g., locations, 

quantities, sizes, and types of facilities) include large investments (Melo et al., 2008, p. 

11). They set the limits for further tactical and operational decisions and, therefore, influ-

ence the network’s performance the most. (Cortinhal et al., 2015, p. 118; Melo et al., 

2008, p. 2; Simchi-Levi et al., 2008, pp. 79–80) 

 

Cortinhal et al. (2015, p. 118) mention two instances in which a company may need to 

design a new network, which are the expansion to new geographical areas and establish-

ing new product categories. However, it is very rare that SCNs are designed without any 

preexisting structures and, therefore, redesign or reengineering of existing network con-

figurations dominate in practice. These can be prompted by changes in the market, de-

mand, or supply strategies as well as merger and acquisition activities. (Cortinhal et al., 

2015, p. 118; Melo et al., 2008, p. 12; Simchi-Levi et al., 2008, p. 80) These redesign pro-

cesses evaluate, e.g., if all facilities and their locations are still effective under the 

changed environmental conditions or if a relocation to another geographical area could 

improve the SCN’s performance (Melo et al., 2008, p. 12). In certain cases it makes sense 

for a company to design a feasible, nearly optimal SCN to examine how much the current 

and the ideal performance differ and evaluate further activities to improve the network’s 

performance (Cortinhal et al., 2015, p. 118; Klibi et al., 2010, p. 284). In experiments it 

was proven that the design of a SCN is more complex and difficult, than the redesign of 

one with preexisting facilities and characteristics. This is due to the fact that the considera-

tion of existing facilities limits the feasible options for a redesign project. (Cortinhal et al., 

2015, p. 130) 

 

2.2.1 Challenges of supply chain network design 

SCNs and their design and redesign processes are subjected to various internal and ex-

ternal influences that can impede the development of efficient solutions and their imple-

mentation. For instance, the true demand quantity and distribution is uncertain, SCN 

measures and performance metrics as well as the robustness of the developed design are 
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difficult to define and assess (Klibi et al., 2010, p. 283). Furthermore, unexpected occur-

rences can lead to network or infrastructure disruptions (Klibi et al., 2010, p. 285), whose 

influence can only be diminished by careful planning and a vigilant project team (Melo et 

al., 2008, p. 12). The consideration of all possible disruption sources is in most cases not 

feasible, since the probability, impact, and type of disruption is usually unknown. There-

fore, Klibi et al. (2010, p. 285) recommend to consider sources with “a serious impact on 

the strategic performance” only. 

 

2.2.2 Levels of decision-making 

The decisions in a SCND/R can be structured into three levels based on the duration this 

decision influences the network. These levels are strategic, tactical, and operational, each 

containing different types of decisions. (Farahani et al., 2014, p. 100; Klibi et al., 2010, p. 

283; Manzini & Bindi, 2009, p. 915; Melo et al., 2009, p. 403) The definitions of the 

timeframes for these decision levels are relatively uniform throughout the literature. The 

long-term decisions are made on the strategic level, which means an approximate dura-

tion of more than one year. Mid-term decisions belong to the tactical level and should be 

reevaluated every two to twelve months. The operational level contains short-term or day-

to-day decisions. (Manzini & Bindi, 2009, p. 916; Simchi-Levi et al., 2008, p. 12)  

 

As previously mentioned the strategic decisions have the highest impact on the cost per-

formance of the chain, since they are fixed for such a long time and cannot be changed 

without incurring high costs. Typical strategic decisions include the determination of the 

facilities’ location, their quantity, size, and type as well as the selection of strategic supply 

partners, subcontractors, and distribution service providers. Furthermore, the decision 

what to offer to the customers and whether to make or buy a product or component is a 

strategic decision. (Chopra & Meindl, 2013, pp. 53, 57, 120–121; Cortinhal et al., 2015, p. 

118; Farahani et al., 2014, p. 100; Klibi et al., 2010, p. 283; Simchi-Levi et al., 2008, p. 12) 

 

On the tactical level decisions regarding inventory policies, production and purchasing 

schedules as well as distribution strategies are made. Furthermore, production plants are 

assigned to suppliers, distribution centers to production plants, and distribution centers to 

customer demand, determining the product flow structure. (Manzini & Bindi, 2009, pp. 

916–917; Simchi-Levi et al., 2008, p. 12; Yolmeh & Salehi, 2015, p. 298) Daily production 

scheduling, material requirement planning, vehicle routing, and truck load decisions be-

long to the operational level, which is the most flexible and takes into account the most 
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current customer needs or environmental changes (Manzini & Bindi, 2009, pp. 916–917; 

Simchi-Levi et al., 2008, p. 12).  

 

In Figure 3 some decisions in the various decision-making levels are mentioned. In con-

trast to other visualizations of the organizational levels in pyramid form, the strategic deci-

sion level is at the bottom of the pyramid, since all further decisions are limited by the stra-

tegic decisions. Some graphical representations can lead to the impression that a clear 

distinction between the decision levels is possible. However, the layers are not clearly 

separable or autonomous, since ideally tactical and operational decision options are taken 

into account in the decision-making process at the strategic level. Furthermore, decisions 

made in one level always influence the other ones. This is especially valid for strategic 

decisions, since the decisions made, e.g., in regard to the facilities, always influence and 

limit future capacity, routing, and inventory decisions. (Farahani et al., 2014, p. 93; Melo et 

al., 2008, p. 2, 2009, p. 403) Manzini and Bindi (2009, p. 915) as well as Klibi et al. (2010, 

p. 288) state that all these problems and related decisions are usually treated separately, 

but commonly originate in the FLP, which will be further discussed in the next chapter. 

The separate treatment of these problems is usually criticized in recent articles on model-

ing and solving SCN problems and sometimes utilized to identify a research gap (Ivanov & 

Sokolov, 2010, p. 60; Melo et al., 2008, p. 2, 2009, p. 406; Yolmeh & Salehi, 2015, p. 

299). 

 

 

Figure 3: Decisions made on different levels (Adapted from: Manzini & Bindi, 2009, p. 917) 
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2.3 The facility location problem 

To enable the development of a cost minimizing or profit maximizing SCND/R it is im-

portant to utilize high quality location models that suit the network’s purpose and take into 

account the necessary decision factors (Melo et al., 2008, p. 2). An overview about the 

FLP is given in this chapter. 

 

2.3.1 Historical development 

The FLP, as the base of SCND/R, is part of the location theory research area, which dates 

back multiple centuries. The origin of the location problem can be traced back to Fermat’s 

challenge in the 17th century. French mathematician Pierre de Fermat asked scientists to 

find a point in a plane that minimizes the distance to each of the three existing points. It is 

disputed who proposed the first solution algorithm, but names like Evangelista Torricelli 

and Bonaventura Francesco Cavalieri are mentioned in this context. In later years Vin-

cenzo Viviani (1659), Loria and Bassura (1919), Thomas Simpson (1750) proposed fur-

ther solution algorithms. (Bruno, Genovese, & Improta, 2014, pp. 84–90; Laporte, Nickel, 

& Saldanha da Gama, 2015, pp. 2–3) 

 

The FLP and its area of application mainly utilized today can be traced back to Alfred We-

ber (1909), who connected the Fermat problem with a network design problem to deter-

mine a warehouse location that minimizes the distances to serve the customers. In his 

book “Ueber den Standort der Industrien” he describes the problem. In the second edition 

an appendix is added in which Georg Pick develops a solution method (Weber, 1922, pp. 

225–246). Weber mentions the need for a mathematical discussion of the topic, but also 

highlighted other, qualitative factors that influence the location decision. Although, Carl 

Friedrich Launhardt previously introduced a similar problem, an optimal train route be-

tween three points, Weber’s description is more detailed and takes into account certain 

issues that were not addressed previously. (Bruno et al., 2014, pp. 90–92; Laporte et al., 

2015, pp. 4–6) 

 

In 1929 Harold Hotelling introduced the competition factor into the location problem, which 

aims to maximize the market share by choosing the optimal location. Due to the fast de-

velopment of information technology and computational power since the 1960s, the prob-

lems solution algorithms have become more and more sophisticated. The base of modern 

location problem solutions was developed by Hakimi in 1964. He specifies the p-median 

and p-center problem as well as proves that both of them are NP-hard problems. (Bruno 
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et al., 2014, pp. 92–94) In the literature concerning location problems Hakimi is often cited 

and it seems that many researchers think that his work inspired a growing interest in loca-

tion theory (Marianov & Serra, 2011, pp. 53–54). Since the 1960s many variations of the 

location problem have been proposed and modeled making location theory one of the 

most covered areas in the operations research field (Bruno et al., 2014, p. 95; Laporte et 

al., 2015, pp. 1–2, 9; Owen & Daskin, 1998, p. 425). 

 

2.3.2 Definition and classification 

The FLP is basically defined as finding a location for various facility types (e.g., ware-

houses, distribution centers, or production plants) in a network that minimizes the total 

network costs or overall distance to serve all customers. (Litoff, 2015; Melo et al., 2008, p. 

5) The cost types considered in this problem vary depending on each researcher’s model, 

but in general variable costs for “transportation, capacity expansion, and penalt[ies]” as 

well as “fixed costs for opening and closing facilities” are taken into account (Melo et al., 

2008, p. 7). The original model was searching for a solution that minimized the distance 

between points, while some of today’s models consider multiple strategic decision factors 

simultaneously, like “procurement, production, distribution, […] and customer demand 

satisfaction” (Melo et al., 2008, p. 5).  

 

Due to the huge variety of existing models a basic classification seems to be necessary to 

keep track of the developments in this research area. Owen and Daskin (1998) offer a 

short introduction and classification of the basic FLPs, which is illustrated in Figure 4. The 

basic distinction is between static-deterministic, dynamic-deterministic, and static-

stochastic models. In static-deterministic models decision factors, like demand and travel-

ing distance, are assumed to be static and known. Furthermore, usually only one point in 

time is considered. (Owen & Daskin, 1998, p. 425) Dynamic-deterministic models take 

into account certain characteristics of uncertainty, like a multi-period planning horizon, 

which makes it necessary to find locations that can be utilized and adjusted even if the 

conditions change over time. In contrast, static-stochastic models take into account uncer-

tainty based on incomplete knowledge of input parameters, such as demand quantity or 

location. (Owen & Daskin, 1998, pp. 432, 435) 
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Figure 4: Classification of FLP models (Based on: Owen & Daskin, 1998, pp. 425–444) 

 

The deterministic models can be divided into median, covering, center, and other prob-

lems. In median problems the aim is to minimize the average distance traveled, some-

times certain locations receive weights and then the weighted average distance is consid-

ered. The traditional p-median problem belongs to this category as well as an adaptation 

including competition, which is called maximum capture problem and aims to maximize a 

location’s market share under the assumption that customers minimize their travel time. 

Covering problems are mainly used for the location of public services, e.g., ambulance, 

fire, or police stations, where it is essential that the customer is served within a maximum 

amount of time or distance. The demand is covered when this requirement is fulfilled. 

These problems are divided into location set and maximal covering problems. The set 

covering problem aims at minimizing the total cost to achieve the desired coverage level. 

The main drawback is that the basic problem formulation does not take into account the 

demand quantity, which can result in many locations and expensive solutions, when the 

acceptable distance is small. However, this problem formulation can be utilized to investi-

gate the number of facilities needed for a guaranteed service level. In contrast, the maxi-

mal covering problems take into account the available resources to reach as many cus-

tomers as possible in the desired time. However, in this problem formulation certain cus-

tomers may need to wait longer or travel a further distance than the desired time and dis-

tance and, therefore, are not covered by the solution. This shortcoming is addressed in 

the center problems, where a basic requirement is the fulfillment of all demands. The p-

center or minimax problem locates a fixed number of facilities aiming to minimize the max-
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imal distance between the facilities and their respective customers. Depending on the 

specifications facilities can be located anywhere in (absolute center problems) or only on 

nodes of (vertex center problem) the network. The absolute center problem usually yields 

a better solution than the vertex center problem due to the increased number of locations 

to choose from. From these basic problems a variety of other formulations have been de-

rived taking into account additional factors and constraints. For instance, location-

allocation problems extend the basic formulation by adding the flow between facilities to 

the decision-making criteria. Furthermore, problem formulations have been developed that 

aim at optimizing multiple objectives simultaneously. Many of these cases can find good 

solutions using integer linear programming and heuristics. (Owen & Daskin, 1998, pp. 

425–431) 

 

The literature on dynamic-deterministic problems can be grouped into dynamic single, and 

multiple facility location models as well as alternative dynamic approaches. The common 

objective is to minimize the costs over the whole planning horizon. In many single facility 

location models relocation of facilities is allowed. However, the costs these relocations 

incur differ in the models and partially they try to assess the time period in which reloca-

tion should take place. In multiple facility location models dynamic extensions to the loca-

tion-allocation and p-median problem have been developed to capture real world occur-

rences. Furthermore, the covering problem has been addressed using multiple objectives 

and a multiple period planning horizon. Nearly all mentioned model formulations assess 

the location problem in an iterative process where each time period is independently ex-

amined. (Owen & Daskin, 1998, pp. 432–435)  

 

Stochastic location problems are usually solved using either the probabilistic or the sce-

nario planning approach. In the probabilistic approach the uncertainty factors are estimat-

ed using randomly generated numbers that follow certain probability distributions. The 

proposed models in this approach are separated into standard formulations and queuing 

models. In the standard formulations many of the static-deterministic models have been 

adapted to include uncertainty. For instance, the p-median problem has been evaluated 

with randomly generated demand and supply data that is assumed to follow a specific 

distribution. Furthermore, it was proven that Hakimi’s finding, that in a deterministic net-

work problem the optimal solution is located on the nodes of the network, can be applied 

to stochastic problem formulations as well. Another deterministic problem type that is 

evaluated under stochastic assumptions is the covering problem. Among others, it evalu-

ates how demand should be covered, when the assigned resource is already in use (e.g. 
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an ambulance is already assigned to another demand case when new demand occurs). 

To evaluate other aspects of the FLP the previous formulations are combined with queu-

ing theory and form the other part of the probabilistic approach. In queuing models similar 

problems as in the covering and center problems are examined to find the optimal distri-

bution of facilities to reduce the queuing time, where the demand arrival, location, and 

service time is unknown. (Owen & Daskin, 1998, pp. 435–441) 

 

In the scenario planning approach different future situations are defined and examined to 

find a solution that performs well in all situations. In some models of this approach the 

estimation of demands or other factors is substituted by various scenarios that allow the 

development of different contingency plans. Scenarios can be described in a qualitative 

and quantitative way, where certain factors are either described in words or in measure-

able numbers. In the FLP the quantitative approach takes precedence. In this approach 

three basic configurations of what is to be optimized exist. The model can optimize the 

performance in (1) all scenarios, (2) the worst case scenario, or (3) minimize the regret 

over all scenarios, where the regret is the difference between the optimal location for the 

realized scenario and the chosen location according to the analysis. The scenario plan-

ning approach has been applied to many of the previous mentioned problem formulations. 

(Owen & Daskin, 1998, pp. 441–444) 

 

2.3.3 Challenges and current developments 

As previously mentioned a large body of research exists and is steadily growing. The main 

challenge this problem and its solution approaches have to cope with is to model the net-

work in the most realistic way possible, while ensuring its solvability within reasonable 

computing time. Snyder (2006, p. 542) highlights the complexity of stochastic, multi-

echelon facility location models that consider inbound and outbound flows. These models 

are frequently called SCND/R models. To achieve a realistic model more business man-

agement areas need to be considered in the facility location decision, for instance, trans-

portation and routing options, procurement strategies, production and capacity restrictions 

and extensions as well as inventory policies (Melo et al., 2008, pp. 10–11, 2009, p. 401). 

In classical facility location models Melo et al. (2008, p. 4) criticize that they do not take 

into account demand occurrence on different levels in the network, that most models con-

sider only one or two network levels, and that the possibility of an intra-level flow of mate-

rials (e.g., from one warehouse to another warehouse) is neglected.  
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Some newer modeling approaches take into account some of the mentioned challenges. 

For instance, Melo et al. (2008, p. 8) propose a relatively flexible model formulation that 

allows multiple network configurations, various product flows, demand occurrence on dif-

ferent network levels, capacity extension, and many other features. However, uncertainty 

in regard to the future development of various factors (e.g., transportation times, demand, 

capacities, and costs) seems to be the most difficult to implement in the model formula-

tions (Melo et al., 2008, p. 11). 

 

2.4 Uncertainty in the decision-making process 

The decision-making process can occur in three different circumstances: certainty, risk, 

and uncertainty. Distinguishing between these states has been subject to multiple publica-

tions in the past, for instance, Knight (1921), and Rosenhead, Elton, and Gupta (1972) are 

cited in many contemporary articles discussing topics related to these concepts (Klibi et 

al., 2010, p. 289; Snyder, 2006, p. 538). In general, certainty describes situations where 

the decision factors and their values are known, in risk situations some decision factors 

are uncertain and their values are estimated by utilizing probability distributions, and in 

uncertain situations neither the decision factors nor their probable values are known 

(Snyder, 2006, p. 538). However, this differentiation between risk and uncertainty is dis-

puted. Which results in the proposal to classify the decision-making circumstances by 

assessing the available information’s quality. In this alternative classification decisions 

under certainty are subject to the availability of perfect information, and uncertainty is 

characterized by imperfect information availability. In contrast to the first classification, 

uncertainty in this case is “value neutral” (Klibi et al., 2010, p. 289) and can imply positive 

or negative changes. (Ivanov & Sokolov, 2010, p. 69; Klibi et al., 2010, p. 289) Both clas-

sification suggestions are displayed in Figure 5.  

 

 

Figure 5: Classification of decision-making situations 
(Based on: Klibi et al., 2010, p. 289; Snyder, 2006, p. 538) 
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In the SCND/R process uncertainty is a common occurrence. Influencing factors like de-

mand levels, lead times, impact assessments in sustainable network design, supplier se-

lection, and distribution options as well as external influences, like natural disasters, ter-

rorism, or political and financial crises are usually subject to uncertainty. (Eskandarpour, 

Dejax, Miemczyk, & Péton, 2015, p. 29; Ivanov & Sokolov, 2010, p. 72; Owen & Daskin, 

1998, p. 435; Simchi-Levi et al., 2008, pp. 5–6) It should be noted that varying degrees of 

uncertainty exists ranging from a total lack of knowledge, as the worst case, to the availa-

bility of partial information (Klibi et al., 2010, p. 289). As outlined in chapter 2.3.2 this kind 

of uncertainty usually is addressed in stochastic problem formulations and models. How-

ever, even the most sophisticated forecasting algorithm tends to yield wrong results so 

that a certain degree of uncertainty in these decision-making situations is inevitable 

(Simchi-Levi et al., 2008, p. 6). 

 

2.5 Considered factors in facility location problem modeling 

In the various facility location modeling approaches different factors have been taken into 

account to generate exact solutions. In this chapter the factors considered in the reviewed 

publications are examined. The solution approaches’ objectives and data generation 

methods are mentioned briefly. In general, all factors can be classified into economic, en-

vironmental, social, and competitive factors, where the first three dimensions can be com-

bined to form the sustainable SCND/R research area, while the economic and competitive 

factors usually are examined in the competitive SCND/R research area. The interrelation-

ship between the mentioned classifications is visualized in Figure 6.  

 

Most examined papers have in common that the location sets for origin and demand 

nodes are assumed to be known and fixed. Additionally, a set of potential locations is giv-

en for the new locations to limit the computation effort in finding the best feasible solution. 

The proposed solution approaches mainly utilize mixed-integer linear programming, La-

grange relaxation and various other heuristics and metaheuristics (e.g., branch and 

bound, tabu search, neighborhood search, and greedy heuristic). In very few publications 

the concept of fuzzy set theory (Chou, Chang, & Shen, 2008; Feng, Wu, & Chia, 2010) or 

simulation (Contreras, Cordeau, & Laporte, 2011b; Saif & Elhedhli, 2016) are used as a 

part of the solution approach. Furthermore, the main focus lies on improving existing solu-

tion algorithms and proposing new ones for the forward flows in the SCN. Although, the 

research on closed-loop SCNs and their modeling is growing (Devika, Jafarian, & 

Nourbakhsh, 2014; Easwaran & Üster, 2009; Fleischmann, Beullens, Bloemhof-Ruwaard, 
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& Van Wassenhove, 2001; Sahyouni, Savaskan, & Daskin, 2007) the consideration of 

non-economic factors, like environmental (Devika et al., 2014; Saif & Elhedhli, 2016) or 

social factors (Devika et al., 2014) is still scarce. In general, the proposed models range 

from relatively simple models considering only a few, mainly economic, factors to complex 

models attempting to reproduce global SCNs with a multitude of production, capacity, fi-

nancial, and other influencing factors (Kouvelis, Munson, & Yang, 2013). Nevertheless, 

the current developments indicate a growing research interest in sustainable SCND/R as 

well as simultaneously solving the facility location, vehicle routing, and inventory problem 

to enable more realistic modeling.  

 

 

Figure 6: Interrelationship of factor classifications and selected factors 

 

The objective of most solution proposals is cost minimization (Ahuja, Orlin, Pallottino, 

Scaparra, & Scutellà, 2004; Castillo, Ingolfsson, & Sim, 2009; Charles, Lauras, Van 

Wassenhove, & Dupont, 2016; Contreras, Cordeau, & Laporte, 2011c, 2011a; Easwaran 

& Üster, 2009; Elhedhli & Goffin, 2005; Fleischmann et al., 2001; Sahyouni et al., 2007; 

Sourirajan, Ozsen, & Uzsoy, 2009), which in some cases is equivalent to a minimization of 

travel distance and in one examined case the minimization of open service facilities 

(Narasimhan, Talluri, Sarkis, & Ross, 2005). Some solution approaches aim for profit 

maximization (Dasci & Laporte, 2005; Dong, Kouvelis, & Su, 2013; Kouvelis et al., 2013) 

or have multiple objectives. The minimization of lead times and costs (Jahre et al., 2016), 

failure and operating costs (Snyder & Daskin, 2005), costs and greenhouse gas (GHG) 

emissions (Saif & Elhedhli, 2016), costs and the dissatisfaction with semi-desirable facili-
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ties in, e.g., waste collection (Coutinho-Rodrigues, Tralhão, & Alçada-Almeida, 2012), and 

the simultaneous minimization of costs, environmental impact, and maximization of a posi-

tive social impact (Devika et al., 2014) are some of the multiple objectives considered. 

However, it appears that cost minimization is usually one of the objectives in these cases. 

 

In all examined publications the solution proposals were subjected to extensive computa-

tional tests to evaluate their performance and behavior. The data for these tests was col-

lected or generated using various methods. Some employed case studies with known 

values or forecasts (Castillo et al., 2009; Charles et al., 2016; Coutinho-Rodrigues et al., 

2012; Fleischmann et al., 2001; Jahre et al., 2016; Narasimhan et al., 2005; Saif & 

Elhedhli, 2016), while others used predefined problem sets from previous publications 

(Ahuja et al., 2004; Contreras et al., 2011c, 2011a; Snyder & Daskin, 2005; Sourirajan et 

al., 2009), or randomly generated data utilizing different distributions (e.g. uniform (Devika 

et al., 2014; Easwaran & Üster, 2009; Elhedhli & Goffin, 2005; Kouvelis et al., 2013; 

Snyder & Daskin, 2005), or normal distribution (Devika et al., 2014; Dong et al., 2013)) 

and ratios (Castillo et al., 2009; Easwaran & Üster, 2009). Additionally, a combination of 

these data generation methods was applied in some cases (Ahuja et al., 2004; Kouvelis et 

al., 2013). 

 

Depending on the model’s objective and market conditions different factors are taken into 

account. In the following subchapters different decision factors are examined and grouped 

according to their connecting theme. 

 

2.5.1 Economic considerations 

In every examined model the demand quantity is taken into account, which is self-

explanatory, since without demand it is not necessary to build any SCN or attempt model-

ing one. However, the determination of the demand quantity varies. Some researchers 

estimate the quantity or assume it as known and partially unchanging (Ahuja et al., 2004; 

Contreras et al., 2011c, 2011a; Coutinho-Rodrigues et al., 2012; Devika et al., 2014; 

Elhedhli & Goffin, 2005; Fleischmann et al., 2001; Sahyouni et al., 2007; Saif & Elhedhli, 

2016; Snyder & Daskin, 2005), while others acknowledge its uncertainty and assume a 

certain behavior according to, e.g., uniform distributions (Easwaran & Üster, 2009), Pois-

son processes (Castillo et al., 2009; Sourirajan et al., 2009), or the probability of a scenar-

io with an estimated quantity (Jahre et al., 2016). Another decision option concerning the 

demand is the permission to split orders and assign them to different, e.g., distribution 
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centers to serve the customer’s demand. However, most papers assume that the com-

plete demand will be fulfilled from one location and Ahuja et al. (2004) explicitly prohibit 

this in their model. When it comes to closed-loop SCNs the demand can be split into de-

mand for new and remanufactured products; however, most examined models assume 

interchangeability of the products and do not separate the demands. 

 

The FLP can be split into uncapacitated and capacitated problem formulations. The 

uncapacitated models assume no capacity limits for any modeled variable, which makes 

them easier to solve, but limits the realistic representation of the problem. In capacitated 

models various factors have an upper limit, which either are prohibited to be exceeded or 

incur additional costs when exceeding them. Factors of multiple thematic areas can be 

modeled with capacity restrictions. For instance, the inventory space (Easwaran & Üster, 

2009; Elhedhli & Goffin, 2005; Sourirajan et al., 2009), production (Devika et al., 2014; 

Easwaran & Üster, 2009; Elhedhli & Goffin, 2005; Kouvelis et al., 2013), service 

(Narasimhan et al., 2005), supplier (Devika et al., 2014), or transportation capacity can be 

limited as well as the available budget for investments and operations (Jahre et al., 2016; 

Narasimhan et al., 2005). 

 

A similar case is the lead time, which is usually understood as the time between placing 

an order and receiving that order in supply management. The Merriam-Webster (2017) 

definition describes it more general as “the time between the beginning of a process or 

project and the appearance of its results”. In the examined models it was taken into ac-

count in the purchasing (Charles et al., 2016) and delivery processes (Jahre et al., 2016; 

Melo et al., 2008) or a combination of various processes (Sourirajan et al., 2009). In most 

of the examined cases these times were assumed to be known or estimated, however, in 

the distribution and purchasing processes these are usually more uncertain (Melo et al., 

2008, 2009), since various external factors can influence the process’s time. The order 

fulfillment times considered in this thesis can also be denoted as lead times according to 

this definition. Therefore, both denominations are utilized interchangeable.  

 

In the group distribution and transportation mainly costs are considered that are either 

based on the distance to the customer (Ahuja et al., 2004; Contreras et al., 2011c, 

2011a), transportation time (Castillo et al., 2009), or product quantity (Charles et al., 2016; 

Devika et al., 2014; Dong et al., 2013; Easwaran & Üster, 2009; Kouvelis et al., 2013; 

Sahyouni et al., 2007; Saif & Elhedhli, 2016; Snyder & Daskin, 2005). All these factors 

contain uncertainty, which result in uncertain distribution and transportation costs (Melo et 



  33 

al., 2009; Nickel, Saldanha-da-Gama, & Ziegler, 2010). Additionally, some models take 

into account different transportation modes, like air, ocean, and road transport (Charles et 

al., 2016; Jahre et al., 2016). Some newer models include routing options, where the de-

mand of geographically close customers is served with the same vehicle, but these formu-

lations have not been examined in detail. 

 

In the inventory group service level requirements are included. The service level is defined 

as the percentage of successfully fulfilled orders and is usually fixed to a minimum value 

that has to be achieved in SCNs. It is part of the group inventory, since in many practical 

cases the inventory level will be increased to guarantee a high service level. However, 

only two of the examined models include the service level in their model formulation. 

Charles et al. (2016) define it as the percentage of scenarios without stock-outs and utiliz-

es it to evaluate the solutions of his model. In contrast, Sourirajan et al. (2009) define it as 

a given requirement to be achieved at the retailers. Although the service level seems to be 

not important in the examined facility location models Melo et al. (2008) mention it as a 

factor to be improved and Nickel et al. (2010) propose to use it instead of satisfying the 

whole demand in each period. A similar factor in the inventory group is the model formula-

tion’s position on stock-outs. In the examined publications only one formulation explicitly 

allows them and introduces penalty costs if they occur (Charles et al., 2016). Two other 

formulations include penalty costs for not satisfying customers’ demand (Fleischmann et 

al., 2001; Snyder & Daskin, 2005), where the causes are either facility failures (Snyder & 

Daskin, 2005) or not explicitly stated. However, the model formulation from Fleischmann 

et al. (2001) can be understood either as a consideration of service levels or stock-outs. 

To avoid stock-outs Sourirajan et al. (2009) include a safety stock, which also incurs addi-

tional costs. Standard inventory costs per product and time unit are considered in some of 

the publications (Charles et al., 2016; Jahre et al., 2016; Saif & Elhedhli, 2016; Sourirajan 

et al., 2009). However, the optimal inventory level is uncertain (Melo et al., 2008) and, 

therefore, is subject to further consideration in the inventory area of operations research. 

 

The third group purchasing includes decisions on how and where to buy needed products 

and services for the focal company’s own operations. Most formulations do not consider 

these factors as variables, but rather include them in the model assumptions. As sourcing 

options only single sourcing is considered by Elhedhli and Goffin (2005), while some other 

formulations consider purchasing costs (Devika et al., 2014; Melo et al., 2008; Yolmeh & 

Salehi, 2015). Only Charles et al. (2016) consider the supplier’s location, the ordered 

quantity, and introduces penalty costs for a delayed delivery.  
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The area of production is also mainly represented by cost factors, like cost per unit for 

production (Dong et al., 2013; Easwaran & Üster, 2009; Kouvelis et al., 2013), processing 

(Easwaran & Üster, 2009), and handling (Devika et al., 2014) as well as remanufacturing 

(Easwaran & Üster, 2009) of products. Additionally, Dong et al. (2013) consider the pro-

duction output level in their competitive facility location model.  

 

Financial factors are mainly taken into account in formulations that model international 

SCNs. Some of the following factors could be relevant for national location decisions as 

well, since, for instance, in Germany the trade tax (Gewerbesteuer) for companies differs 

in the various regions of the country offering tax saving opportunities. In the analyzed pub-

lications Dong et al. (2013) take into account the currency exchange rate and Kouvelis et 

al. (2013) consider interest rates, the loan amount, country specific depreciation rates, 

and corporate income taxes. Additionally, Melo et al. (2008, 2009) mention duties and 

transfer prices as financial factors. 

 

The basic product characteristics include the product type (Charles et al., 2016; Coutinho-

Rodrigues et al., 2012), the sales price (Devika et al., 2014; Kouvelis et al., 2013), and the 

decision if the formulation contains only one or multiple (Charles et al., 2016; Easwaran & 

Üster, 2009) products.  

 

The basic facility characteristics define certain facility location modeling assumptions, like 

the quantity and size of the new facilities (Castillo et al., 2009; Charles et al., 2016; 

Eskandarpour et al., 2015; Melo et al., 2008). Furthermore, various fixed and variable 

costs for opening (Ahuja et al., 2004; Charles et al., 2016; Contreras et al., 2011c, 2011a; 

Coutinho-Rodrigues et al., 2012; Devika et al., 2014; Easwaran & Üster, 2009; Fleisch-

mann et al., 2001; Jahre et al., 2016; Kouvelis et al., 2013; Melo et al., 2008; Sahyouni et 

al., 2007; Saif & Elhedhli, 2016; Snyder & Daskin, 2005; Sourirajan et al., 2009; Yolmeh & 

Salehi, 2015), operating (Charles et al., 2016; Contreras et al., 2011c; Elhedhli & Goffin, 

2005; Kouvelis et al., 2013; Melo et al., 2008; Saif & Elhedhli, 2016), and closing facilities 

(Contreras et al., 2011c; Melo et al., 2008) can be defined. 

 

2.5.2 Competitive considerations 

The market size of the new market is an important decision factor to determine the poten-

tial market share available for the entering company. Dong et al. (2013) are taking this 

factor into account as a random variable, since the market potential is uncertain. Farahani 



  35 

et al. (2014) mention the product price, the service level, and the distance towards the 

customers as further competitive factors that need to be considered. These factors have 

already been discussed or will be discussed in the other subchapters. However, it illus-

trates that the different classifications of the considered factors are connected. 

 

2.5.3 Environmental considerations 

Facility location model formulations considering environmental issues are relatively 

scarce, although, the literature on closed-loop and reverse SCNs is growing steadily. If 

various GHG emissions are considered they are usually expressed in the standardized 

CO2 equivalent measure. However, only one of the examined models takes emissions 

explicitly into account. Saif and Elhedhli (2016) consider the design for a cold SCN, which 

is subject to leakage of the coolant (HFC gas) and CO2 emissions in distribution process-

es per product unit. Eskandarpour et al. (2015) propose the utilization of carbon credit 

exchange systems on the strategic decision-making level to enable a better consideration 

of GHG emissions.  

 

Devika et al. (2014) include the environmental consideration by introducing various envi-

ronmental impact measures for opening locations, product handling and disposal, distribu-

tion, and the utilization of remanufactured products. All these impact measures are pa-

rameters that are dependent on the demand quantity and are generated according to us-

ing a function in their computational experiments. 

 

Furthermore, Eskandarpour et al. (2015) mentions energy consumption and waste gener-

ation as environmental factors that have been used to model the environmental impact. 

The energy consumption depends on the facility size and the chosen technologies for 

producing and distributing products and services. To assess and quantify environmental 

impact the life cycle assessment (LCA) method is mainly utilized, however, for more gen-

eral formulations GHG emissions are prevailing. (Eskandarpour et al., 2015) 

 

2.5.4 Social considerations 

Facility location models taking into account social factors are even scarcer than models 

considering environmental issues. A potential reason for this may be that social issues are 

usually expressed as qualitative factors that can be difficult to quantify to enable their im-

plementation in mainly mathematical model formulations. Some of these qualitative fac-

tors are the adherence to human rights and child labor laws and regulations as well as 
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work conditions and equal treatment of employees independent of gender or ethnicity. 

(Eskandarpour et al., 2015) 

 

In all examined publications one model formulation contained a social impact. Devika et 

al. (2014) include the social impact of lost days due to work safety issues and created job 

opportunities in their model. In their computational experiments they generate these val-

ues randomly with a uniform distribution. 

 

2.5.5 Further considerations 

In general, facility location model formulations should take into account a multi-period 

planning or time horizon to accommodate potential demand or cost changes over the life-

time of the facility, or determine points in time when new investments should be evaluated 

and implemented. In some cases these points in time are known, e.g., due to a time-

specific budget allocation, and enable dividing one planning horizon into multiple time pe-

riods. (Melo et al., 2008, 2009; Nickel et al., 2010) 

 

Another consideration in every model formulation is the way of how customers are allo-

cated to existing and new facilities. The straightforward shortest distance approach is 

used in most cases; some papers develop utility functions or assume probabilities for cus-

tomers’ location preferences. 

 

2.5.6 Quantification of qualitative factors 

Many factors in SCM are customarily expressed in qualitative terms, especially when envi-

ronmental and social impacts are considered. In the environmental consideration section 

the LCA method has been mentioned to analyze and quantify certain factors. However, 

many other approaches exist and a short overview will be given in this chapter. 

 

Seuring (2013) reviews 36 papers utilizing quantitative modeling approaches in the area 

of sustainable SCM. These approaches are divided into models utilizing equilibrium, 

MCDM, AHP, and the already mentioned LCA methods, where the LCA approach is main-

ly used, followed by the equilibrium, AHP, and MCDM methods. The LCA method is 

standardized in ISO 14040:2006 and often used to generate basis data applicable in other 

modeling approaches. It evaluates and aims to minimize environmental impacts in a SCN. 

In contrast, the equilibrium method aims to find either an optimum or equilibrium solution 

by weighing economic and environmental impacts. The MCDM method is similar to the 
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equilibrium method; however it is mainly used when multiple objectives or criteria are con-

sidered. The AHP is another widely used MCDM approach, which results in semi-

quantitative results supporting the decision-making process. In this approach the criteria 

are weighted based on a preference matrix to help the decision-maker evaluating the 

available alternatives. (Seuring, 2013) 

 

An interesting approach to quantify qualitative economic, environmental, and social im-

pacts is presented by Chardine-Baumann and Botta-Genoulaz (2014) who use weights to 

consider the maturity of certain sustainable SCM practices and develop three sustainabil-

ity indices by consolidating various sustainability performance measures.  

 

2.6 Conceptual Framework 

The conceptual framework (cf. Figure 7) for this thesis visualizes the connections of the 

theoretical concepts employed. The FLP is an essential part of the SCND/R, which in turn 

belongs to the overall theoretical concept of SCNs. Various solution approaches for the 

FLP exists and all consider a limited quantity of decision factors. The approach selected in 

this thesis is simulation modeling, which can be combined with an optimization algorithm 

or an external decision-making method. If an integrated optimization algorithm is utilized 

the simulation examines the current run’s result and stops when the defined abort criteria 

in the optimization algorithms are fulfilled. Optionally, the simulation model can calculate 

the results for all alternatives and an external decision-making method, e.g., the AHP can 

be employed to select the best result. 

 

The solution of the selected alternative is often implemented in the real system. However, 

it is subjected to more than the factors considered in the simulation model. Therefore, the 

real performance will differ from the alternative’s performance. The question this thesis 

attempts to answer is how these previously not considered factors influence the model’s 

performance to anticipate a potentially divergent performance of the real system after the 

implementation. 
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Figure 7: Conceptual framework 
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3 RESEARCH METHODOLOGY 

The topic of this thesis belongs to the scientific field of operations research, which consid-

ers problems concerning “how to conduct and coordinate the operations […] within an 

organization” (Hillier & Lieberman, 1995, p. 3). Some of the traditional operations research 

tools are linear, dynamic, and non-linear programming, game theory, various forecasting 

techniques, decision analyses as well as simulation (Hillier & Lieberman, 1995). This re-

search utilizes simulation modeling and is supported by the AHP for selecting the best 

facility locations and different statistical analyses to evaluate the simulation models’ be-

havior. In the following subchapters an introduction into simulation modeling, verification 

and validation issues, and information about the data collection will be given.  

 

3.1 Simulation modeling 

In operations research simulation can be understood as “a controlled statistical sampling 

technique for estimating the performance of complex […] systems” in cases where other 

modeling techniques are not sufficient (Hillier & Lieberman, 1995, p. 901). In a simulation 

model the system is divided into components with distinctive, predictable behavior, which 

are implemented in the model and connected by utilizing the known relationships between 

the components (Hillier & Lieberman, 1995, p. 901). In the applied ABM these compo-

nents are called agents. 

 

According to Bertrand and Fransoo (2002, pp. 249–251) quantitative models can be clas-

sified based on the type of model (axiomatic or empirical) as well as the type of research 

(descriptive or normative). Research based on axiomatic models focuses on the model 

itself and tries to primarily understand the model’s behavior in regard to the analyzed fac-

tors. In contrast, research utilizing empirical models aims to achieve the best possible fit 

between the model and the real-life systems that is modeled. In their understanding nor-

mative models are used to solve problems and develop strategies that can be applied in a 

given situation. Conversely, descriptive models aim to further the understanding of certain 

phenomena and behaviors. This classification has been used by Oliveira et al. (2016) to 

develop a simulation modeling framework for supply chain simulation (SCS), which will be 

introduced in chapter 3.1.4. In Figure 8 the model classification and its application to SCS 

are visualized. This visualization contains the option of a hybrid simulation model (HS), 

which enables a combination of characteristics in one model. 
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Figure 8: Simulation model classification 
(Based on: Bertrand & Fransoo, 2002, p. 251; Oliveira et al., 2016, p. 179) 

 

In this research simulation modeling as a special case of quantitative modeling (Bertrand 

& Fransoo, 2002, p. 252), will be utilized in an experimental setting. Therefore, the inde-

pendent variables or input parameters are referred to as factors, while the dependent var-

iables or measures for the model’s performance are referred to as responses (Law & 

Kelton, 2000, p. 622). This research aims to solve the given FLP and focuses on the 

models’ behavior under changing factor levels; therefore, it can be classified as following 

the axiomatic-normative approach. Additionally, parts of the model are derived from a re-

al-life SCN configuration, which would allow the classification as a hybrid simulation mod-

el. However, the utilization of the empirical data is restricted to the customers’ and suppli-

ers’ physical location, the determination of certain cost parameters as well as the illustra-

tion of the complexity of a real-life SCN in chapter 4.2.1. Therefore, the main approach of 

this research is axiomatic-normative. 

 

3.1.1 Benefits and drawbacks 

A model in this research context is a simplified reproduction of a real-life system that can 

be used to examine and evaluate particular areas of interest to support decisions regard-

ing further actions (Ivanov & Sokolov, 2010, p. 35). In a simulation real-life processes are 

imitated to examine the processes’ characteristics, properties, and behavior without affect-

ing the real processes. Usually, the examined changes will be implemented in the real-life 

setting only after all benefits and drawbacks of certain decisions have been evaluated. 

(Banks et al., 1996, p. 5; Render, Stair, & Hanna, 2003, p. 602) In SCNs simulation mod-

eling enables the consideration of factors and relationships that are too complex to model 
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with traditional mathematical modeling approaches. Especially in complex decision-

making contexts simulation has achieved the reputation as a powerful technique to model 

real-life processes and various organizations utilize it to improve their decision support 

processes (Fu, 2002, p. 193; Terzi & Cavalieri, 2004, p. 4). 

 

Some advantages of simulation have already been mentioned in the last paragraph. Fur-

ther advantages are its flexibility, the ability to simulate long-term processes in virtual time 

(Render et al., 2003, p. 603), and the possibility to control factors that are not controllable 

in reality (Law & Kelton, 2000, p. 623). However, some disadvantages exist, like the high 

cost for developing good simulation models, difficulties in generating optimal solutions 

depending on the utilized techniques, and a extremely reduced transferability of a simula-

tion model from one context to another (Banks et al., 1996, p. 5; Ivanov & Sokolov, 2010, 

p. 123; Render et al., 2003, p. 604). Additionally, the model’s value depend on the model-

er’s skills and the available factors’ quality (Banks et al., 1996, p. 5; Pickett, 2013, p. 39). 

The most important limitation when utilizing models of any kind has been subsumed by 

Sterman (2000, p. 846) with the simple sentence “all models are wrong”. The models’ in-

herent simplification of the real-life system and its interactions makes it not just difficult but 

impossible to validate and verify the model. (Sterman, 2000, p. 846) 

 

3.1.2 Agent-based modeling 

This research utilizes the ABM approach, which is implemented in the program AnyLogic 

that will be used in the modeling and model solving phase. ABM can be used to describe 

complex and dynamic systems and is applied in various contexts, like “the spread of epi-

demics, the threat of biowarfare, […] supply chain management, […] and organizational 

decision-making” (Allen, 2011, pp. 180–181). In ABM the system entities (e.g., production 

facilities, warehouses, customers, and vehicles) are modeled as individual agents, who 

communicate and interact with each other in an environment based on defined rules (Al-

len, 2011, p. 177; Barbati et al., 2012, p. 6020) enabling a more realistic representation of 

relationships in a simulation model. Two main approaches exist to modeling the coopera-

tion between agents. In centralized approaches an intermediary agent coordinates the 

other agents’ behavior, while in distributed approaches the agents are self-coordinating. 

(Barbati et al., 2012, p. 6021)  

 

The advantages of this modeling approach are reduced computational times, since com-

plex problems can be divided into sub-problems that are handled by the separate agents 
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and allows changes in certain agents without needing to remodel the entire problem 

(Barbati et al., 2012, p. 6027). Additionally, it can be applied in cases, where detailed in-

formation about processes or measures are scarce and need to be estimated, e.g., per-

formance measures of new manufacturing equipment (Allen, 2011, p. 178). However, in 

regard to the solution’s quality many of these models are not on par with the traditional 

approaches especially in optimization problems (Barbati et al., 2012, p. 6027). Further-

more, the validation of the results is difficult and in many cases they are tested against 

heuristic algorithms, since the problems’ complexity tends to preclude the development of 

exact solutions (Allen, 2011, p. 181; Barbati et al., 2012, pp. 6023, 6027). 

 

Researchers are positive that the utilization of ABM will expand in the future due to in-

creasing computational power allowing more simulation runs in the same or less time, 

persisting demand for efficiency improvements in organizations, and increased accessibil-

ity of data resulting from improved measuring techniques and wider availability of data-

bases (Allen, 2011, p. 186). Additionally, they encourage the utilization of simulation tech-

niques in new contexts (Allen, 2011, p. 186) and caution against underestimating their 

potential in solving practical and theoretical problems (Ivanov & Sokolov, 2010, p. 131). 

 

3.1.3 Simulation optimization 

The term optimization describes the search for the best solution to a given problem under 

consideration of certain criteria and constraints offering either exact or heuristic solutions 

(Barbati et al., 2012, p. 6021; Ivanov & Sokolov, 2010, p. 40). Successively, simulation 

optimization describes the application of an optimization algorithm on a simulation model, 

where the simulation results are evaluated by the optimization’s objective function to iden-

tify the optimal values of the decision factors (Abo-Hamad & Arisha, 2011, p. 112; 

Amaran, Sahinidis, Sharda, & Bury, 2014, p. 302). In Figure 9 the connection between 

these two modules is visualized. 

 

A disadvantage is the computational effort needed to obtain the optimal solution, since in 

every iteration of the optimization the entire simulation model has to be run resulting in 

long calculation times (Law & Kelton, 2000, p. 659; Ye & You, 2016, p. 164). To mitigate 

inefficiencies and unnecessary simulation runs in the optimization process it is advised to 

analyze and identify relevant decision factors, limit their range, and assign good initial 

values based on experience or additional information (Amaran et al., 2014, p. 305). Addi-

tionally, the activities inside the simulation model occur in a black box and cannot be ex-
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amined (Amaran et al., 2014, p. 302; Ye & You, 2016, p. 164). As in all optimization prob-

lems the optimal solution needs to be evaluated carefully, since the model assumptions 

and inherent uncertainty can result in differing outcomes in the real-life context (Ivanov & 

Sokolov, 2010, p. 120). 

 

 

Figure 9: Interaction between simulation and optimization (Source: Law & Kelton, 2000, p. 663) 

 

Nevertheless, in complex problems containing uncertainty, where traditional optimization 

techniques cannot be applied, simulation optimization offers a solution approach (Abo-

Hamad & Arisha, 2011, p. 99; Ye & You, 2016, p. 164). 

 

3.1.4 A simulation modeling framework 

Mitroff, Betz, Pondy, and Sagasti (1974) introduce a framework to harmonize the research 

approaches in various scientific disciplines. A very similar four-stage structure is intro-

duced as a methodological framework for SCS modeling by Oliveira et al. (2016, pp. 182–

185). This framework will be utilized in this research. The four stages are “(1) conceptual-

ization, (2) modeling, (3) model solving, and (4) implementation” (Oliveira et al., 2016, p. 

182) and will be shortly described here. A flowchart depicting the methodological frame-

work can be found in Figure 19 in Appendix 1. 

In the conceptualization stage the objectives and the analyzed problem need to be identi-

fied and clarified. Depending on the source of the problem the model can be identified as 

real-world (based on a real-life problem), generic (based on a theoretical gap in the scien-

tific literature), or combined model (cf. Figure 8). In real-world models the existing com-

plexities and relationships need to be considered and simplified. To support this process 

different tools and techniques (e.g., the SCOR framework, business process mapping, 
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value stream mapping, or flowcharts) can be applied to identify the relevant decision fac-

tors. (Oliveira et al., 2016, p. 182) 

 

In the modeling stage the conceptual model for the simulation model is developed based 

on the decisions made in the conceptualization stage. The conceptual model should de-

fine the type of the decision factors, the relationship between factors and responses as 

well as the assumptions. It needs to be “simple, parsimonious, measurable, useful, feasi-

ble, flexible, and applicable” (Oliveira et al., 2016, p. 184). Furthermore, the data collection 

and generation for the decision factors is performed and the conceptual model is trans-

formed into a simulation model after the simulation type (e.g., agent-based simulation, 

discrete event simulation, or dynamic simulation) has been defined. Then the simulation 

model needs to be verified, e.g., by a modular implementation and continuous comparison 

with the conceptual model, using the simulation software’s debugging tools, or adjusting 

the decision factors’ values. If the model does not require a solution it will be validated 

with, e.g., hypothesis testing, or regression analysis, to ensure coherence between the 

real-life process and the simulation model. (Oliveira et al., 2016, p. 184) 

 

In the model solving phase the identified problem will be solved and experiments on the 

decision factors’ values will be performed to evaluate the resulting responses to support 

the decision-making. To plan the experiments in a structured and reproducible way utiliz-

ing the design of experiments tool is recommended. Additionally, it can be used to identify 

the factors with the highest influence on the model performance. Furthermore, optimiza-

tion algorithms, sensitivity analyses, or other decision-making techniques can be applied 

to the model to generate and evaluate alternative solutions. If the model does not require 

an implementation it needs to be verified that the solution incorporates the conceptual 

model’s characteristics. (Oliveira et al., 2016, pp. 184–185) 

 

In the last phase the model’s solution will be implemented in the real-life context. Over a 

certain period of time defined performance measures’ values will be collected and pro-

cessed to determine if the implemented changes improved the systems performance, po-

tentially develop new solutions, and compare the system response to the optimized mod-

el’s response. (Oliveira et al., 2016, p. 185) 
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3.2 Verification and validation 

As mentioned in chapter 3.1.1 a major problem in the chosen research approach is the 

difficulty to verify and validate the model and its results. In the model verification phase it 

is evaluated if the simulation model complies with the conceptual model’s characteristics. 

In contrast, in model validation the simulation model is evaluated to verify its fit with the 

real-life context. This includes examining the assumptions made as well as the realistic 

performance of the factors and responses. (Banks et al., 1996, pp. 399–400; Render et 

al., 2003, pp. 630–631) In the empirical part of this research a verification and validation 

procedure described by Oliveira et al. (2016) in their proposed methodological framework 

will be applied.  

 

Ivanov and Sokolov (2010, p. 36) list some characteristics good models should exhibit. A 

model should be an adequate representation of the original issue, while finding the right 

balance between a simple and optimal model. However, if multiple models with the same 

level of adequacy are available the simplest version should be preferred. Additionally, it 

needs to be ensured that the model is flexible enough to enable the inclusion of decision 

factor and structural changes. Reliability, an efficient computational implementation, stabil-

ity, and an acceptable modeling cost-benefit ratio are further characteristics that should be 

complied with. 

 

As proposed by Snyder (2006, p. 548) and Law and Kelton (2000, pp. 655–656) a sensi-

tivity analysis will be performed on selected decision factors to test the solution stability. 

As in linear programming and regression models certain factors will be varied across a 

certain value range and their impact evaluated.  

 

3.3 Data collection 

The data collection will be described separately for the collection of articles utilized in the 

literature review and the information for the development of the simulation model in the 

empirical part of this research. 

 

3.3.1 Literature Review 

Initially a search for literature reviews in LUT Finna was performed with the following 

terms: “supply chain network design”, “network design”, “facility location problem”, and 

“simulation optimization”. From some of these reviews forward-tracking was performed to 
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find more current articles citing these reviews. Additionally, recommended articles in the 

reviews were examined.  

 

For chapter 2.5 another literature search was performed in LUT Finna to analyze decision 

factors used in some of the more recent model formulations. Specifically, all peer-

reviewed, full access articles on FLPs that were published in the period 2000-2017 in the 

selected journals (cf. Table 2) were screened initially. However, not all articles published 

in this time period were accessible due to licensing restrictions for the most current vol-

umes. The selection of the journals was based on the Journal Quality list, which is a com-

pilation of various journal rankings created and updated by Professor Harzing (Harzing, 

2017). The considered journals are the highest ranked journals in the subject area “Op-

erations Research, Management Science, Production & Operations Management”. The 

search term combinations “facility location” AND ISSN as well as “supply chain network 

design” AND ISSN were utilized for the database fields: title, abstract, and keywords.  

 

Table 2: Considered journals for literature review in chapter 2.5 

Journal title ISSN Years available 

Operations Research 0030-364X 1956-2011 

Management Science  0025-1909 1954-2009 

Journal of Operations Management 0272-6963 1995- 

Production and Operations Management 1059-1478 1999-2015 

Transportation Science 0041-1655 1999-2009 

European Journal of Operational Research 0377-2217 1995- 
 

A first relevance check was performed by reading the abstract. The remaining articles 

have been examined in more detail and the information on the decision factors in the 

model formulations were extracted from each article. Articles that proved to be not rele-

vant to the topic’s scope were excluded from further consideration. In general, only quanti-

tative modeling and solution proposals for the FLP were considered. Additionally, pro-

posals utilizing game theory or very detailed mathematical reasoning were not considered 

further. 

 

3.3.2 Empirical data 

The information for the development of the conceptual and simulation model has been 

collected using an approach consisting of data collection and generation. For instance, the 

daily supply and demand data in each retail store was generated randomly with a uniform 

distribution in a fixed interval inside the simulation.  
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In general, publicly available information sources, e.g., newspaper articles, company and 

other websites, were utilized. The location information for the retail stores, production and 

distribution facilities was based on an internet search in combination with address infor-

mation given on the product’s packaging. For imported products the port of entry was as-

sumed based on ferry connections in combination with the location of the retailer’s distri-

bution facilities in the country of origin. The products were chosen randomly.  

 

A more detailed description of the utilized data, its sources, transformations, and the re-

sulting assumptions will be given in chapter 4.3.2 to achieve consistency with the method-

ological framework for simulation modeling. 
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4 DETERMINING WAREHOUSE LOCATIONS IN A RETAIL SUP-

PLY CHAIN NETWORK 

In this chapter a SCN model will be developed and analyzed. The basic network configu-

rations are derived from a retail company’s SCN. The company is shortly introduced in the 

next section. The remaining chapters follow the research methodology described in chap-

ter 3.1.1 and visualized in Figure 19 in Appendix 1. In the conceptualization phase the real 

network is analyzed to gain an insight into the activities and interactions present in a real-

life context. In the modeling phase a conceptual and simulation model is developed and 

implemented using the program AnyLogic. In the model solving phase various experi-

ments will be performed. The chapter finishes with an analysis of the experimental results. 

 

4.1 From a small corner store to a global food retail giant 

The SCN considered in this research belongs to the German food retail chain Lidl and 

focuses on the operations in Finland.  

 

The company Lidl opened its first stores in Germany in the 1970’s. By steadily expanding 

its operations, first, throughout Germany and, then, in Europe it became one of the big-

gest food retailers in Europe. (Lidl UK, 2017) The company entered the Finnish market in 

2002 (Yle Uutiset, 2012) and now operates around 160 stores throughout the country (Lidl 

Suomi, 2017e). The company is a member of The Business Social Compliance Initiative, 

which aims to improve the adherence to certain social standards in international SCs (The 

Business Social Compliance Initiative, 2017), and The Supply Chain Initiative, which aims 

to foster fair and transparent business practices in food SCs operating in the European 

Union (The Supply Chain Initiative, 2012, 2017). 

 

Among retail companies the competitive pressure is extremely high and results in many 

cost saving and process improvement initiatives. The sophistication of the retail SCs is 

emphasized with the fact that six retail chains are among the global Gartner Supply Chain 

Top 25 ranking in 2016 (Gartner Inc., 2016, 2017) making them interesting examples to 

analyze.  
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4.2 Conceptualization 

As already outlined in chapter 1.1 this research aims to evaluate the impact not consid-

ered factors have on the models’ performance in regard to the facility location decision. 

This problem has a practical and theoretical relevance insofar that many decision-makers 

utilize various forms of optimization or decision-making algorithms to support their deci-

sion-making process and are unsure which factors are essential and how reliable the 

model’s solution is. In practical contexts it is not always possible or advisable to imple-

ment the model’s solution without further analysis to avoid misdirected investments, espe-

cially, on the strategic level. Therefore, simulation can be utilized to evaluate the impact 

not considered factors have on the optimal solution without disrupting the real system. 

 

4.2.1 Reducing complexity 

Many management and coordination activities occur in the company’s headquarters in 

Germany. Therefore, the German and Finnish SCNs will be examined to receive an in-

sight into the company’s operation procedures.  

 

In the German market the coordination and management of all transport activities is cen-

tralized to enable an efficient network performance and optimal utilization of transport ca-

pacities. To mitigate supply risks Lidl has established partnerships with small and medium 

sized food producers and long-standing relationships with transportation service provid-

ers. The company uses different transport modes. For products imported from overseas 

ocean freight is used in full container loads. Once the containers arrive in Europe they are 

transported to distribution centers by inland shipping as well as rail and road transport 

modes. For other products, especially perishable foods, the company relies on small- and 

medium-sized producers in Germany or the respective market reducing the transportation 

time and risk of spoilage. These are delivered to the nearest distribution center, where 

different products are pooled and distributed to regional warehouses from which the retail 

stores are served. In this part of the SCN trucks are utilized and the central coordination 

ensures optimal truck loads. The retail stores are served on a daily basis and the truck 

routing is optimized. Additionally, these trucks collect recyclable materials in the stores 

and, if possible, products from the suppliers on their return route. (Lidl Deutschland, 2017)  

 

On the Finnish market the company operates through its subsidiary Lidl Suomi Ky. It op-

erates two warehouses in Janakkala (south of Hämeenlinna) and Laukaa (north of 

Jyväskylä) (Lidl Suomi, 2017d). A third one is under construction in Järvenpää and ex-
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pected to be operational at the end of 2018 (Lidl Suomi, 2017b). The operation of the SCN 

is similar to the one in Germany, e.g., the stores receive daily deliveries for fresh products, 

the truck routing is optimized, and recyclable materials are collected and returned to the 

warehouses (Lidl Suomi, 2017a). 

 

The main product and information flows in Lidl’s SCN are illustrated in Figure 10. As re-

peatedly mentioned in the previous chapters real SCNs are very complex and need to be 

simplified to enable the development of models. Therefore, the real configuration will be 

adapted to consider only the flows and interactions that are necessary for the FLP and 

keep the computation time on a reasonable level. In Figure 11 the simplified configuration 

of the SCN is displayed. 

 

 

Figure 10: Real product and information flows in the SCN 

 

The main difference is that the headquarters’ control and regulation function is obsolete, 

since no routing and central ordering will be considered. Each store and warehouse plac-

es its orders directly to the upper level (i.e., warehouses and suppliers). Additionally, the 

stores are assigned to the warehouses based on the shortest distance. The warehouses 

only receive deliveries from the suppliers, since no intra-level product flows are permitted. 
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Figure 11: Simplified product and information flows for the model development 

 

4.2.2 Model characteristics, assumptions and decision factors 

One SC model will be developed and programmed, which will be then separated into a 

two and a three warehouse case (WHC) to determine the location of two or three ware-

houses. The planning horizon comprises of 15 days to ensure a reasonable computation 

time as well as a sufficient number of orders and deliveries during that time. Furthermore, 

it is an uncapacitated, multiple product and source configuration with randomly generated 

demand. The demand is generated in the retail stores by the simulation program utilizing 

the uniform distribution. The inventory levels in the retail stores and warehouses are moni-

tored and used to initiate the placement of an order to warehouses or suppliers whenever 

the products' fixed reorder points are reached.  

 

Several assumptions defining the network's behavior have been made and will be shortly 

outlined. An initial inventory amounting to the products’ order quantity is available in each 

store and warehouse. In retail stores the demand occurs daily and they are allocated to 

the warehouse based on the shortest distance. The orders from the retail stores and 

warehouses will not be consolidated; partial or intra-level are not permitted. At ware-

houses the order processing and delivery is stopped when not enough inventory is availa-
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ble to serve the next order and is resumed when a delivery from a supplier arrives in-

creasing the inventory level. Stock-outs in retail stores are allowed, but incur penalty 

costs. A daily delivery is possible as long as enough vehicles are available at the respec-

tive source (warehouses or suppliers). The vehicles used for the supplier to warehouse 

delivery are big trucks and for the warehouse to retail store delivery are small trucks. Due 

to the speed limits in Finland and the mix between inner- and outer-city parts on the deliv-

ery routes the speed for all vehicles has been fixed to 60 km/h. Additionally, for the deliv-

ery route calculation the fastest route option has been chosen, although the retail store 

assignment is based on the shortest distance. The routes are automatically calculated in 

the simulation program based on this setting. Furthermore, it is assumed that no demand 

quantity fluctuations exist, since the considered products are basic food items with a rela-

tively stable demand. Furthermore, all warehouses have to be in different locations. All 

variations containing two or more identical locations are considered infeasible and are 

excluded from further analysis. 

 

The responses that should be minimized are the total cost *, which is highly dependent on 

the travel distance, and the overall order fulfillment time, where warehouses ���� and 

stores ����� are considered separately. These objectives result in a MCDM problem and 

will be solved utilizing the AHP. The order fulfillment times are retrieved directly from the 

simulation program by recording the time between the order placement and the finished 

unloading of the delivery at the respective retail store or warehouse. The total cost is cal-

culated as displayed in Equation (1) and considers the opening cost for all warehouses as 

well as the cumulated operating, transportation, inventory, and stock-out costs. The cost 

calculation and the generation of the order fulfillment times are reported in detail in Equa-

tion (3) and Table 15 in Appendix 2. 

 

 * = *�-.+ + *�-./ + *�/'� + *�/�� + *�+, + *�� (1) 
 

The input factors considered in the model are the location of the warehouses defined by 

their latitude and longitude. A simultaneous evaluation of two and three warehouse loca-

tions in the SCN will be performed. It is assumed that no other warehouse exists in the 

network and that all orders will be served by the specified number of warehouses. 

 

A multitude of parameters (e.g., reorder points and quantities, suppliers’ order processing 

times, and fleet sizes) are defined in the model. However, they are considered fixed dur-
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ing the initial location decision-making process and some of these will be subsequently 

examined to determine their impact on the generated solution. 

 

The relationship between the input factors and responses is basically dependent on the 

distance travelled to fulfill the orders. The location of warehouses as input factors defines 

the distances between retail stores, suppliers, and warehouses. Since the transportation 

cost is dependent on the distance travelled and constitutes a relatively big variable part of 

the total costs it is important to minimize the distances travelled in the network. Additional-

ly, the distance defines the travel time, which is calculated by multiplying the distance with 

the vehicles' speed. The travel time in turn is one part of the order fulfillment time, which 

additionally consists of the order processing, loading, and unloading times. 

 

Furthermore, some of the fixed parameters mentioned above have an impact on the total 

costs and order fulfillment times, since, e.g., reorder points and quantities directly influ-

ence the frequency of order placements as well as the order fulfillment times are usually 

influenced by the order processing times. Among others these relationships are widely 

accepted and will be utilized to see how much influence they have on the simulation mod-

el that will be developed. 

 

4.3 Modeling 

After defining the network’s configuration, decision factors, and assumptions the concep-

tual model will be developed, the data collection and transformation described, and the 

computational model developed. The computational model will be generated in AnyLogic 

8.0.5 and utilizes ABM as its simulation type. 

 

4.3.1 Conceptual model 

The general product and information flows for the model are visualized in Figure 11. 

Based on the model configuration the following agents, their behavior, and interactions 

are defined and visualized as a flow diagram in Figure 12. 
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Figure 12: Conceptual model including agent activities and interactions 



  55 

The model consists of the five agents: suppliers, warehouses, stores, big trucks, and 

small trucks. The agent stores generates the daily demand for three products that de-

pletes its inventory. The inventory level is checked daily and an order is placed when the 

inventory reaches or falls below a fixed demand level. The stores' order message will be 

send to the agents warehouses and small trucks and initiates their respective actions. 

Additionally, the agent stores contains actions that update the inventory whenever a deliv-

ery is received. These actions are initiated by a message from the agent small trucks as 

soon as the unloading of the delivery is complete. 

 

Similarly, the agent warehouses performs two actions. The first updates the inventory lev-

el whenever a delivery from the agent suppliers is received and the second utilizes the 

stores' orders as the warehouses' demand and monitors the inventory to place an order 

whenever the inventory reaches or falls below a fixed demand level. 

 

Each warehouse and supplier has a specified number of trucks available that are repre-

sented in the agents small trucks (for the warehouse fleet) and big trucks (for the supplier 

fleet). Both agents perform the same actions, namely the processing of the incoming or-

der, where the duration is either fixed as the suppliers’ order processing time or randomly 

generated, loading the order onto the vehicle, delivering it to the respective store or ware-

house, unloading it there, and then return to their assigned warehouse or supplier. The 

order processing is initiated after receiving an order message from the agents stores or 

warehouses. After the unloading at the customer site is completed the agents small or big 

trucks send a message to the respective store or warehouse to initiate an inventory up-

date. 

 

Since all order processing, loading, delivery and unloading activities are defined in the 

agent big trucks the agent suppliers exists purely for the initialization and visualization of 

the simulation without any further functions. 

 

4.3.2 Data collection and generation 

Prior to the development of the computational model the data needed was collected or the 

specification for its generation defined.  

 

The products utilized in this research have been chosen randomly and the information 

regarding their price, packaging type and shipping quantity is derived from observations in 
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a local retail store. All are dairy products requiring a controlled temperature during their 

storage and transportation. Product P1 is milk sold for €0.69 in a one liter cardboard box. 

It is produced by a Finnish dairy company in Suonenjoki (Osuuskunta Maitomaa, 2017) 

and delivered in a reusable plastic tray containing 20 product units. Product P2 is cheese 

sold for €3.89 in a plastic bag with a product weight of 300g. It is produced by another 

Finnish dairy company in Kuusamo (Kuusamon Juusto, 2017) and delivered on a card-

board tray containing 14 units. Product P3 is cream cheese sold for €1.19 in a plastic con-

tainer and contains 200g of the product. It is produced in Germany and delivered in small 

cardboard boxes containing six product units, which in turn is packed in another card-

board box containing six of the small cardboard boxes. 

 

The retail store locations are based on the list of currently open stores on the company’s 

Finnish website. On 28.04.17 a number of 159 locations have been retrieved and stored in 

an Excel® file. (Lidl Suomi, 2017c) The product producers’ locations have been deter-

mined by utilizing the address on the selected product’s packaging and an internet search 

to ensure that the address is an actual production facility and no office address. The pro-

duction facility for products P1 and P2 is located in Finland and this address is used in the 

model. The product P3 is produced in Germany and a port of entry into Finland is as-

sumed based on the ferry connections from the country of origin. The fastest ferry connec-

tion with the most frequent departures is the Finnlines’ route between Travemünde and 

Helsinki Vuosaari (Finnlines, 2017). Therefore, the address of the Vuosaari harbor 

(Vuosaaren satama) will be utilized as the port of entry for product P3.  

 

The locations of the company’ warehouses in Finland have been determined by perform-

ing an internet search yielding two currently operated warehouses in Janakkala and 

Laukaa (Lidl Suomi, 2017d). Additionally, it was found that a third warehouse is under 

construction and is expected to be operational at the end of 2018. This will be located in 

Järvenpää. (Lidl Suomi, 2017b) These warehouse locations will be utilized to evaluate the 

difference between the model’s recommendations and the real-life location decision.  

 

To enable the application of the collected data in the computational model it needed to be 

transformed. For that purpose the program QGis 2.18 with the MMQGIS plug-in and 

Google Maps was used to convert the locations’ postal addresses into GPS coordinates 

consisting of latitude and longitude. The addresses that were not found in the automated 

geocoding were coded manually by using Google Maps.  
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Additionally, the demand and order quantities as well as the reorder points have been 

defined based on the modeler's judgment. The daily demand quantity for each retail store 

and product is generated randomly in an estimated interval inside the simulation. The uni-

form distribution has been chosen, since the occurrence probability for single values is 

unknown. The order quantity and reorder points have been defined based on the demand 

quantity's interval. The values for the warehouses are dependent on the retail stores' val-

ues and the suppliers' order processing times. In Table 3 the specification for the data 

generation for these values is listed. 

 

Table 3: Specifications for data generation in retail stores and warehouses 

Parameter Data generation Initial value 

��5 6��7�%8 (100,600)  

��( 6��7�%8 (10,100)  

��) 6��7�%8 (60,200)  

�&�5��� 2 × max ��5  1 200 

�&�(��� 2 × max ��(  200 

�&�)��� 2 × max ��)  400 

%#�5��� 
max ��5 − min ��5

2  250 

%#�(��� 
max ��( − min ��(

2  45 

%#�)��� 
max ��) − min ��)

2  70 

�&�5�� 25 × �&�5��� 30 000 

�&�(�� 25 × �&�(��� 5 000 

�&�)�� 25 × �&�)��� 10 000 

%#�5�� 40 × %#�5��� ×  ��5 15 000 

%#�(�� 40 × %#�(��� ×  ��( 2 700 

%#�)�� 40 × %#�)��� ×  ��) 8 400 

 

The remaining initial parameter values have been defined based on the following reason-

ing and are listed in Table 4.  

 

The suppliers’ order processing times for the products P1 and P2 are 1.5 days containing 

various order processing activities, e.g., administrative tasks, collecting the ordered prod-

ucts from the warehouse, and preparing the orders for loading onto the vehicle. For the 

product P3, which is imported from Germany, 3 days are assumed, compounding of simi-

lar order processing activities as for products P1 and P2, the transport to the German har-

bor as well as 1.25 days for the ferry transit. 
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The speed of the whole fleet is set to 60 km/h, since on most outer-city roads the speed 

limit is 80 km/h and most routes are intercepted by cities or villages with a lower speed 

limit. Since the simulation will not distinguish between inner- and outer-city roads 60 km/h 

appears to be a reasonable average speed. 

 

The vehicle fleet is divided into big trucks, which deliver orders from the suppliers to the 

warehouses, and small trucks, which deliver the orders from the warehouses to the 

stores. Two big trucks are stationed at each supplier's location. In the two WHC 60 small 

trucks are stationed at each warehouse's locations, while in the three WHC 40 trucks are 

available to each warehouse. The number has been defined based on the assumption 

that not each of the 159 retail stores will place an order each day and the requirement to 

minimize the trucks' idle time. 

 

Table 4: Initial parameter values 

Parameter Initial value 

 ��5 1.5 days 

 ��( 1.5 days 

 ��) 3 days 

� 60 km/h 

&��'�  2 trucks 

&"��( 60 trucks 

&"��) 40 trucks 

 

The cost parameters are defined in Table 5 and are mainly based on the modeler's as-

sumptions and may not conform with the real values. 

 

The inventory holding cost is based on the required storage space for each product. For 

instance, storing product P1 with the biggest packaging size will cost more than products 

P1 and P2 with a smaller and very similar size. Additionally, the inventory holding cost at 

the retail store is higher than at the warehouse. The penalty costs for stock-outs are as-

sumed to be three times the product's sales price to make stock-outs undesirable. These 

penalty costs are only incurred at the retail store level, since stock-outs in warehouses are 

not possible due to an delivery stop should not enough inventory be available to fulfill the 

next order. 
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The transportation cost is defined per kilometer traveled and differs between the small and 

big trucks. The assumption behind the difference is that smaller trucks consume less fuel 

than bigger ones and that they are carrying less weight on each delivery. The operating 

cost per warehouse contains, e.g., electricity, personnel, and maintenance costs and is 

assumed to be €10 000 per day. The assumed opening costs of €80m per warehouse are 

based on the publicly available construction cost estimate between €50m and €100m for 

the warehouse in Järvenpää (Ikkala, 2015; Talouselämä, 2015).  

 

Table 5: Cost parameter values in euro 

Parameter Initial value 

����5��� 0.35 

����(��� 0.15 

����)��� 0.15 

����5�� 0.25 

����(�� 0.10 

����)�� 0.10 

���5��� 2.07 

���(��� 11.67 

���)��� 3.57 

�%'� 1.50 

�%�� 1.00 

�#$%�� 10 000.00 

�#$��� 80 000 000.00 

 

4.3.3 Computational model 

To generate the computational model the software AnyLogic 8.0.5, Java programming 

and the simulation type ABM was utilized. In this chapter the three main issues that arose 

during this process, their solution and the resulting limitations will be explained shortly. 

 

The first issue that arose was the potential disruption of the demand generation in the 

warehouses and stores while the agent waits for the delivery. In the initial conceptual 

model each agent had only one activity flow, which would have led to a stop of the whole 

system until the delivery would have arrived, which is not consistent with the behavior of a 

real-life system. Therefore, the agents warehouses and stores were programmed so that 

they contain two separate statecharts defining the agent’s activities. One containing the 

demand generation, inventory update, inventory monitoring, and order placement, and 
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another processing all activities connected to arriving deliveries, e.g., updating the inven-

tory and resetting the respective open order variables to false.  

 

The order placement in the agents warehouses and stores occur by adding an entry into 

the collection variable open orders, which is a list containing the identifying number of the 

warehouse or store that has placed the order. A similar procedure in the agents small 

trucks and big trucks adds their identifying information to another collection variable free 

trucks. For each warehouse and supplier a separate collection variable exists, which is 

then matched by a cyclically recurring event initiating the delivery process in the agents 

big trucks and small trucks.  

 

The second issue was caused by this coordination event and the limitation faced by utiliz-

ing the Java class collection. When placing an order the agents warehouses and stores 

update an Boolean variable indicating that an open order for a defined product exists, 

however, the collection variable open order does not contain the information on which 

product was ordered to update the variables accordingly. This led to problems in the in-

ventory monitoring, update, and the placement of more orders than necessary. Therefore, 

additional collection variables were added containing the information whether a product 

was ordered or not by assigning 1 for yes and 0 for no. The event matching the open or-

ders to the free trucks was extended to include an update of a Boolean variable in the 

agents warehouses or stores containing the information if the next delivery contains this 

product or not.  

 

The third issue arose in connection with potential stock-outs in the warehouses. A stock-

out in the agent stores results in a loss of sales and charging of penalty costs for the 

stock-out. In the agent warehouses a stock-out resulted in a delivery of products that were 

not available, due to the fixed order quantity. This was a direct contradiction of any behav-

ior of a real-life system; if a product is not available it cannot be delivered. Since partial 

deliveries are not permitted in the model a delivery stop was introduced for the agent 

warehouses, when the available inventory was not sufficient to fulfill the next order. This 

delivery stop was introduced in the event matching the free small trucks with the open 

store orders and extends the order fulfillment time of all existing open orders. A negative 

consequence of this solution’s programming is that it stops all deliveries from this ware-

house, even if the next delivery would have been possible. In a real-life system the deliv-

ery process would not be stopped entirely, but the delivery of the next possible order 

would be initiated. 
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The first issue resulted in a revision of the conceptual model to separate the two activity 

processes. To improve the similarity between the model and a real-life system the second 

and third issues were examined. While the second issue could be resolved without incur-

ring further limitations, the third one resulted in a complete delivery stop that is reasonably 

unrealistic to occur in a real-life system. 

 

4.4 Model solving 

In this chapter the design of experiments will be described, the computation times evalu-

ated, and the simulation results reported. The best warehouse locations for the simulated 

SCN will be identified by utilizing the AHP decision-making tool. Finally, the responses’ 

behavior will be evaluated when previously fixed parameters are subject to change. 

 

4.4.1 Design of experiments 

This chapter is divided into the experiments leading to the location decision, the examina-

tion of the chosen locations’ behavior under different parameter variations (PV), and a 

sensitivity analysis of the cost parameters. 

 

Location decision experiments 

To identify the best warehouse locations in the modeled SCN a factorial design of experi-

ments is utilized, where each location’s latitude and longitude constitute the factors 3 and 

the number of steps covering the factors’ range the experiments’ levels #. In these factori-

al designs the number of simulation runs for one experimental setting can be calculated 

as #E. Each location is defined by two values, therefore, the two WHC contains four and 

the three WHC six factors 3. The levels # of each experiment depend on the distance be-

tween the warehouse location options. In Table 6 the outermost coordinates for the area 

of Finland, excluding Åland, are given. Additionally, the possible steps in the coordinates 

and their conversion into kilometers are displayed in this table.  

 

Table 6: Area of Finland and steps of latitude and longitude (Source: National Hurricane Center, 2017) 

 North-
West 

South-
East 

Steps 

2 1 0.5 0.25 

Latitude 70.1 59.8 ~222 km ~111 km ~56 km ~28 km 

Longitude 20.5 31.6 ~108 km ~54 km ~27 km ~14 km 
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To limit the computation time the location decision will be made in two simulation cycles 

L1 and L2. At first the best locations will be evaluated in a step size of one in the factor 

latitude and two in longitude, which equals a step size of approximately 110 km between 

the location options. After determining the best locations from this experiment a second 

simulation cycle will be run with a step size of 0.25 for the latitude and 0.5 for the longi-

tude, equaling approximately 28 km, in a approximately 55 km radius around the best lo-

cations from the first simulation cycle. The area to be examined will be limited to the lati-

tude range between 60.0 and 65.0, which excludes all locations north from Oulu as poten-

tial warehouse locations, since the north of Finland is relatively sparsely populated (cf. 

Figure 13) and only few retail stores exist there. In Table 7 the quantity of existing retail 

stores and their percentage of all stores is displayed and it can be seen that two stores 

with a latitude lower than 60 and 12 stores with a latitude higher than 65 exist, which con-

stitute 7.55% of all considered stores. This loss of coverage can be justified, since it de-

creases the number of levels # in the first factorial experiment by approximately 45% and 

the computation time by an even higher percentage. In Table 8 the number of simulation 

runs for each simulation cycle in the two and three WHCs is given. In Table 9 the number 

of needed runs to cover the whole area of Finland, excluding Åland, in comparison to the 

limited area is given. These numbers emphasize the need to limit the area coverage to 

achieve a reduction of simulation runs by approximately 90% in the two WHC and approx-

imately 97% in the three WHC. Even higher simulation run reductions can be achieved by 

dividing the simulation runs into two simulation cycles. In Table 10 the number of simula-

tion runs with and without the division into two simulation cycles is given for the limited 

examination area, where the number with division is the sum of both simulation runs from 

Table 8. 

 

Table 7: Quantity and percentage of stores in latitude intervals 

Latitude interval Store quantity Percentage 

[59.8,60) 2 1.3 

[60,61) 73 45.9 

[61,62) 33 20.8 

[62,63) 21 13.2 

[63,64) 12 7.5 

[64,65) 6 3.8 

[65,66) 8 5.0 

[66,67) 3 1.9 

[67,68) 1 0.6 

[68,69) 0 0.0 

[69,70.1) 0 0.0 
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Figure 13: Population density in Finnish regions 
(Source: Official Statistics of Finland (OSF), 2017 [data]; SokoWiki, 2013 [map]) 

 

Table 8: Number of p
k
 simulation runs for first and second simulation cycle 

  First simulation cycle (L1) Second simulation cycle (L2) 

Case k Distance p Runs Distance p Runs 

2 warehouses 4 ~110 6 1 296 ~28 5 625 

3 warehouses 6 ~110 6 46 656 ~28 5 15 625 
 

Table 9: Difference of simulation runs limited area and whole of Finland in first simulation cycle 

   Limited area Finland complete 

Case k Distance p Runs % p Runs % 

2 warehouses 4 ~110 6 1 296 8.9 11 14 641 100 

3 warehouses 6 ~110 6 46 656 2.6 11 1 771 561 100 
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Table 10: Difference of simulation runs with and without division in simulation cycles for limited area 

   With division Without division 

Case k Distance Sum of runs % p Runs % 

2 warehouses 4 ~28 1 921 0.82 22 234 256 100 

3 warehouses 6 ~28 62 281 0.05 22 113 379 904 100 
 

It is expected that the results in multiple simulation runs of the same experiment vary, 

since the demand in the retail stores is generated randomly inside the simulation and the 

whole SCN behavior is regulated by the demand. To enable a higher validity of the results 

each experiment will be run five times to generate potentially differing results. The mean 

of all relevant responses will be utilized as the basis for the location decision. The iteration 

quantity of each experiment is limited to this relatively low number due to the partially long 

computation time of the single experiments. 

 

Parameter variation experiments and cost sensitivity analysis 

To test the influence of certain parameters on the model’s response in a fixed location 

various PVs have been developed. To enable a reasonable computation time each pa-

rameter can only assume values on three levels #: low (-1), medium (0), and high (1), 

where the medium level is the initial parameter value from the location decision experi-

ments. Due to the same reason as above the iteration quantity is set to five. 

 

The following parameters will be utilized for each variation experiment and their impact on 

the response evaluated: the order processing time at each supplier, the fleet size at sup-

pliers and warehouses as well as the reorder points and order quantities at warehouses 

and retail stores. Simulation runs for up to three factors with three levels for each factor 

are achievable in acceptable computation time. The parameter combinations examined in 

the experiments are listed in Table 11. 

 

The suppliers’ order processing time and fleet sizes are chosen, since they can influence 

the order fulfillment times of warehouse and potentially retail store orders. The reorder 

points and order quantities may have an influence on all three decisive responses. The 

total cost by potentially changing the quantity of orders and deliveries and the order fulfill-

ment times based on the SCN performance in that particular experiment. To ensure a 

clearer interpretability and acceptable computation times warehouse and retail store pa-

rameters are evaluated separately. 
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Table 11: Parameter combinations and required p
k
 runs for the PV experiments 

ID 
Parameters and 
combinations 

2 warehouses 3 warehouses 

k p Runs k p Runs 

S01  ��� 3 3 27 3 3 27 

S02 &��'� 3 3 27 3 3 27 

S03 &"��(/&"��) 2 3 9 3 3 27 

S04 %#���� 3 3 27 3 3 27 

S05 �&���� 3 3 27 3 3 27 

S06 %#����� 3 3 27 3 3 27 

S07 �&����� 3 3 27 3 3 27 

 

In Table 12 the parameter values for each level are given, where the medium level as-

sumes the initial values of the location decision experiments. The values for the two and 

three WHCs differ for the small trucks’ fleet size. The remaining parameter values are 

identical in both cases. The order processing time for the supplier of product P3 cannot be 

smaller than two days, since the ferry transit needs to be considered. Due to the simula-

tion software’s settings for a PV experiment the step size between each level is the same. 

The detailed specifications for each #E experiment design and the further utilized identity 

numbers are stated in the tables in Appendix 3. 

 

Table 12: Parameter values of for low, medium, and high factor levels 

Parameter Low (-1) Medium (0) High (1) Step size 

 ��5 0.5 1.5 2.5 1 

 ��( 0.5 1.5 2.5 1 

 ��) 2.0 3.0 4.0 1 

&��'� 1 2 3 1 

&"��( 40 60 80 20 

&"��) 20 40 60 20 

%#�5�� 3 000 15 000 27 000 12 000 

%#�(�� 900 2 700 4 500 1 800 

%#�)�� 2 400 8 400 14 400 6 000 

�&�5�� 15 000 30 000 45 000 15 000 

�&�(�� 2 500 5 000 7 500 2 500 

�&�)�� 5 000 10 000 15 000 5 000 

%#�5��� 50 250 450 200 

%#�(��� 15 45 75 30 

%#�)��� 20 70 120 50 

�&�5��� 600 1 200 1 800 600 

�&�(��� 100 200 300 100 

�&�)��� 200 400 600 200 
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Additionally, a sensitivity analysis is performed to evaluate the influence of cost changes 

on the location decision. For this analysis 100 data sets with the chosen locations and the 

initial parameter values (cf. Table 4) will be generated. The inventory and transportation 

costs will be varied in 10% increments on a range between 50% and 150% of the initial 

cost values (cf. Table 5). The opening and operating costs will be excluded, since their 

size reduces the impact visibility of the small variable cost part. These costs do not influ-

ence the location decision in this model, since they are equal in each alternative and no 

decision on the warehouse quantity is made. The penalty cost for stock-outs will not be 

considered in this analysis, since they are only utilized as a theoretical, cost increasing 

construct to discourage the preference of stock-outs by the location decision-making algo-

rithm. 

 

4.4.2 Simulation run-times 

The simulation experiments were run on a laptop with an Intel® Core™ i5-5200U 2.2 GHz 

CPU, 4 GB DDR 3 RAM, and a 64bit Windows 8.1 operating system. AnyLogic 8.0.5 was 

used as simulation software to generate and run the model and experiments. Internet ac-

cess was available at any time during the computation of the experiment and only the 

Windows task manager was active besides the simulation program. 

 

Table 13: Runs and average duration of each experiment 

ID 
Parameters and 
combinations 

2 warehouses 3 warehouses 

Runs 
Average duration 

in seconds Runs 
Average duration 

in seconds 

L1 Location ~110 km 1 296 7 703.9 46 656 240 189.3 

L2 Location ~28 km 625 4 547.7 15 625 72 704.9 

S01  ��� 27 112.9 27 90.3 

S02 &��'� 27 111.5 27 90.5 

S03 &"��(/&"��) 9 46.1 27 89.3 

S04 %#���� 27 108.9 27 90.5 

S05 �&���� 27 108.3 27 88.2 

S06 %#����� 27 109.9 27 90.9 

S07 �&����� 27 127.2 27 105.1 

 

As displayed in Table 13 the location decision experiments L1 and L2 needed between  

4 547.7 sec. (~1.3 hrs) and 240 189.3 sec. (~66.7 hrs) to complete one experiment itera-

tion. In contrast, the PV experiments needed only between 46.1 sec. and 127.2 sec., 

which is to be expected due to the lower quantity of runs in each experiment. However, it 
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is visible that other factors than the mentioned laptop specifications seem to have an in-

fluence on the experiment’s duration.  

 

4.4.3 Identifying the warehouse locations with the analytical hierarchy process 

The results generated by the simulation model were exported into a CSV file. Before im-

porting and evaluating the data in MATLAB® R2016b it was modified in Microsoft® Office 

Excel® 2007. Results with two or more identical warehouse locations were deleted from 

the data sets to observe the limitations. Additionally, all results were sorted first by all lati-

tudes and then by all longitudes to ensure that the calculation of the mean value and 

standard deviation is performed only with the matching results. 

 

All Excel® files were imported into MATLAB® and each data column was then assigned 

variables forming vectors. In a next step the mean value and standard deviation of the 

considered three responses (total cost, order fulfillment time for warehouse and retail 

store orders) were calculated. In Table 18 and Table 19 in Appendix 4 these values are 

given for the best locations according to order fulfillment time for warehouse and retail 

store orders, or total cost as well as the selected best solution according to the AHP. The 

AHP is a MCDM tool that is widely used in the scientific literature as well as in practical 

decision-making situations. Its application is intuitive and easily reproducible when the 

preferences for the criteria are fixed. 

 

For the MCDM process the weights for each response were calculated utilizing the AHP 

instructions. At first a preference matrix was developed containing the results of a pairwise 

comparison of the perceived importance of the criteria according to Saaty's suggestions 

(Saaty & Vargas, 2012, p. 6). In the current decision-making situation the total cost * is 

moderately preferred over the order fulfillment time for retail store orders �����, and ex-

tremely preferred over the order fulfillment time for warehouses ����. Subsequently, the 

order fulfillment time for retail store orders ����� is moderately preferred over the order 

fulfillment time for warehouses ���� resulting in the preference matrix in Table 14. The 

consistency ratio (CR) of this preference matrix is 0% making the preferences consistent 

enough for further calculations (Saaty & Vargas, 2012, p. 9). Utilizing the eigenvector 

method the preferences were then transformed to obtain the normalized weights for the 

solutions' evaluation (cf. Table 14). These values are identical for all four location deci-

sions.  
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Table 14: Preference matrix and normalized weights according to the AHP 

 * ����� ���� Normalized weights 

*  1 3 9 0.6923 

�����  1/3 1 3 0.2308 

���ℎ  1/9 1/3 1 0.0769 

GH = 0.00  
 

In a next step the evaluations of each alternative, i.e., the mean of the considered re-

sponses, were normalized according to the partial goals method to obtain absolute values 

to simplify their comparison. The normalization of the evaluations in Equation (2) results in 

values in the interval J0,1K, where 0 means the evaluation does not meet the goal at all 

and 1 means a perfect alignment with the goal. Since this analysis is a minimization prob-

lem the worst value L/M of the evaluation criteria is the maximum and the best value L/∗ is 

the minimum value of each response %. (Stoklasa, 2016) Finally, the geometric mean 

method with the standardized evaluations and the normalized weights was utilized to gen-

erate the AHP rank value to enable the ranking of the alternatives, which is reported in 

Table 18 in Appendix 4. 

 

 ��%8(L0/) = L0/ − L/M

L/∗ − L/M
 

where: 
L0/ evaluation of alternative ! in response % 
L/M worst value of evaluation scale for response % 
L/∗ best value of evaluation scale for response % 

(2) 

 

To highlight the difference between the single and multiple criteria decisions the values 

from Table 18 in Appendix 4 are visualized in Figure 14 for the first location decision ex-

periment L1 with a distance of approximately 110 km between the location alternatives. 

The best location from L1 according to the AHP was then utilized to find the best location 

in a grid with a width of approximately 28 km in the location decision experiment L2. The 

results generated in this have been evaluated utilizing the same procedure and are dis-

played in Table 19 in Appendix 4. Similarly, the locations for the different objectives are 

visualized in Figure 15. The locations selected in the experiment L2 will be utilized for the 

following examinations. 
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Figure 14: Comparison of different objectives for two (left) and three (right) WHC from L1 

 

 

Figure 15: Comparison of different objectives for two (left) and three (right) WHC from L2 

 

4.4.4 Response behavior under changing factor levels 

The responses generated in the simulation model have been imported into SAS® 9.4 and 

statistically analyzed. The three responses are continuous variables, while the experi-

mental design factors are categorical variables, since they only assume three values (low, 

medium, and high). Due to these variable specifications the statistical analysis method 
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applied is a multivariate analysis of variance (MANOVA), which analyses multiple re-

sponses at once. In contrast to an analysis of variance (ANOVA), which evaluates all rele-

vant responses separately, this method reduces the probability of a type I error (reject the 

H0 hypothesis, when it is actually true) and enables the consideration of correlation be-

tween the responses (McLaughlin, 2009). After evaluating the MANOVA a multiple com-

parison test (MCT) of the relevant factors’ main effects is performed to identify which level 

combinations cause significantly different means in the responses. Furthermore, the dif-

ference between the initial and PV response means is examined to detect potential pat-

terns in the combination of the examined factors and their levels. In the last two analyses 

the three responses are examined individually.  

 

It is recommended that the data meets certain assumptions to receive reliable results from 

a MANOVA. The main assumptions are that the residues of the MANOVA model follow a 

normal distribution, have equal variances (homoscedasticity) and covariance matrices as 

well as independent observations (McLaughlin, 2009). The data from most experiments 

does not meet the normality and equality of variance assumptions. Therefore, a nonpara-

metric analysis equivalent to the ANOVA, the Friedman test, was evaluated, but could not 

be applied in the chosen program and with the experimental settings. Some statisticians 

recommend a Box-Cox transformation or a logarithmic transformation to achieve residues 

that are nearly normally distributed (Kleijnen, 2015, p. 93) and to create more equality in 

the variances (Kleijnen, 2015, p. 102). However, the Box-Cox transformation resulted in a 

warning that the lambda value is too high for the total cost and warehouse order fulfillment 

times so that the transformation could not be reliably performed. Alternatively, the loga-

rithmic transformation was evaluated, but it did not change the results either, therefore, 

the original data is utilized. If a data set of the experiments meets the MANOVA assump-

tions it is explicitly mentioned in the following paragraphs. However, since the basic as-

sumptions of the statistical analysis are not met in most cases the results need to be eval-

uated very cautiously, since the probability of them being incorrect is relatively high.  

 

To perform the analysis the parameter levels were coded with -1 (low), 0 (medium), and 1 

(high), since this notation supports fitting a regression model (Montgomery, 1997, pp. 230, 

437–438) onto the generated data in the MANOVA procedure.  

 

All analyses have the same significance level O of 5%, which means that any p-value 

equal or below that level results in the rejection of the H0 hypothesis in the respective test. 

In SAS® the MANOVA procedure calculates four significance statistics: Wilks’ Lambda, 
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Pillai’s Trace, Hotelling-Lawley Trace, and Roy’s Greatest Root to evaluate the main and 

interaction effects. In general, all statistics give identical recommendations. To enable a 

clearer reporting of the results only the information whether the p-value was above, below, 

or equal to the significance level is given. In case one test statistic calculated a differing 

value it is reported in the column “Notes” of the MANOVA results’ tables in Appendix 4. 

Additionally, only the statistically significant partial correlations between the errors of the 

responses are reported in the following paragraphs. 

 

The analysis is performed multiple times to enable the identification of the best fitting 

MANOVA model. The first MANOVA is run with all factors and their full interactions to test 

which interactions potentially influence the result. The H0 in the MANOVA assumes that 

no main and interaction effects exist, which can be interpreted as a non-explanation of a 

significant proportion of the response variance by the respective factor or interaction. The 

H0 should be rejected if the p-value is equal or below the significance level O = 0.05 indi-

cating a potentially significant influence on the responses’ variance. The second MANOVA 

is run with the factors and interactions that were identified as potentially significant in the 

first run to examine if any of these do not have a significant influence on the responses in 

the new model.  

 

After establishing that all remaining factors and interactions have a significant influence a 

MCT on the influential main effects is performed to detect which factor level combinations 

cause a significant difference in the responses’ means. The H0 in this test states that the 

means of the examined levels are not different. Similarly, to the MANOVA the H0 should 

be rejected when the p-value is equal or below the significance level O = 0.05. This indi-

cates potentially significant differences in the means between the compared factor levels. 

In the MCT no interactions are analyzed to reduce the computation time and analysis 

complexity. The underlying model for this analysis remains the same as in the second 

analysis. All tested factor levels have the same identification number (1 for low, 2 for me-

dium, and 3 for the high level) in the following paragraphs as well as in the tables in Ap-

pendix 4, in which the resulting p-values of the MCT are stated.  

 

The calculation of the difference between the initial and PV response means is performed 

in Excel®. The total cost * response deviated in a range of maximal 99% to 101% in most 

cases making it difficult to clearly evaluate the response’s behavior. To increase the visi-

bility of the changes in the cost response the warehouse opening �#$��� and operating 

�#$%�� costs have been deducted from the total cost’s * value, since they remain con-
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stant in all experiments, and will be denoted as *,0/. Only the mean values and their per-

centage in relation to the initial responses’ mean are reported to limit the table size in Ap-

pendix 4.  

 

Parameter variation experiment S01 

In experiment S01 the potential influence of the suppliers’ order processing times  ��� 
were evaluated. In the first analysis of the three WHC the residues of the MANOVA model 

were normally distributed and homoscedastic. However, the residues of the second anal-

ysis were not fulfilling the assumptions. In both WHCs the errors were partially correlated. 

The total cost * and the cumulated order fulfillment time for store orders ����� were 

strongly positively correlated in the two WHC. In the three WHC the * and the cumulated 

order fulfillment time for warehouse orders ���� were weakly, negatively correlated. Addi-

tionally, the ����� and ���� were weakly, positively correlated in both WHCs. However, in 

the first analysis of the three WHC no significant correlation between the errors of these 

two responses exists. In the three WHC the factors  ��5,  ��(, and  ��) displayed a signifi-

cantly differing mean indicating that the main factors have an significant influence on the 

responses. In the two WHC the interaction  ��5 ∗  ��( exhibits significance in addition to 

the single factors. The results can be found in Table 20 and Table 21 in Appendix 4. 

 

The MCT comparing each factor’s level combinations showed that none of the combina-

tions resulted in a statistically significant difference in the ����� in both WHCs. Only cer-

tain level combinations of  ��5 cause a significant difference in *: 1,2 and 1,3 in the two 

WHC, and all combinations in the three WHC. In contrast the level combinations’ differ-

ence for ���� is significant in most cases, except the 2,3 combination of  ��( in the two 

WHC and the 2,3 combinations of  ��5 and  ��( in the three WHC. The results of the MCTs 

are displayed in Table 22 and Table 23 in Appendix 4. 

 

In the examination of the difference between the initial and PV response means it was 

confirmed that the suppliers’ order processing times  ��� do not have a big impact on *,0/ 

and �����. Both response means vary in a range of approximately 99% to 104% of the 

initial response mean in both WHCs. The only exception is the experiment ID 24 (1,0,1) in 

the two WHC, which results in a percentage of 116.22% of the initial value. This extreme 

value, however, is caused by one experiment run with a ����� response that is nearly 

twice the duration of the other responses. In the response for ���� the means vary on a 

range between 62.411% and 154.511%, where the lower values always coincide with the 
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low parameter level of  ��) and the higher values with the high parameter level of  ��). In 

general, a slow increase of the ���� can be observed with the increase of all suppliers’ 

order processing times  ���, however,  ��) has a major influence on this response. All re-

sults can be found in Table 24 and Table 25 in Appendix 4. 

 

Parameter variation experiment S02 

In experiment S02 the potential influence of the big truck fleet sizes &��'� were evaluated, 

where differing quantities could be available at each suppliers’ site. In the three WHC the 

residues of the MANOVA model were normally distributed, homoscedastic, and no signifi-

cant correlation between the errors of all responses exists. In contrast, in the two WHC 

the errors of the responses * and ����� are strongly, positively correlated. In the three 

WHC the factors &�5'� , &�('� , and &�)'�  displayed a significantly differing mean indicating that 

they have an significant influence on the responses. In the two WHC only the factor &�)'�  

and the interaction &�5'� ∗ &�('� ∗ &�)'�  exhibit a significant difference. The results can be found 

in Table 26 and Table 27 in Appendix 4. 

 

The MCT comparing each factor’s level combinations showed that none of the combina-

tions resulted in a statistically significant difference in * in the two WHC and ����� in the 

three WHC. The level combinations of 1,2 and 1,3 of &�)'�  cause a significant difference in 

the ����� and ���� in the two WHC. In the three WHC only certain level combinations are 

responsible for a significant difference in * and ����. The combinations 1,3 and 2,3 of &�('�  

show a significant difference in *, while the combinations 1,2 and 2,3 of &�5'�  as well as 1,2 

and 1,3 of &�)'�  significantly differ for the ����. The results of the MCTs are displayed in 

Table 28 and Table 29 in Appendix 4.  

 

In the examination of the difference between the initial and PV response means the &��'� 

have nearly no impact on *,0/ in both WHCs, while in ����� a small influence in certain 

level combinations exists only in the two WHC. In experiment ID 10 (0,-1,-1) is the highest 

difference with 117.033% on ����� in the two WHC can be observed. All other values can 

be found between the values of approximately 98.4% and 107.7%. In the response for 

���� the means vary on a range between approximately 80% and 140%, where the high-

er values mostly coincide with the low parameter level of &�)'� . In general, the means in the 

three WHC seem to be more stable than the ones in the two WHC. The detailed results 

can be found in Table 30 and Table 31 in Appendix 4. 
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Parameter variation experiment S03 

In experiment S03 the potential influence of the small truck fleet sizes &"��( and &"��) were 

evaluated, where differing quantities could be available at each warehouse. The errors of 

the responses * and ����� are very strongly, positively correlated in the two WHC, and 

strongly, positively correlated in the three WHC. Additionally, the three WHC displays a 

weak, negative correlation between * and ���� as well as ����� and ����. In the three 

WHC the factors &5��), &(��), and &)��) as well as the interaction &5��) ∗ &(�t) displayed a signif-

icantly differing mean indicating that they have an significant influence on the responses. 

In the two WHC only &(��( has a significant influence on the responses. The results can be 

found in Table 32 and Table 33 in Appendix 4. 

 

In the two WHC the MCT comparing each factor’s level combinations showed that only 

the level combination 2,3 of &(��( resulted in no statistically significant difference in * and 

�����. In the three WHC the level combination 2,3 of &5��) and &)��) caused no significant 

difference in the response ����. Similarly, the level combination 2,3 of &5��), &(��), and &)��) 

indicates no significant difference in the response �����. For the response * only the com-

binations 1,2 of &5��) as well as the level combinations 1,2 and 1,3 of &)��) resulted in signif-

icantly differing means. The results of the MCTs are displayed in Table 34 and Table 35 in 

Appendix 4.  

 

In the examination of the difference between the initial and PV response means a small 

change in *,0/ was caused in the same parameter level combinations that increased ����� 

and ���� in a major way. In the two WHC a pattern is clearly visible: the low parameter 

levels of &(��( always results in high response means and high &(��( parameter levels in low 

response means. In the three WHC a similar pattern exists for the parameter levels of 

&)��), however, the difference between the medium and high levels is less obvious. All re-

sults can be found in Table 36 and Table 37 in Appendix 4. 

 

Parameter variation experiment S04 

In experiment S04 the warehouse reorder points %#���� were evaluated. In both WHCs all 

three responses were partially correlated. The errors of * and ����� are very strongly, pos-

itively correlated, while the errors of * and ���� are weakly, positive correlated. The errors 

of ����� and ���� are moderately, positively correlated. In the two WHC the factors %#�5��, 

%#�(��, and %#�)�� displayed a significant differing mean. In the three WHC the interactions 
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%#�5�� ∗ %#�)�� and %#�(�� ∗ %#�)�� indicates significant different means in addition to the single 

factors. The results can be found in Table 38 and Table 39 in Appendix 4. 

 

In the two WHC only the level combinations of %#�5�� caused significant different means in 

*. In ����� the level combinations 1,2 and 1,3 of %#�)�� displayed the same behavior. In 

contrast, the MCT for ���� indicated no significant difference in the level combinations 2,3 

of %#�5�� and %#�(��. In the three WHC only the level combinations 1,2 and 2,3 of %#�(�� 

caused no significant difference in *, while for ����� only the level combination 1,2 of %#�)�� 

indicated a significant difference in its means. All level combinations displayed significant 

differences in the means of ���� in the three WHC. The results of the MCTs are dis-

played in Table 40 and Table 41 in Appendix 4.  

 

The response *,0/ seems mainly to react to the levels of %#�5��, where the low level incurs 

decreasing variable costs while the high level increases them. A high level of %#�5�� causes 

a more frequent order placement and delivery, which increases the transportation costs. 

In both WHCs the general pattern of the response ���� is that low parameter levels of all 

%#���� result in lower ����. The higher the levels the longer is ����. This is an expected 

result, since low %#���� indicate a less frequent order placement if the order and demand 

quantities remain stable, which in turn reduces the cumulated order fulfillment times in the 

warehouses. The average order fulfillment time for single orders has not been calculated. 

Additionally, some %#���� level combinations increase �����. This increase can mainly be 

observed in cases, where at least one of the %#���� assumes a low level. This indicates that 

more delivery stops of retail store orders, the models’ mechanism to avoid stock-outs in 

warehouses, occur. Concluding, it should be mentioned that, with a few exceptions, all 

%#���� level combinations result in higher �����. All results can be found in Table 42 and 

Table 43 in Appendix 4. 

 

Parameter variation experiment S05 

In experiment S05 the warehouse order quantities �&���� were examined. In both WHCs 

the errors of * and ����� are very strongly, positively correlated. In the three WHC the 

factors �&�5��, �&�(��, and �&�)�� as well as the interaction �&�5�� ∗ �&�)�� displayed a signifi-

cantly different mean. In contrast, all factors and interactions indicate a significant influ-

ence in the two WHC. The results can be found in Table 44 and Table 45 in Appendix 4. 
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In the MCTs of the two WHC only the level combination 2,3 of �&�(�� and �&�)�� caused no 

significant differing means in * and �����. Additionally, the combination 2,3 of �&�5�� dis-

plays no significant difference in �����. In contrast, for ���� all level combinations exhibit 

significantly differing means. In the three WHC the level combination 2,3 of �&�)�� and all 

combinations of �&�(�� show no significant difference in *. Similarly, ����� shows no signifi-

cant different means for all level combinations of �&�5�� in addition to the combinations of c. 

As in experiment S04 all level combinations displayed significant differences in the means 

of ����. The results of the MCTs are displayed in Table 46 and Table 47 in Appendix 4. 

 

Similar to experiment S04 the response *,0/ seems mainly to react to the levels of �&�5��, 

where the low level incurs decreasing variable costs while the high level increases them. 

In the three WHC a low level of �&�)�� results in visible increases in all responses com-

pared to the same parameter level combination with medium and high �&�)�� levels. In con-

trast, in the two WHC this behavior can mainly be observed in combinations with a low 

level of �&�)�� and medium and high �&�5�� levels. In both warehouses the overall trend of 

response ���� behavior is that it increases with the amount of low �&���� parameter levels. 

The reasoning behind this development is similar to the reason in experiment S04, the 

higher the order quantity the fewer orders need to be placed, which reduces the cumula-

tive order fulfillment time in the warehouses. All results can be found in Table 48 and Ta-

ble 49 in Appendix 4. 

 

Parameter variation experiment S06 

In experiment S06 the retail store reorder points %#����� were evaluated. In the three WHC 

the residues of the MANOVA model were normally distributed, homoscedastic, and no 

significant correlation between the errors of all responses exists. In contrast, in the two 

WHC the errors of the responses * and ����� are very strongly, positively correlated. Addi-

tionally, the second analysis of this WHC resulted in a weak, positive correlation between 

the errors of ����� and ����. In both WHCs the factors %#�5���, %#�(���, and %#�)��� as well as 

the interactions %#�5��� ∗ %#�)��� and %#�(��� ∗ %#�)��� indicate significant influence on the re-

sponses. The results can be found in Table 50 and Table 51 in Appendix 4. 

 

The MCT for the two WHC indicated significant differences for all means of *, except for 

the level combination 1,2 of %#�5���. In contrast, only the level combinations 1,2 and 1,3 of 

%#�)��� cause significantly different means in �����. Similarly, only the level combination 1,3 
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of %#�(��� results in a significant difference in ����. In the three WHC only the level combi-

nation 1,2 of %#�5��� causes no significant difference in *. All combinations indicate signifi-

cantly different means in �����. For ���� only the level combinations 1,2 of %#�5��� and 

%#�(��� as well as 1,3 of %#�)��� do not cause a significant difference. The results of the MCTs 

are displayed in Table 52 and Table 53 in Appendix 4. 

 

All three responses have a similar range of differences. In *,0/ the low and medium levels 

of %#�5��� result in similar values, the high level results in approximately 6% higher values. It 

can be observed that the more low parameter levels a combination contains the lower 

����� becomes. This is due to the same reason explained in S04, where the lower level of 

%#���� caused fewer orders, which resulted in a lower cumulated order fulfillment time for 

warehouses. For the response ��w� no obvious pattern emerges, but most level combina-

tions result in a slight decrease of ����. The detailed results can be found in Table 54 and 

Table 55 in Appendix 4. 

 

Parameter variation experiment S07 

In experiment S07 the retail store order quantities �&����� were evaluated. In the three WHC 

the residues of the MANOVA model were normally distributed, homoscedastic, and no 

significant correlation between the errors of all responses exists. In contrast, in the two 

WHC the errors of the responses * and ����� are very strongly, positively correlated. The 

errors of * and ���� are moderately, positive correlated in the first and weak, positive 

correlated in the second analysis. Additionally, the errors of ����� and ���� are moderate-

ly, positive correlated. In both WHCs the factors �&�5���, �&�(���, and �&�)��� as well as all two-

way interactions indicate significant influence on the responses. The results can be found 

in Table 56 and Table 57 in Appendix 4. 

 

In the MCTs of the two WHC only the level combination 2,3 of �&�(��� and �&�)��� caused no 

significant differing means in *. In ����� the same level combination of �&�5��� and �&�(��� 

displays no significant difference. Similarly, the same level combination of �&�5��� and �&�)��� 

does not exhibit significantly differing means for ����. In the three WHC the same level 

combination of �&�)��� causes no significant difference in *. Similarly, in ���� the level 

combination 2,3 of �&�(��� and �&�)��� does not result in significantly different means. In con-

trast, all level combinations indicate significant differences in the means of �����. The re-

sults of the MCTs are displayed in Table 58 and Table 59 in Appendix 4. 
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The differences in the response *,0/ can be clearly separated into three groups based on 

the parameter level of �&�5���. With a low level the difference is clearly below 100%, in the 

medium level it deviates around 100%, while the high level results in values above 113%. 

Inside these three groups no clear pattern can be distinguished. In both WHCs the overall 

trend of response ����� behavior is that it increases with the amount of low �&����� levels, 

which is reasonable since the lower the order quantity is the more orders need to be 

placed, which in turn increases the cumulated order fulfillment time. The response ���� 

displays a similar general pattern indicating an influence on the frequency of the order 

placement in warehouses. All results can be found in Table 60 and Table 61 in Appendix 

4. 

 

4.4.5 Cost sensitivity analysis 

In this analysis only inventory and transportation costs were taken into consideration. The 

fixed warehouse opening and operating costs will be excluded in the calculations, since 

they amount to the biggest total cost percentage and would impede the analysis of the 

variable costs’ *,0/ impact. In MATLAB® the variable cost equation has been implemented 

and the responses for the varying cost parameters calculated. The results were then ex-

ported to Excel® for further analysis and visualization. In Excel® the mean for the re-

sponse, its percentage in comparison to the initial cost parameter, and the total difference 

between the varied and the initial value were calculated.  

 

In both WHCs the retail store inventory holding costs of product P1 ����5��� (cf. the blue line 

in Figure 16 and Figure 17) influenced the total costs the most with just less than 25% 

total cost decrease or increase at the highest cost parameter change of -50% or +50% (cf. 

Table 62 and Table 63 in Appendix 4). Product P1 assumes the highest demand and or-

der quantities of all products, which may explain the large influence its unit cost has on the 

variable costs. The next two most influential costs with approximately 10% and 6% 

change in the variable costs *,0/ were the warehouse inventory holding costs of product 

P1 ����5�� and the small truck transportation costs �%��. However, these changed their rank 

depending on how many warehouses were operating in the SCN. With two warehouses 

the variable costs *,0/ displayed a higher sensitivity towards changes in the small truck 

transportation costs �%�� than the warehouse inventory holding costs of product P1 ����5��. 

In the three WHC these effects are reversed. The relatively high influence of the small 

trucks’ transportation cost could be explained by the relatively large distance traveled 

when delivering retail store orders. 
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The remaining cost parameters have the same rank of influence in both cases, but vary 

slightly in their influence levels. For instance, the influence of the retail store inventory 

holding costs of product P2 ����(��� and warehouse inventory holding costs of product P3 

����)�� have the same rank in both cases, but the difference in their influence is less de-

fined in the three WHC compared to the two WHC (cf. the red and orange lines in Figure 

16 and Figure 17). This difference between the two cases can also be seen by the overall 

difference of the remaining factors ranging from 0.4% to 3.3% in the two and 0.2% to 

3.1% in the three WHC. The detailed values are displayed in Table 62 and Table 63 in 

Appendix 4. 

 

 

Figure 16: Results cost sensitivity analysis two WHC in percent – complete and detail 

 

 

Figure 17: Results cost sensitivity analysis three WHC in percent – complete and detail 
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5 DISCUSSION 

Two SCN models based on a food retail chain are developed to determine the physical 

location of two or three warehouses in Finland. The models development is following a 

recent framework on SCS (Oliveira et al., 2016). The model is programmed in AnyLogic 

utilizing the program’s ABM components to reduce the manual programming effort. The 

utilized data is a mixture of data from the real network’s configuration (e.g., supplier and 

retail store locations) and assumed or randomly generated parameters. Following various 

assumptions and restrictions the model’s configuration is a simplified version of the real 

network. For instance, consolidated, intra-level, or partial deliveries are prohibited, while 

stock-outs in retail stores are allowed. An analysis of the retail stores’ distribution in Fin-

land resulted in the limitation of the area to be examined reducing the quantity of potential 

locations and the computation time. Furthermore, a two-step procedure is utilized to gen-

erate the information of the potential warehouse locations, which further minimizes the 

quantity of simulation runs. Finally, a MCDM method, the AHP, is employed for the selec-

tion of the best locations. 

 

Based on the selected locations both models are subjected to PV experiments to deter-

mine the responses’ behavior under changing parameter levels. The generated data from 

these experiments is analyzed using MANOVA, MCTs, and sensitivity analyses. In most 

experiments the data does not satisfy the MANOVA assumptions; therefore, the results 

are not reliable and need to be examined with caution. Additionally, the differences of the 

responses’ mean in comparison to the initial values is evaluated to enable the determina-

tion of which factor level combinations cause patterns in the responses’ behavior. The 

cost parameters are subjected to a sensitivity analysis to evaluate the variable cost’s re-

sponse to changing factor levels. 

 

Although, the MANOVA results’ reliability is severely limited they are utilized to evaluate 

the factors’ influence on the responses total cost * as well as the cumulated order fulfill-

ment time for warehouse ���� and retail store orders �����. Following these results nearly 

all evaluated factors have a statistically significant main effect and, therefore, a significant 

influence on the responses. The only factors without a significant main effect have been 

discovered in the two WHC of experiment S02 (&�5'�  and &�('� ) and S03 (&5��(). Additionally, 

the interaction effects are tested and in most experiments significant ones are observed. 

These interactions between the factors have an additional significant influence on the re-

sponses. However, which levels affected the responses is only examined for the main 
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effects by performing MCTs for the statistically significant factors identified in the 

MANOVA. In these tests the means of the factor levels are compared separately for each 

factor and response to evaluate if a change in the level causes a significant change in the 

response. The main finding is that in both WHCs the response ����� displays the fewest 

significant changes for the examined factor levels, where approximately 60% of the per-

formed tests reject the H0. The responses * and ���� seem to be more sensible to 

changes in the factors, with approximately 70% and 80% of the performed tests rejecting 

the H0. 

 

The results of the difference evaluation between the initial and variation experiments re-

sponses’ mean indicate that the difference of the total cost * only spreads on a range of 

99% to 101% in both WHCs, which can be distributed to a wider range of approximately 

85% to 155% when only the variable costs *,0/ are considered. However, most experi-

ments’ responses *,0/ can be found between 90% and 130%. In turn �����displays differ-

ences on a range of 50% to 325%, with the highest concentration between 75% and 

225%. Finally, differences in ���� can be observed between 25% and 350% with the 

most values in the range 50% to 175%. In the cost sensitivity analysis the three cost fac-

tors resulting in the highest change in *,0/ are the retail store inventory holding costs of 

product P1 ����5���, the warehouse inventory holding costs of product P1 ����5�� and the 

transportation cost for the small trucks �%��. However, the last two reverse their ranks de-

pending on which WHC is considered. The precise results for all analyses are stated in 

the previous chapter and Appendix 4. 

 

Since the warehouse locations in the real SCN are known a comparison of these to the 

models’ suggested locations is possible and small similarities can be discerned. In Figure 

18 it can be seen that there is always one warehouse located north of Jyväskylä and an-

other one or two in the region between Tampere and Helsinki. These similarities could 

indicate that the minimization of the total costs and, consequently, the total distance trav-

eled in the network are based on the distribution of the retail stores in both systems. The 

differences are partly due to an extreme simplification in the simulation model, which does 

not allow intra-level deliveries and the consolidation of retail store deliveries, and the se-

lection of only three products from an extensive product range. Although, this thesis fo-

cuses on the evaluation of the model and its behavior a comparison to the real location 

yields an interesting perspective and can be understood as cautioning against overly large 

confidence in any models’ results. 
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Figure 18: Comparison of selected and real locations 

 

5.1 Evaluation of the supply chain network simulation model 

After summarizing the research process and its findings the research questions will be 

addressed starting with the three sub-questions.  

 

Which objectives and factors are generally considered in facility location models? 

To answer this research question a literature review was performed to identify the objec-

tives and factors most facility location models take into account when developing or im-

proving solution approaches (cf. chapter 2.5 for an extensive discussion). A summary of 

the factors is visualized in Figure 6. 

 

Most models have a singular focus on economic objectives and factors, although, an in-

creasing number of publications take environmental and social criteria into account. Espe-

cially, in global SCN configurations the consideration of these becomes more important. 

This development can be attributed to an increasing need of transparency and accounta-

bility along the entire value chain and, therefore, organizations need to consider more 

than just the economic factors, when deciding upon a new facility location. Nevertheless, 

the main objective of most models is either cost minimization or profit maximization. In 

some multi-objective solution approaches additional objectives, like the minimization of 
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lead times (Jahre et al., 2016), GHG emissions (Saif & Elhedhli, 2016), or dissatisfaction 

with semi-desirable facilities, like waste collection points (Coutinho-Rodrigues et al., 

2012), are considered simultaneously. The developed solution applies the multi-objective 

approach by aiming to minimize the total costs, and the order fulfillment times for ware-

house and retail store orders. 

 

The following review of the main factors considered in the analyzed publications will only 

refer to economic factors, since the developed model in this thesis considers these exclu-

sively. The main factor all models take into account is the demand quantity, although, the 

assumptions regarding its distribution and, therefore, generation vary. In the developed 

models the demand was assumed to follow a uniform distribution, since not enough infor-

mation on the demand probabilities was available to the modeler.  

 

Another explicitly mentioned specification in most models is the consideration of capacity 

(e.g., supplier, transport, or inventory capacities). Most real-life systems are subjected to 

some kind of capacity constraint, which complicates the modeling and solution process. 

Therefore, models with and without capacity assumptions exist. The developed models 

are not subjected to any capacity constraints and, therefore, can be solved in less compu-

tation time, since the range of feasible solutions is not restricted.  

 

Lead times, transportation times and modes, service and inventory levels as well as vari-

ous sourcing options and financial criteria are further factors considered in the modeling of 

the FLP, although, their consideration varies depending on the model’s scope. The mod-

els in this thesis consider order processing and transportation times to calculate the order 

fulfillment times, which is equivalent to the definition of lead times in this thesis. The inven-

tory levels are utilized to regulate the agents’ behavior in, e.g., placing orders. Stock-outs 

are allowed, but incur high penalty costs, which makes the occurrence undesirable.  

 

Current developments in the field of the FLP indicate an increasing connection between 

the decisions on the strategic, tactical, and operational levels. For instance, the combina-

tion of determining the facility location and vehicle routing options simultaneously. Or even 

more extensive combinations adding inventory policy decisions to these.  

 

Comparing the models’ specifications to the available options it needs to be mentioned 

that they are relatively elementary due to limited computation time and power. For applica-
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tion in a real decision-making context it is recommendable to consider the routing options 

and increase the number of products and suppliers included in the model. 

 

What particular issues have to be considered in simulation modeling? 

All models face the same problem that they are subject to assumptions and simplifications 

making it crucial to be aware of the generated solution’s limitations and take them into 

account when utilizing them in the decision-making process. 

 

Simulation modeling is a relatively intuitive modeling approach that enables the modeling 

of complex systems in cases where other modeling methods may not be suitable (Hillier & 

Lieberman, 1995, pp. 900–901). However, this intuitiveness can endanger the ability of 

others to replicate and reproduce the results. Therefore, multiple researchers propose 

frameworks and instructions on how to perform simulation modeling and the subsequent 

analysis (Banks et al., 1996; Bertrand & Fransoo, 2002; Mitroff et al., 1974; Sterman, 

2000). One of the newer frameworks developed by Oliveira et al. (2016) is utilized in this 

thesis. However, even with following this framework it may prove difficult to replicate the 

model and generate the same results.  

 

A similar problem is the extremely reduced transferability of the generated simulation 

models to other contexts (Ivanov & Sokolov, 2010, p. 123; Render et al., 2003, p. 604), 

which results in the necessity to develop new models for each new problem causing po-

tentially high costs. Other problems are the quality of the factor’s data and the selection of 

the suitable simulation type for a certain real-life system, which can be alleviated by the 

experience and skill of the modeler (Banks et al., 1996, p. 5; Pickett, 2013, p. 39). 

 

The biggest problem is the verification and validation of the model and various tools and 

methods exist to examine the model. Depending on the definition of those two concepts 

some authors claim that it is impossible to verify and validate any model (Sterman, 2000, 

p. 846), while others only go so far as to stating that it is difficult to do so (Allen, 2011, p. 

181; Barbati et al., 2012, pp. 6023, 6027). 

 

Another big issue in simulation modeling is the extensive computational effort needed to 

compute feasible solutions. Especially, in the field of simulation optimization long compu-

tation times are a standard issue. (Law & Kelton, 2000, p. 659; Ye & You, 2016, p. 164) 

Although, the computational power increases continuously the development of more com-
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plex models partially negates the potential time savings. A previous analysis to identify 

feasible solutions can reduce the computation time drastically (Amaran et al., 2014, p. 

305), since not all possible solutions have to be computed by the algorithm. 

 

All these issues have been encountered in the process of modeling the SCN. Although, 

the framework by Oliveira et al. (2016) is utilized many deviations are possible, since the 

framework only offers recommendations for tools and methods that can be employed. The 

highest probability of deviations in a reproduction of the model lies in the programming of 

the model to solve the encountered problems, which can result in a differing simulation 

behavior. Additionally, due to the random nature of the simulation model and the low 

number of iterations the chosen decision-making process and further analysis may yield 

other results.  

 

The issue of the computational effort was encountered as expected. The previous limita-

tion of the examination area and the following two-step procedure reduced the necessary 

simulation runs by more than 90%. However, the computational time of one L1 experiment 

run, with a distance of approximately 110 km between the possible locations, was on av-

erage 240 189.3 sec. (~66.7 hrs) in the three WHC. A short analysis of the necessary 

simulation runs and the resulting savings can be found in chapter 4.4.1. 

 

Which initially constant factors have a significant influence on the models’ perfor-

mance? 

To answer this question for the developed models the influence of the suppliers’ order 

processing time, the fleet sizes at the supplier and warehouse locations as well as the 

order quantity and reorder points in the warehouses and retail stores have been examined 

in detail. Additionally, the cost parameters for the inventory and transportation costs have 

been subjected to a sensitivity analysis. 

 

Prior to the evaluation of the factors it needs to be mentioned that in most experiments the 

MANOVA error terms displayed some kind of correlation. Only in the few experiments that 

comply with the MANOVA assumptions no correlation can be observed. In most PV ex-

periments the error terms of the responses * and ����� display a strong positive correla-

tion. This may be caused by the utilization of penalty costs for stock-outs in the retail 

stores, where more stock-outs occurs with increasing order fulfillment times and this sim-

ultaneously increases the total costs. The adoption of the penalty cost concept in an opti-
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mization problem with a cost minimization objective is a traditional tool to punish undesir-

able model behavior. Another explanation for a smaller part of the correlation is the dis-

tance travelled for deliveries, whose increase causes longer travel times and higher trans-

portation costs. However, in the current model configuration and with the chosen optimiza-

tion objectives the undesired relationship among these responses is likely caused by the 

utilization of penalty costs. Utilizing a profit maximization objective, with lost sales instead 

of penalty costs for stock-outs, may reduce this correlation.  

 

In a few experiments ����� and ���� display a weak positive correlation of their MANOVA 

error terms. In the model a mechanism exists that suppresses partial deliveries and stock-

outs in the warehouses by stopping all deliveries when not enough products are available 

to fulfill the next order. Therefore, a long order fulfillment time in the warehouse orders can 

cause an increase of the same metric for the retail store orders. This problem could be 

avoided by allowing partial deliveries or not stopping the whole order processing when the 

inventory for one product is too low. 

 

The suppliers’ order processing time has a significant influence on ���� only, especially 

for level changes of  ��) a clearly visible reaction in ���� can be observed. This result 

could be caused by the fact that this supplier has the longest order processing times in 

most level combinations, which subsequently increases the order fulfillment time for or-

ders containing product P3. Furthermore, this observation reaffirms the general consen-

sus that suppliers’ order processing times have a major influence on various SCN perfor-

mance metrics.  

 

Similarly, the fleet size of product P3’s supplier has a significant influence on ���� with a 

clear pattern linking increasing ���� with decreasing levels of &�)'� . The effect on the other 

two responses is not that clearly defined. In combination with the findings on the order 

processing times the question arises if suppliers’ fleet sizes and order processing times 

are connected and in which way. It can be assumed that a negative correlation between 

these factors exists; however, since this factor combination was not examined it cannot be 

confirmed. 

 

In the examination of the warehouse fleet sizes nearly all factors’ levels seem to have a 

significant influence on all three responses. However, in each WHC the southernmost 

warehouse’s fleet size (&(��( and &)��)) deviation causes a distinct pattern, where the low 

levels result in high response means and vice versa. The reason why this warehouse 
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seems to be especially sensitive to factor level changes may be found in the allocation of 

retail stores to warehouses based on the shortest distance and the high density of retail 

stores in this region.  

 

The evaluation of warehouse and retail store reorder points leads to a similar conclusion. 

The variable costs are mainly reacting to changes in the reorder points of product P1, the 

product with the highest demand level. These two values are obviously connected by the 

frequency of orders placed, where a low reorder point decreases the order frequency and 

variable costs, in particular the transportation costs. Similarly, the reduced order frequen-

cy caused by low factor levels results in a smaller cumulated order fulfillment time for the 

respective network participant. However, the usefulness of this measure is questionable, 

since this causation is undeniable. A better measure would have been the average order 

fulfillment time per warehouse or retail store order, which allows the actual evaluation of 

the factor’s influence. Nevertheless, an interesting observation was made for both factors. 

Nearly all factor level combinations of the warehouse reorder point %#���� caused a higher 

order fulfillment time for retail store orders �����, while the order fulfillment time of ware-

house orders ���� slightly decreased with changing retail store reorder point levels %#�����. 

It is unclear what caused this behavior, but it should be further examined under considera-

tion of the above mentioned changes in the order fulfillment time measure. 

 

Likewise, the warehouse and retail store order quantities display similarities in their influ-

ence on the response behavior. Again the levels for the order quantity of product P1 seem 

to cause the most obvious changes in the variable costs. For the retail store order quantity 

a clear separation between the levels of �&�5��� can be observed in the variable costs. A 

similar relationship as above exits between this factor and the cost response. A low order 

quantity necessitates more frequent orders and deliveries, which increases the transporta-

tion costs. The same problem with the measurement of the order fulfillment times and 

their limited usefulness is encountered in these analyses. However, in the evaluation of 

the warehouse order quantities a low quantity for product P3 results in visibly higher val-

ues in all responses. In the three WHC this occurs independently from the other products’ 

levels. In the two WHC this pattern is most clearly observable in combination with medium 

and high order quantities of product P1. No visibly differing influence between the prod-

ucts’ order quantity was observed for the retail stores.  

 

One seemingly innocuous detail stands out in the order quantities as well as the reorder 

points. It seems that the inevitable increase in inventory costs with less frequent orders 
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does not influence the variable costs as much as the savings in transportation costs. 

However, this is most likely due to the fact that the ratio between inventory and transporta-

tion cost is approximately 0.1:1 for warehouses and 0.2:1 for retail stores, which could 

only be compensated by high inventory levels due do an extremely large order quantity. 

 

This observation leads to the result of the cost sensitivity analysis, where only the retail 

store inventory holding cost for product P1 causes high fluctuations in the variable costs. 

This behavior can be attributed to the high order quantities and respective high inventory 

levels for this product. The warehouse inventory cost of product P1 and the transportation 

cost for retail store deliveries result in similar variations in the variable costs. This confirms 

the above assumption and indicates that the correct determination and balancing of these 

costs becomes highly important whenever high inventory levels or long travel distances 

occur in a SCN. 

 

A significant difference between the two and three WHCs cannot be observed. The main 

differences are that some experiments in the three WHC satisfy the MANOVA assump-

tions, while no experiment in the two WHC does. Furthermore, on average the values of 

the variable costs and warehouse order fulfillment times are slightly higher in the three 

WHC, while the retail store order fulfillment times are slightly lower. This may be caused 

by additional inventory and transportation costs for warehouse orders as well as a higher 

order placement in warehouses that increases the cumulated warehouse order fulfillment 

time when more warehouse are established. The slight difference in the cost sensitivity 

substantiates this assumption. In the three WHC the warehouse inventory costs display a 

higher sensitivity while the transportation costs for deliveries to retail stores has a lower 

sensitivity. In the two WHC these observations are reversed indicating that with more 

warehouses less transportation costs for retail store deliveries accumulate. 

 

After the extensive discourse concerning the sub-questions the main research question 

will conclude this chapter. 

 

How do simulation models for the facility location problem perform, when previous-

ly constant factors are subject to change? 

Due to the decision for an axiomatic-normative approach in this research the SCN config-

uration is more general. This resulted in a straightforward conceptualization and modeling 

mainly based on assumptions rather than real-life network specifications, which reduced 
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the validation effort. Nevertheless, a comparison of the selected warehouse locations to 

the real network’s locations was undertaken at the beginning of this chapter. Additionally, 

the utilization of ABM in the simulation program allowed for a more intuitive modeling pro-

cess than the more formal development of mathematic and equation-based models.  

 

The analysis of the model’s performance revealed that the selection of the objectives for 

the optimization of this model was inadequate. The minimization of the total costs and 

order fulfillment times were connected by the effects stock-outs have on the model. In 

retrospect, a better solution would have been to utilize a profit maximizing objective in 

combination with the minimization of the order fulfillment times. Regardless, selected ini-

tially constant factors have been varied and the resulting response behavior evaluated.  

 

The main finding is that the factors’ influence is highly dependent on the connected prod-

uct’s and facility’s specifications. For instance, the unit costs as well as all facilities’ order 

quantities and reorder points for the product P1 result in a significant influence on the var-

iable costs. This product has the highest demand and order quantity level of all three 

products and, therefore, has the biggest influence based on the proportions of its utiliza-

tion in the network over the planning horizon. Additionally, the product P3’s specification 

with the longest supplier order processing time results in major influences of this product’s 

evaluated factors: the order processing time and fleet size in supplier locations. Whenever 

this product’s warehouse order quantity assumed the low level all three responses dis-

played visibly higher values. For the retail store order quantities this was not observed. 

That leads to the conclusion that the specification of the products only significantly influ-

ence the responses when the factors are in the direct neighborhood of the clearly differing 

product’s specification. This means that the cause of the product’s influence, e.g., the high 

supplier order processing time, only significantly affects the responses when factors in, 

e.g., the suppliers or warehouses, are considered. 

 

In view of this finding it is advisable to utilize the simulation modeling’s potential and not 

just vary the longitudes and latitudes in the optimization process, but include the control-

lable factors of, e.g. products with highly deviating specifications. Obviously, this will in-

crease the computation effort, so a careful previous analysis and selection of factors is 

indispensable. 
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6 CONCLUSIONS 

Simulation modeling utilizing ABM is an interesting and intuitive option in modeling the 

FLP. Especially, the ability to generate a model without the need for extensive mathemati-

cal equations makes this approach highly attractive for various user groups. In combina-

tion with advanced and user-friendly simulation software the field of simulation modeling 

becomes more available to a wide audience with a multitude of problems. Particularly for 

companies this approach is a useful tool to design or improve their process configurations.  

 

However, serious drawbacks have to be considered. The reliability of the generated solu-

tion is highly dependent on the accuracy and quality of the system’s information as well as 

the modeler’s skill and experience. Furthermore, a reliable verification and validation pro-

cess with a multidisciplinary team is crucial to minimize undesired and unexpected side 

effects when utilizing the results in real-life systems.  

 

One of the main advantages of this modeling approach can turn into a disadvantage. The 

uncomplicated addition of factors to a model allows for a more realistic representation of 

the real-system’s specifications, however, it increases the computation effort exponential-

ly. Especially, when decision-makers prefer the model to be as realistic as possible it be-

comes important for the modeler to find the right balance between these needs and an 

acceptable level of computational effort. 

 

6.1 Limitations 

The solution generated in this thesis cannot be utilized in the real SCN, since most utilized 

data is based on assumptions and the modeling is based on a simplified network configu-

ration, which is characterized by the exclusion of delivery routing, the prohibition of intra-

level and consolidated deliveries as well as the simplified cost structure and limited num-

ber of considered products and suppliers. Additionally, the uncapacitated model formula-

tion is not realistic and will probably result in solutions that are not feasible in the real 

SCN. Another feature of the model that is not likely in the real system is the inclusion of 

total delivery stops whenever the warehouse inventory is not sufficient to completely fulfill 

the next delivery. With better data and an extended configuration of the conceptual model 

it may yield some useful suggestions for the facility location decision in the real network. 
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Additionally, the planning horizon may be too short to reliable evaluate the modeled sys-

tem’s behavior. This becomes a major issue considering that the facility location decision 

is strategic one with a long-term impact. However, a longer planning horizon was not fea-

sible in this research due to the limited time and computation power. The same reasoning 

applies to the limitation of iterations. It would be better to perform the simulation more of-

ten to receive results that are less susceptible to the influence of the random variables. 

 

To further reduce the computation effort the examined area was restricted based on a 

previous analysis. However, due to the rectangular form of the examined area some in-

feasible locations (e.g., in the middle of the Baltic sea) were included in the location deci-

sion. To exclude these and simultaneously reduce the examined area it would be advisa-

ble to define the area according to the country’s border.  

 

The analysis of the experiments’ results may not be error-free, since the assumptions of 

the MANOVA were in most cases not complied with. Additionally, in some analyses only 

the variable costs instead of the total costs was examined, however, since the ware-

houses’ opening and operation costs are constant in all cases this should not be a major 

issue.  

 

The model in this thesis was not scrutinized by other persons than the modeler; therefore, 

its objectivity is compromised reducing the results’ reliability further. This single-person-

modeling also resulted in missing potential errors or identifying them too late to correct 

them. Two errors have been identified due to this. In the programming of the cost calcula-

tion the operating costs for 16 instead of 15 time periods are included, but since this is 

constantly wrong this error should not influence the result in a major way. One conceptual 

error, which reduces the applicability of various analyses results, is the consideration of 

cumulated order fulfillment times as an objective. It would have been preferable to utilize 

the average order fulfillment time per order instead, since this measurement is independ-

ent from the delivery quantities. 

 

Concluding, it needs to be stated that the results are not overly reliable and not general-

izable. 
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6.2 Recommendations and suggestions for further research 

The application of simulation modeling for the FLP in SCND/R needs further research to 

enable the development of generalizable recommendations for an improved practical ap-

plication. This research’s findings indicating a high influence of factors concerning prod-

ucts with major deviations in their specifications need further analysis to enable a general-

izable statement. Furthermore, the introduced two-step procedure needs to be subjected 

to more rigorous testing to evaluate reliability before recommending it for further applica-

tion. 

 

Additionally, an evaluation of simulation models allowing intra-level and consolidated de-

liveries should be considered, since these characteristics are found in most real-life SCN 

configurations. Basically, the newest problem formulations combining the FLP with the 

vehicle routing and inventory problems are highly interesting and should be examined 

utilizing the simulation modeling approach. 

 

Simulation modeling can be highly beneficial in solving practical process design and rede-

sign problems. However, certain prerequisites need to be met to enable the generation of 

reliable results. A multidisciplinary team, containing persons with a deep practical insight 

into the considered processes, experienced modelers and data analysts as well as strate-

gically thinking persons who are able to maintain a general view, is necessary. Each of 

them has an important role in the conceptualization, modeling, verification and validation 

processes as well as the post-simulation analysis. In some cases utilizing the services of 

external experts to enable the development of good decision-support tools should be con-

sidered. 

 

Furthermore, even with the best decision-support tools the decision-maker needs to be 

aware of and take into account other, possibly not considered factors that could negatively 

impact the solution’s implementation.  
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APPENDIX 1 

 

Figure 19: Applied methodological framework (Source: Oliveira et al., 2016, p. 183) 
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APPENDIX 2 

Detailed calculation and generation of responses 

In Equation (3) the detailed total cost calculation for the planning horizon � is given. Only 

cumulative values for all warehouses and retail stores over the whole planning horizon 

have been recorded from the simulation. The single values per time period, warehouse, 

and retail store are not available. 

 

 * = *�-.+ + *�-./ + *�/'� + *�/�� + *�+, + *�� 

= (&�� × �#$���) + P QqSTU × �#$%��V
W

SX5
+ (����'� × �%'�) + (������ × �%��)

+ P Y(&�+,����� × ��������) + Q&�+,���� × �������V + (&������� × �������)Z
[

�X5
 

where � ∈ � = {1,2,3};  � ∈ � = {1,2, … ,15} 

(3) 

 

The event that matches the open orders and the free trucks is repeated each second, 

however, the time an order remains in the waiting list is not measured separately. With the 

exception of the suppliers’ order processing time  ��� all times in Table 15 are in hours and 

can either be calculated or are generated randomly. 

 

Table 15: Generation of order fulfillment times 

Time measurement Activity ]^]_ ]^`^a 

Start at activity end Order placement   

 Matching open orders and free trucks n/a n/a 

 Order processing  ��� uniform (1,6) 

 Loading uniform (1,3) uniform (1,2) 

 Delivery ����'�1 × � ������1 × � 

Stop at activity end Unloading uniform (1,3) uniform (1,3) 
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APPENDIX 3 

Table 16: Specification of experimental design for 3
2
 experiments 

ID bc bd  ID bc bd  ID bc bd 

1 -1 -1  4 0 -1  7 1 -1 

2 -1 0  5 0 0  8 1 0 

3 -1 1  6 0 1  9 1 1 

 

Table 17: Specification of experimental design for 3
3
 experiments 

ID bc bd be  ID bc bd be  ID bc bd be  ID bc bd be  ID bc bd be 

1 -1 -1 -1  7 -1 1 -1  13 0 0 -1  19 1 -1 -1  25 1 1 -1 

2 -1 -1 0  8 -1 1 0  14 0 0 0  20 1 -1 0  26 1 1 0 

3 -1 -1 1  9 -1 1 1  15 0 0 1  21 1 -1 1  27 1 1 1 

4 -1 0 -1  10 0 -1 -1  16 0 1 -1  22 1 0 -1      

5 -1 0 0  11 0 -1 0  17 0 1 0  23 1 0 0      

6 -1 0 1  12 0 -1 1  18 0 1 1  24 1 0 1      

 

  



  102 

APPENDIX 4 

Table 18: Mean value and standard deviation of selected responses in L1 

WH 1 WH 2 WH 3 * ����� ���� Best 
in 

AHP 
rank  !�5  ��5  !�(  ��(  !�)  ��) *̅ s.d. wtiSjkkkkkkk s.d. wtTUkkkkkkk s.d. 

63.00 26.50 60.00 24.50   162 024 261.91 12 289.71 14 479.92 131.00 324.44 71.00 AHP 1 

62.00 22.50 60.00 24.50   162 069 044.88 14 373.29 14 097.66 176.46 266.82 54.67 ����� 8 

61.00 24.50 64.00 26.50   162 000 646.19 17 347.74 15 428.96 230.66 446.74 90.31 * 18 

61.00 20.50 63.00 26.50   162 200 491.14 16 331.95 14 679.63 119.55 248.08 40.14 ���� 137 

64.00 24.50 61.00 24.50 60.00 24.50 242 270 621.55 9 687.46 14 092.21 259.21 423.92 99.54 AHP 1 

63.00 26.50 60.00 24.50 61.00 24.50 242 277 644.58 16 415.21 13 827.28 151.21 489.05 45.16 ����� 57 

61.00 24.50 65.00 24.50 61.00 26.50 242 247 621.98 13 357.16 16 374.51 1 232.80 645.96 72.37 * 680 

61.00 22.50 61.00 26.50 60.00 26.50 242 396 877.20 4 340.92 14 734.02 125.21 364.80 78.40 ���� 2 165 

 

Table 19: Mean value and standard deviation of selected responses in L2 

WH 1 WH 2 WH 3 * ����� ���� Best 
in 

AHP 
rank  !�5  ��5  !�(  ��(  !�)  ��) *̅ s.d. wtiSjkkkkkkk s.d. wtTUkkkkkkk s.d. 

63.25 26.50 60.50 24.50   161 988 032.51 9 276.72 14 599.68 108.40 370.40 26.63 * & 
AHP 

1 

62.50 25.50 60.25 25.00   162 019 944.93 7 398.30 13 941.51 156.43 271.04 58.74 ����� 10 

62.50 26.00 60.00 24.00   162 054 129.63 8 841.84 14 209.38 123.73 242.09 35.61 ���� 183 

64.25 25.00 61.25 23.50 60.25 25.00 242 229 661.32 17 408.55 13 978.54 185.18 435.14 38.17 AHP 1 

63.75 25.00 61.50 23.50 60.50 25.00 242 229 091.78 15 453.77 14 117.07 90.73 490.33 56.26 * 8 

64.50 24.50 61.50 24.00 60.25 25.50 242 269 140.46 18 183.43 14 259.23 129.74 324.22 54.56 ��� 131 

63.75 25.00 60.75 25.00 60.25 24.50 242 273 447.08 11 694.93 13 769.18 110.98 462.73 42.11 ����� 2 016 
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Table 20: MANOVA results for experiment S01 in the two WHC 

 1st analysis 2nd analysis 

Factors & Interactions # > 0.05 # ≤ 0.05 Notes # > 0.05 # ≤ 0.05 Note 

 ��5   X   X  
 ��(   X   X  
 ��)   X   X  
 ��5 ∗  ��(   X RGR: 0.1602  X RGR: 0.1714 

 ��5 ∗  ��)  X      
 ��( ∗  ��)  X      
 ��5 ∗  ��( ∗  ��)  X      

 

Table 21: MANOVA results for experiment S01 in the three WHC 

 1st analysis 2nd analysis 

Factors & Interactions # > 0.05 # ≤ 0.05 Notes # > 0.05 # ≤ 0.05 Note 

 ��5   X   X  
 ��(   X   X  
 ��)   X   X  
 ��5 ∗  ��(  X      
 ��5 ∗  ��)  X      
 ��( ∗  ��)  X      
 ��5 ∗  ��( ∗  ��)  X      

 

  



  104 

Table 22: P-values of the main effects’ MCTs 
for experiment S01 in the two WHC 

Factors Combination * ����� ���� 

 ��5  1 2 0.00 0.86 0.00 

 ��5  1 3 0.00 0.33 0.00 

 ��5  2 3 0.19 0.64 0.00 

 ��(  1 2 0.96 0.33 0.00 

 ��(  1 3 0.45 0.93 0.00 

 ��(  2 3 0.31 0.54 0.06 

 ��)  1 2 0.71 0.88 0.04 

 ��)  1 3 0.71 0.27 0.00 

 ��)  2 3 0.26 0.54 0.00 

Table 23: P-values of the main effects’ MCTs 
for experiment S01 in the three WHC 

Factors Combination * ����� ���� 

 ��5  1 2 0.00 0.95 0.00 

 ��5  1 3 0.00 0.76 0.00 

 ��5  2 3 0.00 0.92 0.14 

 ��(  1 2 0.96 1.00 0.00 

 ��(  1 3 0.58 0.94 0.00 

 ��(  2 3 0.74 0.91 0.26 

 ��)  1 2 1.00 0.55 0.00 

 ��)  1 3 0.59 0.83 0.00 

 ��)  2 3 0.63 0.88 0.00 
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Table 24: Difference between the initial and PV response means 
for experiment S01 in the two WHC 

ID *�!%kkk % of L2 wtiSjkkkkkkk % of L2 wtTUkkkkkkk % of L2 

1 1 693 364.51 101.52% 14 766.68 101.14% 231.17 62.41% 

2 1 697 053.98 101.74% 14 661.96 100.43% 255.96 69.10% 

3 1 696 610.48 101.71% 14 453.80 99.00% 298.94 80.71% 

4 1 711 569.06 102.61% 14 677.84 100.54% 272.89 73.67% 

5 1 699 720.93 101.90% 14 604.63 100.03% 324.71 87.66% 

6 1 701 095.73 101.98% 14 671.57 100.49% 335.61 90.61% 

7 1 697 872.84 101.79% 14 625.45 100.18% 269.85 72.85% 

8 1 697 121.65 101.74% 14 593.26 99.96% 304.54 82.22% 

9 1 685 174.66 101.03% 14 637.81 100.26% 393.34 106.19% 

10 1 681 016.24 100.78% 14 648.59 100.34% 280.59 75.75% 

11 1 669 069.00 100.06% 14 705.11 100.72% 300.39 81.10% 

12 1 695 479.87 101.65% 14 603.16 100.02% 328.53 88.70% 

13 1 674 660.22 100.40% 14 497.15 99.30% 357.84 96.61% 

14 1 681 743.62 100.82% 14 795.06 101.34% 355.04 95.85% 

15 1 673 782.91 100.34% 15 070.02 103.22% 454.61 122.73% 

16 1 677 468.95 100.57% 14 713.01 100.78% 360.09 97.22% 

17 1 677 786.61 100.58% 14 658.80 100.40% 407.97 110.14% 

18 1 676 651.73 100.52% 15 073.47 103.25% 423.47 114.33% 

19 1 674 982.17 100.42% 14 572.05 99.81% 304.75 82.28% 

20 1 674 453.37 100.38% 14 625.10 100.17% 316.54 85.46% 

21 1 674 040.68 100.36% 14 758.65 101.09% 383.51 103.54% 

22 1 665 677.54 99.86% 14 609.92 100.07% 362.81 97.95% 

23 1 656 728.82 99.32% 14 815.21 101.48% 379.24 102.39% 

24 1 699 829.44 101.91% 16 967.81 116.22% 472.91 127.68% 

25 1 668 839.20 100.05% 14 530.62 99.53% 403.59 108.96% 

26 1 665 468.61 99.85% 15 174.53 103.94% 445.78 120.35% 

27 1 669 361.79 100.08% 14 543.82 99.62% 543.29 146.68% 

Table 25: Difference between the initial and PV response means 
for experiment S01 in the three WHC 

ID *�!%kkk % of L2 wtiSjkkkkkkk % of L2 wtTUkkkkkkk % of L2 

1 1 791 973.28 102.42% 14 047.80 100.50% 337.59 77.58% 

2 1 781 675.29 101.83% 13 983.90 100.04% 377.74 86.81% 

3 1 778 266.38 101.63% 14 030.55 100.37% 420.41 96.61% 

4 1 789 162.44 102.26% 14 139.13 101.15% 363.50 83.54% 

5 1 777 209.76 101.57% 13 924.05 99.61% 399.22 91.75% 

6 1 775 892.48 101.50% 14 044.51 100.47% 522.18 120.00% 

7 1 777 738.96 101.60% 14 013.93 100.25% 402.06 92.40% 

8 1 778 189.59 101.63% 13 985.93 100.05% 425.88 97.87% 

9 1 784 010.93 101.96% 13 987.07 100.06% 490.89 112.81% 

10 1 760 183.51 100.60% 14 006.83 100.20% 338.43 77.77% 

11 1 771 112.04 101.23% 14 038.31 100.43% 412.64 94.83% 

12 1 766 986.67 100.99% 14 130.12 101.08% 527.68 121.26% 

13 1 771 399.78 101.24% 14 052.44 100.53% 384.67 88.40% 

14 1 758 260.39 100.49% 14 077.18 100.71% 479.61 110.22% 

15 1 761 868.00 100.70% 13 954.42 99.83% 570.59 131.13% 

16 1 759 198.80 100.55% 14 083.94 100.75% 438.05 100.67% 

17 1 766 772.87 100.98% 14 020.24 100.30% 492.87 113.27% 

18 1 755 541.36 100.34% 13 901.76 99.45% 548.77 126.11% 

19 1 749 406.41 99.99% 14 046.06 100.48% 365.58 84.01% 

20 1 752 625.54 100.17% 13 999.25 100.15% 455.17 104.60% 

21 1 750 886.40 100.07% 14 021.08 100.30% 523.71 120.35% 

22 1 751 835.80 100.12% 14 012.19 100.24% 412.40 94.77% 

23 1 754 050.36 100.25% 14 148.91 101.22% 474.11 108.96% 

24 1 756 497.80 100.39% 13 978.65 100.00% 595.47 136.84% 

25 1 750 198.53 100.03% 14 062.79 100.60% 429.71 98.75% 

26 1 759 701.07 100.57% 13 918.91 99.57% 470.78 108.19% 

27 1 744 824.05 99.72% 14 215.85 101.70% 672.35 154.51% 
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Table 26: MANOVA results for experiment S02 in the two WHC 

 1st analysis 2nd analysis 

Factors & Interactions # > 0.05 # ≤ 0.05 Notes # > 0.05 # ≤ 0.05 Note 

&�5'�   X      
&�('�   X      
&�)'�    X   X  
&�5'� ∗ &�('�   X      
&�5'� ∗ &�)'�   X      
&�('� ∗ &�)'�   X      

&�5'� ∗ &�('� ∗ &�)'�    X   X WL: 0.0578; 
PT: 0.0700 

 

Table 27: MANOVA results for experiment S02 in the three WHC 

 1st analysis 2nd analysis 

Factors & Interactions # > 0.05 # ≤ 0.05 Notes # > 0.05 # ≤ 0.05 Note 

&�5'�    X   X  
&�('�    X   X  
&�)'�    X   X  
&�5'� ∗ &�('�   X      
&�5'� ∗ &�)'�   X      
&�('� ∗ &�)'�   X      
&�5'� ∗ &�('� ∗ &�)'�   X      
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Table 28: P-values of the main effects’ MCTs 
for experiment S02 in the two WHC 

Factors Combination * ����� ���� 

&�)'�   1 2 0.48 0.04 0.00 

&�)'�   1 3 0.22 0.01 0.00 

&�)'�   2 3 0.87 0.91 0.33 

Table 29: P-values of the main effects’ MCTs 
for experiment S02 in the three WHC 

Factors Combination * ����� ���� 

&�5'�   1 2 0.72 0.42 0.03 

&�5'�   1 3 0.99 0.88 0.65 

&�5'�   2 3 0.66 0.72 0.00 

&�('�   1 2 1.00 0.90 0.16 

&�('�   1 3 0.01 0.97 0.36 

&�('�   2 3 0.01 0.97 0.89 

&�)'�   1 2 0.39 0.37 0.00 

&�)'�   1 3 0.19 0.72 0.00 

&�)'�   2 3 0.90 0.83 0.37 
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Table 30: Difference between the initial and PV response means 
for experiment S02 in the two WHC 

ID *�!%kkk % of L2 wtiSjkkkkkkk % of L2 wtTUkkkkkkk % of L2 

1 1 683 242.70 100.91% 14 761.62 101.11% 509.06 137.44% 

2 1 685 178.56 101.03% 14 669.05 100.48% 391.16 105.60% 

3 1 674 304.56 100.38% 14 718.04 100.81% 334.61 90.34% 

4 1 675 970.84 100.48% 14 591.46 99.94% 480.32 129.68% 

5 1 675 177.56 100.43% 15 005.43 102.78% 339.57 91.68% 

6 1 685 218.91 101.03% 14 565.18 99.76% 375.31 101.33% 

7 1 671 819.55 100.23% 14 566.35 99.77% 403.33 108.89% 

8 1 675 211.87 100.43% 14 600.55 100.01% 350.51 94.63% 

9 1 674 870.62 100.41% 14 504.29 99.35% 320.50 86.53% 

10 1 735 933.19 104.07% 17 086.39 117.03% 509.76 137.62% 

11 1 676 712.88 100.52% 14 837.88 101.63% 354.66 95.75% 

12 1 680 229.57 100.73% 14 518.75 99.45% 336.48 90.84% 

13 1 684 034.32 100.96% 15 202.46 104.13% 456.63 123.28% 

14 1 683 603.27 100.93% 14 754.97 101.06% 411.06 110.98% 

15 1 678 359.09 100.62% 14 537.16 99.57% 311.96 84.22% 

16 1 666 682.19 99.92% 14 601.84 100.01% 481.30 129.94% 

17 1 678 118.68 100.60% 14 576.10 99.84% 334.62 90.34% 

18 1 675 388.46 100.44% 14 691.92 100.63% 349.88 94.46% 

19 1 687 374.89 101.16% 15 729.68 107.74% 445.17 120.19% 

20 1 676 391.30 100.50% 14 664.24 100.44% 323.37 87.30% 

21 1 681 412.12 100.80% 14 543.92 99.62% 383.89 103.64% 

22 1 697 770.93 101.78% 15 414.24 105.58% 447.42 120.79% 

23 1 683 245.73 100.91% 14 738.93 100.95% 351.02 94.77% 

24 1 671 428.14 100.20% 14 865.52 101.82% 303.39 81.91% 

25 1 668 333.35 100.02% 14 679.79 100.55% 431.26 116.43% 

26 1 683 290.60 100.91% 14 511.97 99.40% 361.82 97.68% 

27 1 671 851.97 100.23% 14 705.88 100.73% 363.28 98.08% 

Table 31: Difference between the initial and PV response means 
for experiment S02 in the three WHC 

ID *�!%kkk % of L2 wtiSjkkkkkkk % of L2 wtTUkkkkkkk % of L2 

1 1 762 364.36 100.73% 14 034.18 100.40% 519.38 119.36% 

2 1 756 705.64 100.40% 14 052.17 100.53% 469.92 107.99% 

3 1 753 076.62 100.20% 13 983.75 100.04% 488.27 112.21% 

4 1 761 731.94 100.69% 13 938.74 99.72% 493.20 113.34% 

5 1 763 465.46 100.79% 14 001.61 100.16% 474.68 109.09% 

6 1 767 073.94 101.00% 13 960.34 99.87% 428.07 98.37% 

7 1 749 731.68 100.00% 14 002.77 100.17% 536.43 123.28% 

8 1 764 610.20 100.85% 13 869.56 99.22% 449.07 103.20% 

9 1 773 743.94 101.38% 13 938.91 99.72% 450.41 103.51% 

10 1 762 030.43 100.71% 14 008.15 100.21% 582.70 133.91% 

11 1 760 462.82 100.62% 14 053.44 100.54% 506.80 116.47% 

12 1 761 983.37 100.70% 14 062.37 100.60% 476.77 109.57% 

13 1 759 374.53 100.56% 13 957.95 99.85% 612.94 140.86% 

14 1 759 025.50 100.54% 14 087.37 100.78% 492.07 113.08% 

15 1 755 780.06 100.35% 14 021.93 100.31% 422.00 96.98% 

16 1 761 789.19 100.69% 13 937.70 99.71% 555.12 127.57% 

17 1 778 457.45 101.65% 13 993.16 100.10% 495.13 113.78% 

18 1 775 352.20 101.47% 14 071.75 100.67% 452.91 104.08% 

19 1 746 074.42 99.79% 13 816.85 98.84% 567.01 130.30% 

20 1 761 589.64 100.68% 14 001.83 100.17% 428.91 98.57% 

21 1 766 638.78 100.97% 13 887.41 99.35% 453.53 104.22% 

22 1 753 864.84 100.24% 14 056.39 100.56% 519.68 119.43% 

23 1 755 248.21 100.32% 14 017.46 100.28% 416.65 95.75% 

24 1 756 156.26 100.37% 14 002.10 100.17% 424.67 97.59% 

25 1 773 040.15 101.34% 13 988.89 100.07% 504.67 115.98% 

26 1 767 474.37 101.02% 14 107.00 100.92% 455.39 104.65% 

27 1 769 475.59 101.13% 14 063.90 100.61% 437.77 100.60% 
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Table 32: MANOVA results for experiment S03 in the two WHC 

 1st analysis 2nd analysis 

Factors & Interactions # > 0.05 # ≤ 0.05 Notes # > 0.05 # ≤ 0.05 Note 

&5��(  X  PT: 0.0497    
&(��(   X   X  
&5��( ∗ &(��(  X      

 

Table 33: MANOVA results for experiment S03 in the three WHC 

 1st analysis 2nd analysis 

Factors & Interactions # > 0.05 # ≤ 0.05 Notes # > 0.05 # ≤ 0.05 Note 

&5��)   X   X  
&(��)   X   X  
&)��)   X   X  
&5��) ∗ &(��)   X   X  
&5�) ∗ &)��)  X      
&(��) ∗ &)��)  X  RGR: 0.0157    
&5��) ∗ &(��) ∗ &)��)  X      
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Table 34: P-values of the main effects’ MCTs 
for experiment S03 in the two WHC 

Factors Combination * ����� ���� 

&(��(  1 2 0.00 0.00 0.00 

&(��(  1 3 0.00 0.00 0.00 

&(��(  2 3 0.98 0.80 0.00 

Table 35: P-values of the main effects’ MCTs 
for experiment S03 in the three WHC 

Factors Combination * ����� ���� 

&5��)  1 2 0.01 0.01 0.00 

&5��)  1 3 0.10 0.05 0.00 

&5��)  2 3 0.68 0.81 0.86 

&(��)  1 2 0.10 0.00 0.00 

&(��)  1 3 0.84 0.00 0.00 

&(��)  2 3 0.28 0.46 0.02 

&)��)  1 2 0.00 0.00 0.00 

&)��)  1 3 0.00 0.00 0.00 

&)��)  2 3 0.73 0.50 0.48 
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Table 36: Difference between the initial and PV response means 
for experiment S03 in the two WHC 

ID *�!%kkk % of L2 wtiSjkkkkkkk % of L2 wtTUkkkkkkk % of L2 

1 1 819 767.03 109.10% 29 509.06 202.12% 602.48 162.66% 

2 1 687 413.56 101.16% 14 607.22 100.05% 388.46 104.88% 

3 1 695 087.49 101.62% 13 998.01 95.88% 288.17 77.80% 

4 1 787 132.51 107.14% 27 245.27 186.62% 559.16 150.96% 

5 1 688 405.73 101.22% 14 649.34 100.34% 329.03 88.83% 

6 1 684 006.99 100.96% 13 860.30 94.94% 253.67 68.49% 

7 1 728 460.36 103.62% 23 207.57 158.96% 550.65 148.66% 

8 1 684 727.11 101.00% 14 540.64 99.60% 338.01 91.26% 

9 1 691 560.49 101.41% 13 892.39 95.16% 276.69 74.70% 

Table 37: Difference between the initial and PV response means 
for experiment S03 in the three WHC 

ID *�!%kkk % of L2 wtiSjkkkkkkk % of L2 wtTUkkkkkkk % of L2 

1 2 088 272.41 119.35% 33 207.15 237.56% 1039.83 238.96% 

2 1 780 629.56 101.77% 18 058.41 129.19% 729.76 167.71% 

3 1 761 097.69 100.65% 15 871.87 113.54% 720.87 165.66% 

4 1 881 609.94 107.54% 24 512.24 175.36% 842.24 193.55% 

5 1 769 942.89 101.16% 14 973.05 107.11% 565.86 130.04% 

6 1 758 881.35 100.53% 14 384.16 102.90% 544.44 125.12% 

7 1 925 843.21 110.07% 26 398.33 188.85% 739.80 170.01% 

8 1 758 048.09 100.48% 14 679.03 105.01% 509.75 117.14% 

9 1 760 839.70 100.64% 14 292.27 102.24% 492.60 113.20% 

10 1 879 121.02 107.40% 27 091.39 193.81% 952.65 218.93% 

11 1 756 888.75 100.41% 15 654.58 111.99% 660.14 151.71% 

12 1 741 967.10 99.56% 15 166.28 108.50% 632.91 145.45% 

13 1 833 683.75 104.80% 23 174.77 165.79% 756.98 173.96% 

14 1 767 213.93 101.00% 13 968.82 99.93% 453.42 104.20% 

15 1 755 983.79 100.36% 13 572.50 97.10% 406.45 93.41% 

16 1 909 694.18 109.15% 25 913.60 185.38% 733.46 168.56% 

17 1 758 826.67 100.52% 13 940.13 99.73% 418.91 96.27% 

18 1 753 670.37 100.23% 13 496.74 96.55% 421.10 96.77% 

19 1 888 778.76 107.95% 25 475.43 182.25% 889.37 204.39% 

20 1 750 763.13 100.06% 15 574.04 111.41% 612.58 140.78% 

21 1 749 252.47 99.98% 15 269.67 109.24% 606.96 139.48% 

22 1 877 715.66 107.32% 25 879.80 185.14% 737.56 169.50% 

23 1 766 258.19 100.95% 13 992.06 100.10% 487.02 111.92% 

24 1 751 801.01 100.12% 13 622.48 97.45% 451.63 103.79% 

25 1 944 200.20 111.12% 27 731.73 198.39% 746.47 171.55% 

26 1 766 660.39 100.97% 13 845.74 99.05% 412.54 94.80% 

27 1 756 271.59 100.38% 13 561.70 97.02% 425.34 97.75% 
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Table 38: MANOVA results for experiment S04 in the two WHC 

 1st analysis 2nd analysis 

Factors & Interactions # > 0.05 # ≤ 0.05 Notes # > 0.05 # ≤ 0.05 Note 

%#�5��   X   X  
%#�(��   X   X  
%#�)��   X   X  
%#�5�� ∗ %#�(��  X      
%#�5�� ∗ %#�)��  X      
%#�(�� ∗ %#�)��  X      
%#�5�� ∗ %#�(�� ∗ %#�)��  X      

 

Table 39: MANOVA results for experiment S04 in the three WHC 

 1st analysis 2nd analysis 

Factors & Interactions # > 0.05 # ≤ 0.05 Notes # > 0.05 # ≤ 0.05 Note 

%#�5��   X   X  
%#�(��   X   X  
%#�)��   X   X  
%#�5�� ∗ %#�(��  X      
%#�5�� ∗ %#�)��   X   X  
%#�(�� ∗ %#�)��   X   X  
%#�5�� ∗ %#�(�� ∗ %#�)��  X      
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Table 40: P-values of the main effects’ MCTs 
for experiment S04 in the two WHC 

Factors Combination * ����� ���� 

%#�5��  1 2 0.02 0.12 0.00 

%#�5��  1 3 0.00 0.29 0.00 

%#�5��  2 3 0.00 0.88 0.56 

%#�(��  1 2 0.30 0.94 0.00 

%#�(��  1 3 0.31 0.95 0.00 

%#�(��  2 3 1.00 0.80 0.90 

%#�)��  1 2 0.10 0.00 0.00 

%#�)��  1 3 0.70 0.01 0.00 

%#�)��  2 3 0.41 0.63 0.00 

Table 41: P-values of the main effects’ MCTs 
for experiment S04 in the three WHC 

Factors Combination * ����� ���� 

%#�5��  1 2 0.00 0.10 0.00 

%#�5��  1 3 0.00 0.22 0.00 

%#�5��  2 3 0.00 0.93 0.02 

%#�(��  1 2 0.06 0.19 0.00 

%#�(��  1 3 0.00 0.96 0.00 

%#�(��  2 3 0.09 0.30 0.00 

%#�)��  1 2 0.00 0.00 0.00 

%#�)��  1 3 0.00 0.18 0.00 

%#�)��  2 3 0.00 0.30 0.00 
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Table 42: Difference between the initial and PV response means 
for experiment S04 in the two WHC 

ID *�!%kkk % of L2 wtiSjkkkkkkk % of L2 wtTUkkkkkkk % of L2 

1 1 678 643.20 100.64% 19 118.35 130.95% 198.02 53.46% 

2 1 635 299.89 98.04% 16 719.86 114.52% 294.08 79.39% 

3 1 652 896.96 99.09% 16 303.46 111.67% 382.33 103.22% 

4 1 694 492.02 101.59% 18 327.12 125.53% 275.86 74.48% 

5 1 647 135.09 98.75% 15 802.77 108.24% 312.95 84.49% 

6 1 680 217.81 100.73% 18 418.86 126.16% 453.35 122.39% 

7 1 651 335.49 99.00% 16 218.42 111.09% 232.36 62.73% 

8 1 666 536.12 99.91% 16 448.95 112.67% 330.28 89.17% 

9 1 649 400.11 98.88% 15 641.02 107.13% 403.12 108.83% 

10 1 661 624.18 99.62% 15 451.54 105.83% 206.56 55.77% 

11 1 680 659.65 100.76% 14 870.85 101.86% 336.36 90.81% 

12 1 701 627.23 102.01% 16 947.05 116.08% 382.59 103.29% 

13 1 670 564.91 100.15% 15 767.41 108.00% 275.39 74.35% 

14 1 675 396.73 100.44% 14 738.78 100.95% 370.08 99.91% 

15 1 690 314.20 101.34% 14 535.57 99.56% 491.39 132.66% 

16 1 745 065.08 104.62% 20 190.08 138.29% 381.39 102.97% 

17 1 679 875.51 100.71% 14 704.43 100.72% 364.57 98.43% 

18 1 688 102.88 101.20% 14 514.24 99.41% 481.65 130.04% 

19 1 751 564.18 105.01% 15 670.23 107.33% 219.89 59.37% 

20 1 764 478.79 105.78% 14 543.93 99.62% 309.50 83.56% 

21 1 784 146.24 106.96% 16 701.43 114.40% 507.33 136.97% 

22 1 830 416.27 109.74% 21 392.27 146.53% 335.89 90.68% 

23 1 777 140.47 106.54% 14 613.69 100.10% 379.09 102.35% 

24 1 774 114.93 106.36% 14 666.57 100.46% 506.69 136.80% 

25 1 795 715.85 107.65% 17 635.36 120.79% 311.15 84.00% 

26 1 772 846.58 106.28% 14 665.68 100.45% 362.59 97.89% 

27 1 789 250.87 107.27% 14 612.56 100.09% 481.25 129.93% 

Table 43: Difference between the initial and PV response means 
for experiment S04 in the three WHC 

ID *�!%kkk % of L2 wtiSjkkkkkkk % of L2 wtTUkkkkkkk % of L2 

1 1 677 794.72 95.89% 15 780.95 112.89% 137.34 31.56% 

2 1 684 211.59 96.26% 14 251.12 101.95% 354.32 81.43% 

3 1 738 016.99 99.33% 17 379.04 124.33% 532.00 122.26% 

4 1 690 904.86 96.64% 14 712.97 105.25% 186.85 42.94% 

5 1 696 122.83 96.94% 14 329.76 102.51% 412.61 94.82% 

6 1 719 515.64 98.28% 14 815.28 105.99% 515.71 118.52% 

7 1 703 485.15 97.36% 16 450.23 117.68% 360.39 82.82% 

8 1 710 645.22 97.77% 14 381.31 102.88% 372.54 85.61% 

9 1 715 688.78 98.06% 14 480.61 103.59% 605.15 139.07% 

10 1 728 528.25 98.79% 13 885.48 99.33% 160.98 37.00% 

11 1 752 588.18 100.17% 14 061.18 100.59% 427.43 98.23% 

12 1 763 748.52 100.81% 14 801.94 105.89% 574.79 132.09% 

13 1 747 357.68 99.87% 14 620.48 104.59% 292.24 67.16% 

14 1 773 080.31 101.34% 13 998.84 100.15% 455.17 104.60% 

15 1 777 480.42 101.59% 14 053.40 100.54% 631.64 145.16% 

16 1 762 259.68 100.72% 16 170.93 115.68% 365.83 84.07% 

17 1 770 368.44 101.18% 14 089.80 100.80% 465.60 107.00% 

18 1 779 227.63 101.69% 14 119.74 101.01% 619.18 142.29% 

19 1 890 467.77 108.05% 16 384.50 117.21% 332.56 76.42% 

20 1 896 980.96 108.42% 14 035.82 100.41% 385.11 88.50% 

21 1 910 403.21 109.19% 14 092.44 100.81% 543.12 124.81% 

22 1 884 905.46 107.73% 14 034.42 100.40% 337.27 77.51% 

23 1 908 359.37 109.07% 13 992.83 100.10% 418.00 96.06% 

24 1 934 810.81 110.58% 14 363.22 102.75% 648.79 149.10% 

25 1 909 493.47 109.14% 15 993.86 114.42% 461.08 105.96% 

26 1 929 326.19 110.27% 14 079.36 100.72% 478.01 109.85% 

27 1 935 024.49 110.59% 14 049.51 100.51% 697.15 160.21% 
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Table 44: MANOVA results for experiment S05 in the two WHC 

 1st analysis 2nd analysis 

Factors & Interactions # > 0.05 # ≤ 0.05 Notes # > 0.05 # ≤ 0.05 Note 

�&�5��   X   X  
�&�(��   X   X  
�&�)��   X   X  
�&�5�� ∗ �&�(��   X   X  
�&�5�� ∗ �&�)��   X   X  
�&�(�� ∗ �&�)��   X   X  
�&�5�� ∗ �&�(�� ∗ �&�)��   X   X  

 

Table 45: MANOVA results for experiment S05 in the three WHC 

 1st analysis 2nd analysis 

Factors & Interactions # > 0.05 # ≤ 0.05 Notes # > 0.05 # ≤ 0.05 Note 

�&�5��   X   X  
�&�(��   X   X  
�&�)��   X   X  
�&�5�� ∗ �&�(��  X      
�&�5�� ∗ �&�)��   X   X  
�&�(�� ∗ �&�)��  X      
�&�5�� ∗ �&�(�� ∗ �&�)��  X      
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Table 46: P-values of the main effects’ MCTs 
for experiment S05 in the two WHC 

Factors Combination * ����� ���� 

�&�5��  1 2 0.00 0.00 0.00 

�&�5��  1 3 0.00 0.00 0.00 

�&�5��  2 3 0.00 0.12 0.00 

�&�(��  1 2 0.00 0.00 0.00 

�&�(��  1 3 0.00 0.00 0.00 

�&�(��  2 3 0.71 0.20 0.00 

�&�)��  1 2 0.00 0.00 0.00 

�&�)��  1 3 0.00 0.00 0.00 

�&�)��  2 3 0.96 0.81 0.00 

Table 47: P-values of the main effects’ MCTs 
for experiment S05 in the three WHC 

Factors Combination * ����� ���� 

�&�5��  1 2 0.00 0.97 0.00 

�&�5��  1 3 0.00 0.98 0.00 

�&�5��  2 3 0.00 1.00 0.00 

�&�(��  1 2 0.19 0.51 0.00 

�&�(��  1 3 0.24 0.84 0.00 

�&�(��  2 3 0.99 0.85 0.00 

�&�)��  1 2 0.00 0.00 0.00 

�&�)��  1 3 0.00 0.00 0.00 

�&�)��  2 3 0.96 0.99 0.00 
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Table 48: Difference between the initial and PV response means 
for experiment S05 in the two WHC 

ID *�!%kkk % of L2 wtiSjkkkkkkk % of L2 wtTUkkkkkkk % of L2 

1 1 626 400.72 97.50% 14 740.84 100.97% 766.38 206.91% 

2 1 637 936.48 98.20% 15 114.90 103.53% 506.89 136.85% 

3 1 640 460.95 98.35% 14 810.33 101.44% 461.56 124.61% 

4 1 618 049.47 97.00% 14 787.96 101.29% 606.75 163.81% 

5 1 634 007.90 97.96% 14 737.83 100.95% 426.78 115.22% 

6 1 633 049.85 97.90% 14 645.70 100.32% 383.67 103.58% 

7 1 650 726.64 98.96% 16 625.19 113.87% 639.03 172.52% 

8 1 631 173.77 97.79% 14 753.55 101.05% 388.18 104.80% 

9 1 638 086.88 98.20% 14 805.56 101.41% 305.72 82.54% 

10 1 680 557.37 100.75% 15 581.61 106.73% 655.62 177.00% 

11 1 704 487.61 102.19% 14 856.36 101.76% 426.73 115.21% 

12 1 691 417.94 101.40% 14 665.69 100.45% 373.15 100.74% 

13 2 074 727.59 124.38% 41 830.71 286.52% 690.62 186.45% 

14 1 696 083.12 101.68% 15 241.40 104.40% 364.34 98.36% 

15 1 687 852.73 101.19% 14 580.87 99.87% 229.83 62.05% 

16 1 946 715.68 116.71% 35 899.80 245.89% 623.42 168.31% 

17 1 684 228.10 100.97% 14 600.56 100.01% 318.79 86.07% 

18 1 680 308.84 100.74% 14 525.25 99.49% 188.81 50.98% 

19 1 789 090.50 107.26% 16 707.11 114.43% 637.56 172.13% 

20 1 768 812.10 106.04% 14 778.09 101.22% 382.87 103.37% 

21 1 776 559.54 106.51% 14 678.94 100.54% 299.68 80.91% 

22 1 958 887.94 117.44% 32 386.12 221.83% 667.22 180.14% 

23 1 785 214.39 107.03% 17 479.53 119.73% 339.40 91.63% 

24 1 763 237.82 105.71% 14 809.54 101.44% 227.62 61.45% 

25 1 984 521.81 118.97% 28 725.85 196.76% 520.27 140.46% 

26 1 768 822.85 106.04% 14 723.27 100.85% 240.35 64.89% 

27 1 768 059.83 106.00% 14 771.06 101.17% 125.76 33.95% 

Table 49: Difference between the initial and PV response means 
for experiment S05 in the three WHC 

ID *�!%kkk % of L2 wtiSjkkkkkkk % of L2 wtTUkkkkkkk % of L2 

1 1 971 155.18 112.66% 29 987.38 214.52% 1198.33 275.39% 

2 1 692 912.57 96.76% 14 965.67 107.06% 765.78 175.98% 

3 1 708 254.03 97.63% 15 790.35 112.96% 621.02 142.72% 

4 1 936 530.83 110.68% 28 271.40 202.25% 1 055.29 242.52% 

5 1 685 189.44 96.32% 14 378.94 102.86% 557.33 128.08% 

6 1 700 747.59 97.20% 15 185.25 108.63% 470.42 108.11% 

7 1 904 487.98 108.85% 28 631.13 204.82% 1 017.44 233.82% 

8 1 691 745.23 96.69% 14 557.32 104.14% 505.15 116.09% 

9 1 694 109.42 96.82% 14 682.11 105.03% 409.21 94.04% 

10 2 118 017.63 121.05% 36 133.84 258.50% 1 089.10 250.29% 

11 1 769 072.76 101.11% 14 304.94 102.33% 630.12 144.81% 

12 1 779 110.66 101.68% 13 954.87 99.83% 413.20 94.96% 

13 1 923 804.17 109.95% 25 369.08 181.49% 854.84 196.45% 

14 1 767 931.10 101.04% 14 004.42 100.19% 449.84 103.38% 

15 1 770 730.40 101.20% 14 042.84 100.46% 258.77 59.47% 

16 1 996 325.14 114.10% 32 668.81 233.71% 778.13 178.82% 

17 1 767 277.29 101.01% 14 004.91 100.19% 392.14 90.12% 

18 1 765 028.02 100.88% 14 032.52 100.39% 186.89 42.95% 

19 2 139 722.47 122.29% 28 752.85 205.69% 999.31 229.65% 

20 1 904 299.47 108.84% 14 774.26 105.69% 528.32 121.41% 

21 1 903 975.82 108.82% 14 269.02 102.08% 426.81 98.08% 

22 2 159 093.70 123.40% 33 452.91 239.32% 821.27 188.74% 

23 1 881 508.89 107.54% 13 968.68 99.93% 395.83 90.96% 

24 1 878 120.87 107.34% 14 007.88 100.21% 221.32 50.86% 

25 2 127 825.74 121.61% 30 986.38 221.67% 719.43 165.33% 

26 1 885 940.11 107.79% 14 005.54 100.19% 357.34 82.12% 

27 1 892 226.68 108.15% 14 070.24 100.66% 191.06 43.91% 
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Table 50: MANOVA results for experiment S06 in the two WHC 

 1st analysis 2nd analysis 

Factors & Interactions # > 0.05 # ≤ 0.05 Notes # > 0.05 # ≤ 0.05 Note 

%#�5���   X   X  
%#�(���   X   X  
%#�)���   X   X  
%#�5��� ∗ %#�(���  X      
%#�5��� ∗ %#�)���   X   X  
%#�(��� ∗ %#�)���   X   X  
%#�5��� ∗ %#�(��� ∗ %#�)���  X      

 

Table 51: MANOVA results for experiment S06 in the three WHC 

 1st analysis 2nd analysis 

Factors & Interactions # > 0.05 # ≤ 0.05 Notes # > 0.05 # ≤ 0.05 Note 

%#�5���   X   X  
%#�(���   X   X  
%#�)���   X   X  
%#�5��� ∗ %#�(���  X      
%#�5��� ∗ %#�)���   X   X  
%#�(��� ∗ %#�)���   X   X  
%#�5��� ∗ %#�(��� ∗ %#�)���  X      
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Table 52: P-values of the main effects’ MCTs 
for experiment S06 in the two WHC 

Factors Combination * ����� ���� 

%#�5���  1 2 0.16 0.82 0.43 

%#�5���  1 3 0.00 0.13 0.90 

%#�5���  2 3 0.00 0.36 0.70 

%#�(���  1 2 0.00 0.81 0.09 

%#�(���  1 3 0.00 0.16 0.02 

%#�(���  2 3 0.02 0.43 0.80 

%#�)���  1 2 0.00 0.02 0.43 

%#�)���  1 3 0.00 0.04 0.31 

%#�)���  2 3 0.01 0.95 0.97 

Table 53: P-values of the main effects’ MCTs 
for experiment S06 in the three WHC 

Factors Combination * ����� ���� 

%#�5���  1 2 0.80 0.00 0.06 

%#�5���  1 3 0.00 0.00 0.00 

%#�5���  2 3 0.00 0.00 0.01 

%#�(���  1 2 0.00 0.00 0.94 

%#�(���  1 3 0.00 0.00 0.00 

%#�(���  2 3 0.00 0.00 0.00 

%#�)���  1 2 0.00 0.00 0.04 

%#�)���  1 3 0.00 0.00 0.89 

%#�)���  2 3 0.00 0.00 0.01 
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Table 54: Difference between the initial and PV response means 
for experiment S06 in the two WHC 

ID *�!%kkk % of L2 wtiSjkkkkkkk % of L2 wtTUkkkkkkk % of L2 

1 1 788 186.90 107.20% 13 009.48 89.11% 353.66 95.48% 

2 1 797 019.28 107.73% 16 826.75 115.25% 410.91 110.94% 

3 1 742 070.72 104.44% 13 665.50 93.60% 307.88 83.12% 

4 1 719 627.28 103.09% 13 442.50 92.07% 361.83 97.69% 

5 1 680 382.33 100.74% 13 986.54 95.80% 387.89 104.72% 

6 1 676 276.36 100.49% 14 337.45 98.20% 367.71 99.27% 

7 1 714 343.16 102.78% 13 885.52 95.11% 381.17 102.91% 

8 1 668 772.49 100.04% 14 943.98 102.36% 363.13 98.04% 

9 1 661 673.94 99.62% 14 498.28 99.31% 395.21 106.70% 

10 1 792 232.72 107.45% 13 578.34 93.00% 354.09 95.60% 

11 1 751 542.82 105.01% 14 039.69 96.16% 384.04 103.68% 

12 1 742 885.90 104.49% 14 234.38 97.50% 299.30 80.80% 

13 1 714 760.95 102.80% 14 182.27 97.14% 373.52 100.84% 

14 1 671 759.11 100.22% 14 716.06 100.80% 348.58 94.11% 

15 1 665 044.11 99.82% 14 959.83 102.47% 357.63 96.55% 

16 1 707 960.21 102.39% 14 419.54 98.77% 367.64 99.26% 

17 1 666 261.26 99.89% 14 899.24 102.05% 331.98 89.63% 

18 1 640 256.65 98.33% 15 263.36 104.55% 402.37 108.63% 

19 1 898 358.09 113.81% 14 313.87 98.04% 348.17 94.00% 

20 1 851 773.59 111.02% 14 298.89 97.94% 330.07 89.11% 

21 1 844 688.28 110.59% 14 702.84 100.71% 346.26 93.48% 

22 1 835 415.58 110.03% 14 521.17 99.46% 328.84 88.78% 

23 1 794 489.18 107.58% 14 949.14 102.39% 377.45 101.90% 

24 1 776 126.36 106.48% 15 343.48 105.09% 420.32 113.48% 

25 1 822 681.93 109.27% 14 767.89 101.15% 330.27 89.17% 

26 1 764 764.82 105.80% 15 255.70 104.49% 376.06 101.53% 

27 1 743 648.91 104.53% 16 058.51 109.99% 432.94 116.88% 

Table 55: Difference between the initial and PV response means 
for experiment S06 in the three WHC 

ID *�!%kkk % of L2 wtiSjkkkkkkk % of L2 wtTUkkkkkkk % of L2 

1 1 873 747.67 107.09% 12 405.01 88.74% 389.89 89.60% 

2 1 838 686.09 105.09% 12 806.06 91.61% 414.23 95.19% 

3 1 828 402.76 104.50% 13 210.19 94.50% 368.74 84.74% 

4 1 820 723.55 104.06% 13 096.81 93.69% 390.03 89.63% 

5 1 765 911.15 100.93% 13 386.40 95.76% 389.27 89.46% 

6 1 754 453.05 100.27% 13 690.22 97.94% 396.52 91.12% 

7 1 800 968.77 102.93% 13 143.74 94.03% 484.90 111.43% 

8 1 738 974.15 99.39% 13 578.75 97.14% 468.58 107.68% 

9 1 729 081.30 98.82% 13 907.03 99.49% 380.28 87.39% 

10 1 886 236.33 107.81% 13 138.99 93.99% 384.70 88.41% 

11 1 832 536.61 104.74% 13 521.56 96.73% 440.49 101.23% 

12 1 824 766.97 104.29% 13 775.98 98.55% 404.65 92.99% 

13 1 813 216.74 103.63% 13 578.47 97.14% 452.69 104.03% 

14 1 761 743.81 100.69% 14 055.65 100.55% 457.81 105.21% 

15 1 746 629.21 99.83% 14 122.75 101.03% 385.38 88.56% 

16 1 797 559.37 102.74% 13 802.00 98.74% 478.60 109.99% 

17 1 746 639.99 99.83% 14 433.61 103.26% 463.08 106.42% 

18 1 725 376.83 98.61% 14 687.14 105.07% 427.14 98.16% 

19 1 997 036.03 114.14% 13 396.29 95.83% 408.58 93.89% 

20 1 941 420.27 110.96% 13 795.47 98.69% 506.56 116.41% 

21 1 927 604.39 110.17% 14 264.09 102.04% 469.75 107.95% 

22 1 925 395.06 110.04% 13 792.31 98.67% 431.26 99.11% 

23 1 858 736.57 106.23% 14 409.57 103.08% 427.16 98.17% 

24 1 851 374.15 105.81% 14 514.50 103.83% 487.69 112.08% 

25 1 906 591.89 108.97% 14 134.87 101.12% 429.38 98.68% 

26 1 851 733.80 105.83% 14 594.90 104.41% 509.04 116.98% 

27 1 830 712.93 104.63% 14 982.93 107.19% 487.80 112.10% 
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Table 56: MANOVA results for experiment S07 in the two WHC 

 1st analysis 2nd analysis 

Factors & Interactions # > 0.05 # ≤ 0.05 Notes # > 0.05 # ≤ 0.05 Note 

�&�5���    X   X  
�&�(���   X   X  
�&�)���   X   X  
�&�5��� ∗ �&�(���   X   X  
�&�5��� ∗ �&�)���   X   X  
�&�(��� ∗ �&�)���   X   X  
�&�5��� ∗ �&�(��� ∗ �&�)���  X      

 

Table 57: MANOVA results for experiment S07 in the three WHC 

 1st analysis 2nd analysis 

Factors & Interactions # > 0.05 # ≤ 0.05 Notes # > 0.05 # ≤ 0.05 Note 

�&�5���   X   X  
�&�(���   X   X  
�&�)���   X   X  
�&�5��� ∗ �&�(���   X   X  
�&�5��� ∗ �&�)���   X   X  
�&�(��� ∗ �&�)���   X   X  
�&�5��� ∗ �&�(��� ∗ �&�)���  X      
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Table 58: P-values of the main effects’ MCTs 
for experiment S07 in the two WHC 

Factors Combination * ����� ���� 

�&�5���  1 2 0.00 0.00 0.00 

�&�5���  1 3 0.00 0.00 0.00 

�&�5���  2 3 0.00 0.69 0.26 

�&�(���  1 2 0.00 0.00 0.00 

�&�(���  1 3 0.00 0.00 0.00 

�&�(���  2 3 0.55 0.11 0.00 

�&�)���  1 2 0.00 0.00 0.00 

�&�)���  1 3 0.00 0.00 0.00 

�&�)���  2 3 0.70 0.05 0.48 

Table 59: P-values of the main effects’ MCTs 
for experiment S07 in the three WHC 

Factors Combination * ����� ���� 

�&�5���  1 2 0.00 0.00 0.00 

�&�5���  1 3 0.00 0.00 0.00 

�&�5���  2 3 0.00 0.00 0.01 

�&�(���  1 2 0.00 0.00 0.00 

�&�(
���  1 3 0.00 0.00 0.00 

�&�(���  2 3 0.00 0.00 0.15 

�&�)���  1 2 0.00 0.00 0.00 

�&�)���  1 3 0.00 0.00 0.00 

�&�)���  2 3 0.19 0.00 0.45 
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Table 60: Difference between the initial and PV response means 
for experiment S07 in the two WHC 

ID *�!%kkk % of L2 wtiSjkkkkkkk % of L2 wtTUkkkkkkk % of L2 

1 1 596 974.24 95.74% 34 943.57 239.34% 523.38 141.30% 

2 1 597 607.38 95.78% 29 072.47 199.13% 448.57 121.11% 

3 1 594 812.07 95.61% 26 418.80 180.95% 414.91 112.02% 

4 1 570 315.36 94.14% 28 726.40 196.76% 438.13 118.29% 

5 1 522 575.71 91.28% 21 053.92 144.21% 431.00 116.36% 

6 1 522 587.81 91.28% 19 691.07 134.87% 354.30 95.65% 

7 1 595 880.23 95.67% 28 899.84 197.95% 432.31 116.72% 

8 1 578 349.34 94.62% 23 686.99 162.24% 397.04 107.19% 

9 1 571 923.66 94.24% 21 049.45 144.18% 379.72 102.52% 

10 1 819 962.06 109.11% 28 183.46 193.04% 483.21 130.46% 

11 1 855 753.36 111.25% 27 712.74 189.82% 430.97 116.35% 

12 1 787 308.50 107.15% 20 093.90 137.63% 419.33 113.21% 

13 1 765 698.08 105.86% 21 336.14 146.14% 449.11 121.25% 

14 1 676 155.95 100.49% 15 108.17 103.48% 359.94 97.18% 

15 1 694 502.05 101.59% 12 427.11 85.12% 308.33 83.24% 

16 1 766 075.56 105.88% 19 322.14 132.35% 328.99 88.82% 

17 1 662 776.89 99.68% 12 593.72 86.26% 330.30 89.17% 

18 1 670 438.24 100.14% 11 002.03 75.36% 272.25 73.50% 

19 2 122 809.88 127.26% 27 471.59 188.17% 387.91 104.73% 

20 2 047 882.21 122.77% 18 852.71 129.13% 348.01 93.95% 

21 2 097 111.76 125.72% 21 952.07 150.36% 409.57 110.58% 

22 2 035 841.58 122.05% 19 366.89 132.65% 435.43 117.56% 

23 2 046 688.95 122.70% 19 146.12 131.14% 345.84 93.37% 

24 1 980 984.19 118.76% 15 413.64 105.58% 329.93 89.07% 

25 2 024 532.36 121.37% 17 762.20 121.66% 357.26 96.45% 

26 1 923 976.18 115.34% 10 759.03 73.69% 259.71 70.12% 

27 1 899 670.47 113.89% 10 153.07 69.54% 335.87 90.68% 

Table 61: Difference between the initial and PV response means 
for experiment S07 in the three WHC 

ID *�!%kkk % of L2 wtiSjkkkkkkk % of L2 wtTUkkkkkkk % of L2 

1 1 657 309.43 94.72% 32 034.00 229.17% 632.06 145.25% 

2 1 636 246.86 93.52% 25 335.58 181.25% 546.34 125.55% 

3 1 645 947.33 94.07% 23 428.49 167.60% 521.36 119.81% 

4 1 635 566.39 93.48% 26 029.87 186.21% 533.83 122.68% 

5 1 590 198.27 90.89% 19 657.08 140.62% 472.15 108.50% 

6 1 598 363.89 91.35% 18 284.75 130.81% 492.09 113.09% 

7 1 631 297.15 93.24% 24 157.94 172.82% 487.18 111.96% 

8 1 587 949.27 90.76% 17 605.18 125.94% 466.39 107.18% 

9 1 580 751.09 90.35% 15 747.06 112.65% 503.10 115.62% 

10 1 894 242.77 108.26% 25 846.69 184.90% 563.71 129.55% 

11 1 847 716.18 105.60% 19 473.64 139.31% 519.63 119.41% 

12 1 843 188.84 105.35% 17 349.48 124.12% 511.18 117.47% 

13 1 854 092.07 105.97% 19 942.08 142.66% 493.45 113.40% 

14 1 756 526.25 100.39% 13 991.26 100.09% 443.34 101.88% 

15 1 769 926.14 101.16% 12 054.07 86.23% 409.64 94.14% 

16 1 839 908.38 105.16% 18 021.04 128.92% 473.84 108.89% 

17 1 751 031.58 100.08% 12 224.67 87.45% 405.52 93.19% 

18 1 754 028.74 100.25% 10 307.45 73.74% 394.07 90.56% 

19 2 161 020.48 123.51% 23 715.14 169.65% 497.99 114.44% 

20 2 123 324.12 121.36% 17 440.46 124.77% 519.59 119.41% 

21 2 118 214.63 121.06% 15 336.06 109.71% 485.37 111.54% 

22 2 114 641.55 120.86% 17 849.22 127.69% 451.15 103.68% 

23 2 014 921.83 115.16% 12 242.93 87.58% 427.02 98.13% 

24 2 035 377.93 116.33% 10 314.43 73.79% 348.51 80.09% 

25 2 109 280.61 120.55% 15 999.93 114.46% 424.46 97.55% 

26 2 003 205.80 114.49% 10 372.80 74.21% 351.54 80.79% 

27 2 008 471.80 114.79% 8 740.03 62.52% 345.76 79.46% 
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Table 62: Results cost sensitivity analysis two WHC 

 

 ����5��� ����(��� ����)��� ����5�� ����(�� ����)�� �%'� �%�� 

50
%

 *�!%kkk  1 278 771.81 1 650 313.21 1 623 914.81 1 574 056.43 1 672 255.83 1 662 959.83 1 675 644.74 1 522 868.95 

% 76.1% 98.3% 96.7% 93.7% 99.6% 99.0% 99.8% 90.7% 

difference -400 692.62 -29 151.23 -55 549.62 -105 408.00 -7 208.60 -16 504.60 -3 819.70 -156 595.48 
60

%
 *�!%kkk  1 358 910.34 1 656 143.45 1 635 024.74 1 595 138.03 1 673 697.55 1 666 260.75 1 676 408.68 1 554 188.05 

% 80.9% 98.6% 97.4% 95.0% 99.7% 99.2% 99.8% 92.5% 

difference -320 554.10 -23 320.98 -44 439.70 -84 326.40 -5 766.88 -13 203.68 -3 055.76 -125 276.39 

70
%

 *�!%kkk  1 439 048.86 1 661 973.70 1 646 134.66 1 616 219.63 1 675 139.27 1 669 561.67 1 677 172.61 1 585 507.14 

% 85.7% 99.0% 98.0% 96.2% 99.7% 99.4% 99.9% 94.4% 

difference -240 415.57 -17 490.74 -33 329.77 -63 244.80 -4 325.16 -9 902.76 -2 291.82 -93 957.29 

80
%

 *�!%kkk  1 519 187.39 1 667 803.94 1 657 244.59 1 637 301.23 1 676 580.99 1 672 862.59 1 677 936.55 1 616 826.24 

% 90.5% 99.3% 98.7% 97.5% 99.8% 99.6% 99.9% 96.3% 

difference -160 277.05 -11 660.49 -22 219.85 -42 163.20 -2 883.44 -6 601.84 -1 527.88 -62 638.19 

90
%

 *�!%kkk  1 599 325.91 1 673 634.19 1 668 354.51 1 658 382.83 1 678 022.71 1 676 163.51 1 678 700.49 1 648 145.34 

% 95.2% 99.7% 99.3% 98.7% 99.9% 99.8% 100.0% 98.1% 

difference -80 138.52 -5 830.25 -11 109.92 -21 081.60 -1 441.72 -3 300.92 -763.94 -31 319.10 

10
0%

 *�!%kkk  1 679 464.43 1 679 464.43 1 679 464.43 1 679 464.43 1 679 464.43 1 679 464.43 1 679 464.43 1 679 464.43 

% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 

difference 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

11
0%

 *�!%kkk  1 759 602.96 1 685 294.68 1 690 574.36 1 700 546.03 1 680 906.15 1 682 765.35 1 680 228.37 1 710 783.53 

% 104.8% 100.3% 100.7% 101.3% 100.1% 100.2% 100.0% 101.9% 

difference 80 138.52 5 830.25 11 109.92 21 081.60 1 441.72 3 300.92 763.94 31 319.10 

12
0%

 *�!%kkk  1 839 741.48 1 691 124.92 1 701 684.28 1 721 627.63 1 682 347.87 1 686 066.27 1 680 992.31 1 742 102.63 

% 109.5% 100.7% 101.3% 102.5% 100.2% 100.4% 100.1% 103.7% 

difference 160 277.05 11 660.49 22 219.85 42 163.20 2 883.44 6 601.84 1 527.88 62 638.19 
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Table 62: Results cost sensitivity analysis two WHC – continued 

 

 ����5��� ����(��� ����)��� ����5�� ����(�� ����)�� �%'� �%�� 

13
0%

 *�!%kkk  1 919 880.00 1 696 955.17 1 712 794.20 1 742 709.23 1 683 789.59 1 689 367.19 1 681 756.25 1 773 421.72 

% 114.3% 101.0% 102.0% 103.8% 100.3% 100.6% 100.1% 105.6% 

difference 240 415.57 17 490.74 33 329.77 63 244.80 4 325.16 9 902.76 2 291.82 93 957.29 
14

0%
 *�!%kkk  2 000 018.53 1 702 785.41 1 723 904.13 1 763 790.83 1 685 231.31 1 692 668.11 1 682 520.19 1 804 740.82 

% 119.1% 101.4% 102.6% 105.0% 100.3% 100.8% 100.2% 107.5% 

difference 320 554.10 23 320.98 44 439.70 84 326.40 5 766.88 13 203.68 3 055.76 125 276.39 

15
0%

 *�!%kkk  2 080 157.05 1 708 615.66 1 735 014.05 1 784 872.43 1 686 673.03 1 695 969.03 1 683 284.13 1 836 059.92 

% 123.9% 101.7% 103.3% 106.3% 100.4% 101.0% 100.2% 109.3% 

difference 400 692.62 29 151.23 55 549.62 105 408.00 7 208.60 16 504.60 3 819.70 156 595.48 

 

Table 63: Results cost sensitivity analysis three WHC 

 

 ����5��� ����(��� ����)��� ����5�� ����(�� ����)�� �%'� �%�� 

50
%

 *�!%kkk  1 366 413.24 1 738 184.00 1 711 811.30 1 604 984.78 1 756 256.38 1 741 366.18 1 763 263.36 1 637 014.63 

% 77.3% 98.4% 96.9% 90.8% 99.4% 98.5% 99.8% 92.6% 

difference -400 925.54 -29 154.78 -55 527.48 -162 354.00 -11 082.40 -25 972.60 -4 075.42 -130 324.15 

60
%

 *�!%kkk  1 446 598.35 1 744 014.96 1 722 916.80 1 637 455.58 1 758 472.86 1 746 560.70 1 764 078.44 1 663 079.46 

% 81.9% 98.7% 97.5% 92.7% 99.5% 98.8% 99.8% 94.1% 

difference -320 740.43 -23 323.83 -44 421.98 -129 883.20 -8 865.92 -20 778.08 -3 260.34 -104 259.32 

70
%

 *�!%kkk  1 526 783.46 1 749 845.91 1 734 022.29 1 669 926.38 1 760 689.34 1 751 755.22 1 764 893.53 1 689 144.29 

% 86.4% 99.0% 98.1% 94.5% 99.6% 99.1% 99.9% 95.6% 

difference -240 555.32 -17 492.87 -33 316.49 -97 412.40 -6 649.44 -15 583.56 -2 445.25 -78 194.49 

80
%

 *�!%kkk  1 606 968.57 1 755 676.87 1 745 127.79 1 702 397.18 1 762 905.82 1 756 949.74 1 765 708.61 1 715 209.12 

% 90.9% 99.3% 98.7% 96.3% 99.7% 99.4% 99.9% 97.1% 

difference -160 370.22 -11 661.91 -22 210.99 -64 941.60 -4 432.96 -10 389.04 -1 630.17 -52 129.66 
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Table 63: Results cost sensitivity analysis three WHC – continued 

 

 ����5��� ����(��� ����)��� ����5�� ����(�� ����)�� �%'� �%�� 

90
%

 *�!%kkk  1 687 153.68 1 761 507.83 1 756 233.29 1 734 867.98 1 765 122.30 1 762 144.26 1 766 523.70 1 741 273.95 

% 95.5% 99.7% 99.4% 98.2% 99.9% 99.7% 100.0% 98.5% 

difference -80 185.11 -5830.96 -11 105.50 -32 470.80 -2 216.48 -5 194.52 -815.08 -26 064.83 
10

0%
 *�!%kkk  1 767 338.78 1 767 338.78 1 767 338.78 1 767 338.78 1 767 338.78 1 767 338.78 1 767 338.78 1 767 338.78 

% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 

difference 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

11
0%

 *�!%kkk  1 847 523.89 1 773 169.74 1 778 444.28 1 799 809.58 1 769 555.26 1 772 533.30 1 768 153.87 1 793 403.61 

% 104.5% 100.3% 100.6% 101.8% 100.1% 100.3% 100.0% 101.5% 

difference 80 185.11 5 830.96 11 105.50 32 470.80 2 216.48 5 194.52 815.08 26 064.83 

12
0%

 *�!%kkk  1 927 709.00 1 779 000.70 1 789 549.78 1 832 280.38 1 771 771.74 1 777 727.82 1 768 968.95 1 819 468.44 

% 109.1% 100.7% 101.3% 103.7% 100.3% 100.6% 100.1% 102.9% 

difference 160 370.22 11 661.91 22 210.99 64 941.60 4 432.96 10 389.04 1 630.17 52 129.66 

13
0%

 *�!%kkk  2 007 894.11 1 784 831.65 1 800 655.27 1 864 751.18 1 773 988.22 1 782 922.34 1 769 784.04 1 845 533.28 

% 113.6% 101.0% 101.9% 105.5% 100.4% 100.9% 100.1% 104.4% 

difference 240 555.32 17 492.87 33 316.49 97 412.40 6 649.44 15 583.56 2 445.25 78 194.49 

14
0%

 *�!%kkk  2 088 079.22 1 790 662.61 1 811 760.77 1 897 221.98 1 776 204.70 1 788 116.86 1 770 599.12 1 871 598.11 

% 118.1% 101.3% 102.5% 107.3% 100.5% 101.2% 100.2% 105.9% 

difference 320 740.43 23 323.83 44 421.98 129 883.20 8 865.92 20 778.08 3 260.34 104 259.32 

15
0%

 *�!%kkk  2 168 264.32 1 796 493.57 1 822 866.26 1 929 692.78 1 778 421.18 1 793 311.38 1 771 414.21 1 897 662.94 

% 122.7% 101.6% 103.1% 109.2% 100.6% 101.5% 100.2% 107.4% 

difference 400 925.54 29 154.78 55 527.48 162 354.00 11 082.40 25 972.60 4 075.42 130 324.15 

 


