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Decision Making in Manufacturing and Services

Analysis of Six Sigma Tools Utilization  
in Phases of DMAIC Cycle

Bartosz Soliński*

Abstract. Six Sigma has been developed and successfully used in many organizations for many 
years. The use of Six Sigma in process-improvement requires the systematic and disciplined 
use of specific tools and techniques in the DMAIC cycle. The DMAIC cycle includes five 
phases: Define, Measure, Analyze, Improve, and Control; this is one of the most popular Six 
Sigma improvement cycles that are used in improving existing processes. When improving 
processes in accordance with the DMAIC cycle, it is important to have knowledge of the tools 
and techniques that are used and the ability to select them for the specifics of a project and 
the appropriate phases of the cycle. This article critically reviews the literature on the use 
of individual tools in the appropriate phases of the DMAIC cycle and uses a semi-structured 
interview method with specialists in the field of using Six Sigma. The obtained results of the 
analyses can contribute to the study of the validity of using individual tools and techniques for 
the effective use of Six Sigma and provide a useful comparative review for theoreticians and 
practitioners who want to use the appropriate tools in the DMAIC cycle. 
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1. 	 INTRODUCTION

The skills and knowledge that are related to creating high-quality products and ser-
vices are currently the main element of building a competitive advantage. In order to 
meet these requirements, companies are implementing various concepts and methods 
of improvement; among these, Six Sigma plays a significant role.
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Six Sigma is a comprehensive and flexible system for achieving, maintaining, and 
maximizing business success (Pande et al., 2000); it is guided by a close understand-
ing of customer needs, reliance on facts, the use of data and statistical analysis, and 
attention to the management and improvement of business processes. Six Sigma has 
its origins in the USA; it was created by Motorola in the 1980s. It was then signifi-
cantly developed by General Electric (GE) and other companies (including Allied 
Signal), which began to successfully use it in their business strategies. 

Six Sigma is considered to be one of the most important concepts that have been 
used in the quality-improvement process over the last two decades (Garza-Reyes, 
2015). It has been adopted as a major continuous improvement initiative by many 
world-class manufacturing and service companies (Sreedharan et al., 2018) in order 
to increase competitive advantage, process efficiency, and productivity or to improve 
customer service (Anthony & Karaminas, 2016). When properly implemented, Six 
Sigma brings a number of benefits to a company; these are not only financial in 
nature but can also include the following: increased customer satisfaction, culture 
change, product/service development, increased productivity and process efficiency, 
cost reduction, and many other benefits that result from using the full potential of 
a company’s infrastructure and human resources. The result is products and services 
that are made cheaper, better, and in a shorter amount of time.

Six Sigma is still being developed and successfully used in the largest organiza-
tions in the world. Alongside concepts such as lean management and the theory of 
constraints (ToC), it has become a global standard for process improvement.

In principle, Six Sigma has been defined in many ways – both in the literature on the 
subject and in the nomenclature that is used by the companies that adapt and use it in 
practice: a strategy, initiative, concept, program, method, technique, etc. It is a method 
for improving and striving for perfection with customers and making their requirements 
centrally embedded by creating the set of tools and techniques that are used in the struc-
tured DMAIC cycle (Define – Measure – Analyze – Improve – Control) (Soliński, 2019).

In order to achieve success, the use and implementation of Six Sigma requires the 
systematic and disciplined use of specific tools (Anthony et al., 2007). The significant 
impact of the tools and techniques that are used in Six Sigma was also pointed out 
by (Yang & El-Haik, 2003), who stated that “Six Sigma is a method that provides 
companies with tools to improve the efficiency of their business processes,” and (Har-
ry & Schroeder, 2000), who stated that “Six Sigma focuses on the aspect related 
to basing on facts (data) and using the appropriate set of tools in order to identify 
sources of errors and how to eliminate them.”

It seems that the key to the success of Six Sigma lies in the rigorous use of the 
appropriate tools in the DMAIC cycle. Six Sigma is a comprehensive set of tools and 
techniques; it is, therefore, important to have appropriate knowledge of most of the 
tools and techniques as well as the ability to apply them correctly in the appropriate 
phases of the DMAIC cycle. Despite the numerous theoretical contributions, there is 
still a lack of comparative studies and limited empirical validations.

The conducted research was based on the methods of critical review of the sub-
ject literature on the use of the individual tools and techniques in the appropriate 
phases of the DMAIC cycle and the method of semi-structured interviews with spe-
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cialists in the field of using Six Sigma. The obtained results of the analyses can be 
a contribution to the research on the validity of using individual tools for the effective 
use of Six Sigma and also constitute a useful comparative review for practitioners 
who want to use the appropriate tools and techniques in the DMAIC cycle.

2. DMAIC CYCLE IN SIX SIGMA

There is no single definition of Six Sigma; many authors have presented their own, very 
different, attempts to define it by looking at it from different perspectives. This is not 
surprising, because Six Sigma can take on various individualized forms in each organi-
zation, combining with the strategy and culture of a company or becoming one of many 
methods for solving problems. A relatively often-cited definition in the literature is the 
one that was proposed by Pande et al. (2000), which stated that “Six Sigma is a com-
prehensive and flexible system for achieving, maintaining and maximizing business 
success. It is guided by a close understanding of customer needs, based on facts, the use 
of data and statistical analysis, and paying attention to the management, improvement 
and discovery of business processes.” This definition shows the fundamental principles 
that have led to the release of the potential of Six Sigma in every organization.

The use of Six Sigma requires the use of a structured and logical cycle of activ-
ities. The main and dominant cycle that is used in Six Sigma is the DMAIC cycle, 
which is used to solve problems and improve processes, products, and services. It was 
proposed by Motorola and GE in the 1980s. One can see some similarity between this 
cycle and the most popular improvement cycle (PDCA), which was proposed by She-
whart and Deming. DMAIC consists of five phases and was built in such a way that 
it can be used for more-complex problems and improvement projects in which there is 
a large amount of data. Each phase was designed to ensure the consistency of the im-
plemented improvement projects with the business goals of the company and to focus 
on the factors that are key to customer satisfaction; it requires the involvement of one’s 
employees as well as the allocation of time and resources for continuous improvement. 
The DMAIC cycle is used to improve existing processes; in order to design new pro-
cesses and adapt them to customer requirements, the Design for Six Sigma approach 
is used, which distinguishes itself with IDOV and DMADV cycles, among others.

Table 1 presents a brief description of the individual Six Sigma DMAIC phases 
that have been proposed by the author.

Table 1. Characteristics of DMAIC cycle phases

Phase Characteristics and purpose of each phase
Define Identifying and clearly describing a problem, and defining the key customer 

requirements and goals to be achieved within a defined project scope.
Measure Identifying and measuring the key process characteristics in order to define 

the current situation (baseline).
Analyze Analyzing the data on the key process characteristics in order to identify any 

sources of variations as well as their root causes.
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Phase Characteristics and purpose of each phase

Improve Generating solutions that reduce variability and eliminate root causes, se-
lecting them, implementing them, and assessing their impacts on the process.

Control Standardizing the work methods, processes, and applied solutions, confirming 
and evaluating the achieved effects, and providing the mechanisms for moni-
toring and maintaining the effects over time.

3. TOOLS AND TECHNIQUES THAT ARE USED IN DMAIC CYCLE

An extremely important role in the success of Six Sigma projects is played by the use 
of the appropriate tools and techniques that have become key elements of Six Sigma’s 
success. It is the use of the appropriate tools and techniques in appropriate manners 
that affects the effectiveness and efficiency of Six Sigma projects, which contributes 
to solving existing problems and achieving measurable business effects.

The size and complexity of the tools that are used can also become a problem, as 
was indicated by Firka (2010); he stated that the teaching and training that require 
a lot of time often go beyond the actual requirements for the use of the appropriate 
tools that are related to the specificity of the Six Sigma project. It is therefore im-
portant to focus on the most important Six Sigma tools.

The variety of tools often causes anxiety among team members and their leaders 
– especially if these are among the first initiatives of this type that are undertaken 
in companies. It seems that it would be useful to determine which tools are more 
frequently used by other practitioners or other companies with similar specifics. It 
can be risked to say that the most frequently used tools can be considered to be the 
most practical tools that can be easily understood and applied in Six Sigma projects.

Six Sigma Black and Green Belt training includes Six Sigma toolkits, which include 
the most commonly used tools and are often associated with the body of knowledge 
of global organizations such as ASQ (American Society for Quality). The participants 
of any training should be familiarized with these tools. Both theoreticians and prac-
titioners should be interested in determining which tools are used in the appropriate 
phases of the DMAIC cycle. Hahn et al. (2000) also pointed out that, very often, the 
skills that are acquired during training in advanced tools (such as DOE, SPC, regres-
sion analysis, and variance analysis) are only temporary and that employees very often 
forget about them and do not use them in their Six Sigma projects.

By analyzing the literature on the subject regarding the most frequently and 
least frequently used tools, several authors have distinguished the following sets of 
tools that are used in Six Sigma:
‒	 Antony and Banuelas (2002):

•	 Most frequently used tools: cause-effect analysis, Pareto analysis, control 
charts, and run charts.

•	 Least frequently used tools: DOE, QFD, FMEA, 5S, Poka-Yoke, and SPC. 

Table 1 cont. 
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‒	 Curry and Kadasah (2002):
•	 Most frequently used tools: checklists, process maps and brainstorming, 

sampling, and control charts. 
‒	 Bayazit (2003):

•	 Most frequently used tools: Pareto analysis, SPC, cause-effect diagrams, and 
process maps.

‒	 Antony et al. (2005):
•	 Most frequently used tools: process maps, histogram, cause-effect analysis, run 

chart, SPC control charts, FMEA, process capability analysis, and Poka-Yoke. 
•	 Least frequently used tools: nonparametric tests (e.g., Mann–Whitney Test), 

affinity diagram, project charter, SIPOC, quality cost analysis, run charts, 
measurement system analysis (MSA), and QFD. 

‒	 Antony and Desai (2009):
•	 The most commonly used (statistical) tools are histogram, control charts, 

and process capability analysis (SPC). The most commonly used problem-
solving tools are brainstorming, cause-effect analysis, Pareto analysis, process 
mapping, and project charter. 

•	 The least frequently used tools (statistical) are nonparametric tests (Mann–
Whitney test), Taguchi, and DOE methods. The least frequently used tools 
for solving problems are affinity diagrams, force-field analysis, and matrix 
analysis.

‒	 Cauchick-Miguel et al. (2012): 
•	 The ten most commonly used tools by companies are data-collection sheet, 

histogram, Pareto analysis, brainstorming, control charts, process capability 
analysis (SPC), process map, and measurement system analysis.

•	 The ten least commonly used tools are OCAP, PDPC, EVOP, operational 
testing, PERT/CPM, market testing, stakeholder analysis, FTA, and 
accelerated life-testing.

It should be noted that the studies that were presented above were conducted 
in different industries and countries, so the specifics of a given project may slightly 
distort the overall picture of the tools that are used. Another aspect that was ar-
gued by Linderman et al. (2006) was that, when project goals are very ambitious 
and difficult to achieve, increasing the use of more-advanced Six Sigma tools resulted 
in higher project performance. On the other hand, Antony et al. (2005) stated that 
easier-to-use tools are used more often and, therefore, attract more users as compared 
to more-sophisticated and -complex statistical tools. Hahn et al. (2000) stated that 
more-advanced tools become more important as organizations move to more-complex 
problems. From these statements, it can be concluded that the more-complex tools 
are, unfortunately, less frequently used in organizations, which may result in signifi-
cantly smaller benefits for companies than they could be.

Given these findings, the need to know the tools and techniques that can be used 
in Six Sigma seems to be crucial for achieving better results in Six Sigma projects.
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In order to systematize this knowledge, matrices have been published that show 
the individual tools in the DMAIC cycle. These tools are most often assigned to one 
or more phases of the DMAIC cycle.

One of the attempts to systematize this issue is the matrix that was presented by 
Hagemeyer et al. (2006), which showed the use of 34 tools in the individual phases 
of the DMAIC cycle. Similar matrices were also proposed by Cauchick-Miguel et al. 
(2012), in which 58 tools were shown in the individual phases. An important element 
of the guidelines for the use of the appropriate tools that are used with interest by Six 
Sigma project leaders are the lists that have been presented by large organizations 
that deal with quality, such as the previously mentioned ASQ or the popular guides 
from The Six Sigma Memory Jogger (Table 2).

Table 2. DMAIC phase tools matrix

Tool D M A I C

Affinity diagram ×

Brainstorming × ×
Capacity indices × × ×

Cause-and-effect analysis ×

Charter (project charter) ×

Commitment scale ×

Communication plan × ×

Control chart × × × ×
CTQ tree ×

Data-collection techniques × ×
Data types ×

Designs of experiments ×

Flow chart (process map) × × × ×
FMEA × ×
Focused-problem statement ×

Gantt chart × ×

Histogram × × ×
Hypothesis testing ×

Interrelationship graph ×

Involvement matrix ×

Kano model ×

MSA ×

Operational definitions ×
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Tool D M A I C

Pareto diagram × × ×

PDCA × ×
Prioritization matrix ×

Process-management chart ×

Six Sigma Level × ×

Scatter diagram ×

SIPOC ×

Six Sigma Storyboard ×

Taguchi loss function ×

Tollgate review × × × × ×
Tree diagram ×

Y = f(x) formula × × ×
Source: own study based on (Brassard et al., 2017)

4. OWN RESEARCH AND DISCUSSION OF RESULTS

The research was conducted on a purposefully selected group of experts by taking 
their knowledge and experience in the field of Six Sigma into account. The experts 
that took part in the research were people from the automotive and household appli-
ances industries who had certified training in the field of Six Sigma Black Belt and 
had completed at least three improvement projects using the DMAIC cycle in the 
previous three years.

In order to show the use of the individual tools in the DMAIC cycle, a semi-struc-
tured interview was conducted with Six Sigma Black Belt experts on the subject 
of their implemented Six Sigma projects and the tools that they used in them. For 
this purpose, a set of questions and a survey questionnaire with answers were pre-
pared in order to collect the research material. Based on a literature research and 
the author’s experience, 115 specific tools and techniques were identified that could 
be used during the implementation of a Six Sigma project. The interview technique 
also allowed for the easy addition of a given tool if it was reported by any experts 
during the interviews. The interviews were conducted; then, the interview results 
were developed using the completed questionnaire, thus making a critical analysis of 
the experts’ statements. This allowed for obtaining a set of tools that have been used 
in Six Sigma projects in the automotive and household appliances industries in the 
Polish economic reality (which are presented in Table 3).

In the analysis of the tools and techniques that were used, their names were stan-
dardized, and some tools were gathered into groups:
‒	 graphical analysis – includes all kinds of presentation charts (pie, scatter, bar, etc.);

 Table 2 cont.
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‒	 descriptive statistics – include location measures (mean, mode, and median), 
dispersion measures (range, standard deviation, and variance) and shape measures 
(kurtosis and skewness); 

‒	 normality of distribution test – includes matching statistical distribution to 
empirical data, its analysis using nonparametric statistical tests (Shapiro-Wilk, 
Chi2 and Anderson-Darling);

‒	 control charts – contains cards for continuous features (X-R, X-S, and Xi–MR) 
and attributive features (p, np, c, and u).

Table 3. Tools and techniques that have been used in DMAIC phases  
in automotive and household appliances industries

D M A I C

Project charter
Risk matrix 
Stakeholder 
analysis 
Pareto
CTQ tree
Process map
SIPOC

Data-collection 
plan
Data collection 
sheet
Graphical 
analysis 
Descriptive 
statistics
Six Sigma Level
Measurement 
system analysis 
(MSA)

Brainstorming
Ishikawa diagram
5 Whys
Pareto
Descriptive 
statistics
Histogram
Test of 
distribution 
normality 
Statistical 
hypothesis 
testing
Correlation 
and regression 
analysis
Process 
capability 
analysis
Graphical 
analysis
FMEA

Brainstorming
Benchmarking
Ranking method
Process map
Action plan
Poka-Yoke

Standardized 
operating 
procedure
One-point lesson
Out-of-control-
action plan
Descriptive 
statistics
Six Sigma level
Histogram
Test of 
distribution 
normality 
Statistical 
hypothesis testing
Graphical analysis
Process capability 
analysis
SPC control 
charts

Based on the research, 31 tools and techniques that were used during the im-
plementations of Six Sigma projects were identified. As already mentioned, some 
of the tools were aggregated into homogeneous groups. Taking each individual tool 
that was indicated in the study into account, the number of tools increased to 38. 
According to the experts, using the right tools and techniques in appropriate ways 
affects the effectiveness and efficiency of Six Sigma projects. Their effective use 
significantly contributes to solving existing problems and achieving measurable 
business effects. As can be seen in the list, selected tools and techniques can be used 
in several phases depending on a team’s needs. The experts also drew attention to 
this aspect during their interviews. The research also indicated that the use of the 
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appropriate tools and techniques depended on the specificity of a project and the 
specificity of an industry.

Then, the research results regarding the tools that were used in the DMAIC 
cycle (Table 3) were compared with the most frequently used tools lists that had 
been presented in various scientific publications (which were described earlier in the 
publication). From this group of the most frequently used tools in Six Sigma, all were 
among the tools that were given by the experts in the study that was conducted by 
the author.

The obtained results were also compared with the set of tools that were present-
ed in one of the most popular Six Sigma books – The Six Sigma Memory Jogger II 
(Table 2). The tools and techniques that were indicated in the research constituted 
about 70% of all of the Six Sigma tools that were indicated there.

In the conducted study, the experts came from the automotive and household 
appliances industries. Expanding the sample with additional experts from other in-
dustries as well as using a random sample may contribute to increasing the represen-
tativeness of the results.

Taking this into account, it was possible to recommend additional tools for Six 
Sigma practitioners that were additionally based on the literature research and the 
author’s own research (who is a certified Lean Six Sigma Master Black Belt). In the 
author’s opinion, these would help in the effective and efficient implementation of Six 
Sigma projects. The set of tools that were presented in Table 3 (own research) should 
be supplemented with the following:

1.	Project-management tools:
‒	 communication plan used to develop communication strategy with project 

stakeholders (Define phase);
‒	 Gantt chart – used to develop and manage project schedule (Define phase);
‒	 gate review – so-called review of Six Sigma project phases, performed after 

each DMAIC phase (all phases);
‒	 Impact-Effort Matrix – a decision-making tool for prioritizing and selecting 

the most appropriate solutions.
2.	Statistical tools:

‒	 box plot – used to show distribution of studied feature (Measure, Analyze, and 
Control phases);

‒	 ANOVA and MANOVA – analysis of variance used to assess influences of 
studied factors (Analyze and Control phases).

3.	Modeling tools:
‒	 DOE – design of experiments (Analyze and Improve phases).

4.	Project-closure tool:
‒	 Six Sigma Storyboard – presents key analyses, decisions, and results that are 

obtained during DMAIC improvement cycle in simple graphical form (Control 
phase).

The final results (with supplemented tools and techniques in the Polish economic 
reality) are presented in Table 4. 
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Table 4. Tools and techniques used in DMAIC phases

D M A I C

Project charter
Risk matrix 
Stakeholder 
analysis 
Communication 
plan
Gantt chart
Pareto
CTQ tree
Process map
SIPOC

Data-collection 
plan
Data collection 
sheet
Graphical 
analysis 
Descriptive 
statistics
Six Sigma level
Measurement 
system 
analysis 
(MSA) 

Brainstorming
Ishikawa diagram
5 Whys
Pareto
Descriptive 
statistics
Histogram
Box plot
Test of 
distribution 
normality 
Statistical 
hypothesis testing 
Correlation and 
regression analysis
ANOVA and 
MANOVA
Process-capability 
analysis
Graphical analysis 
FMEA

Brainstorming
Benchmarking
Ranking 
method
Impact-Effort 
matrix
Process map
Action plan
Poka-Yoke
DOE

Standardized 
operating procedure
One-point lesson
Out-of-control-
action plan 
Descriptive 
statistics
Six Sigma level
Histogram
Test of distribution 
normality 
Statistical 
hypothesis testing 
ANOVA and 
MANOVA
Graphical analysis 
Process capability 
analysis
SPC control charts
Storyboard

5. CONCLUSIONS

Six Sigma is a comprehensive set of tools and techniques that can be used during 
the implementations of improvement projects. These are used in the appropriate 
DMAIC phases, which play extremely important roles in running Six Sigma projects 
and become key elements of its success. From this point of view, it is important for 
a team that implements a Six Sigma project to focus on the most important tools 
and techniques in order to effectively and efficiently implement it.

The conducted research allowed us to obtain a set of tools that have been used 
in Six Sigma projects in the automotive and household appliances industries in the 
Polish economic reality. It should be noted that the use of the appropriate tools and 
techniques depends on the specifics of a project and the specifics of an industry; 
therefore, factors such as industry type, organizational differences, project complexi-
ty, and the level of one’s Six Sigma maturity may influence the selections of the tools 
and should be carefully considered. In this study, the tools and techniques were as-
signed to the individual phases of the DMAIC cycle. Based on the research, 31 tools 
and techniques were identified that were used in the individual phases of DMAIC. 
Additionally, the author suggested nine additional tools and techniques for use, which 
allowed for the identification of a total of 40 tools. The review of the literature on the 
subject allowed for the conclusion that the tools and techniques that were indicated 
in the study included a set of the most frequently used tools that had been presented 
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in various scientific publications and overlapped by 70% with the tools that had been 
indicated in the popular Six Sigma tools books. From this point of view, it is import-
ant for a team that implements a Six Sigma project to focus on the most important 
tools and techniques in order to effectively and efficiently implement it.

Based on the presented research results, Six Sigma project leaders (Green and 
Black Belts) and their teams can refer to the information that was provided in Ta-
ble 4 and apply the listed tools in the corresponding phases of the DMAIC cycle 
(bearing in mind that the industry in which they operate may determine the use of 
additional specialized tools). 
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Abstract. This paper addresses a vehicle scheduling problem in the public transport system 
of Krakow, Poland. The primary objective is to develop and evaluate a mathematical model 
for assigning bus schedules to depots in a way that minimizes non-revenue (deadhead) 
kilometers. The proposed model, referred to as the  Deadhead Minimization Problem in 
Multi-Depot Public Transport System (DMPMDPTS), seeks to reduce the total distance 
that is traveled by vehicles from their home depots to the starting points of their first 
scheduled routes and from the final terminals back to their depots. The model assumes 
fixed-route structures and known deadhead distances between terminals. Real-world data 
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1.	 INTRODUCTION

The primary goal of any enterprise is to maximize its profit through efficient opera-
tions. A prevailing trend in modern management is minimizing costs – particularly 
those that are associated with resource consumption. Lean Management principles 
advocate for companies to focus on what the customer truly values and to eliminate 
any components that do not add value to their product or service; any such non-val-
ue-adding elements represent a loss for the company. Modern Lean Management sys-
tems should be closely integrated with rational resource-management practices. It is 
essential for companies to assess whether changes in one area will lead to unintended 
consequences in others. Mathematical models and algorithms serve as valuable tools 
in this regard, allowing businesses to simulate changes and their potential impacts 
across different spheres (e.g., Agnetis et al., 2019; Gdowska et al., 2018; Korcyl et al., 
2016; Książek et al., 2021; Villarreal et al., 2016). These tools’ versatility allows for 
the calculations of possible costs or gains that would result from any proposed chang-
es, making them essential in optimizing various aspects of operations. Moreover, 
mathematical models can be effectively applied in the designs of new systems or areas 
of operation (Csalódi et al., 2021).

In the context of a communications company (such as one that provides public 
transportation services), the price structure of the service – including fuel costs, ve-
hicle depreciations, and employee salaries – becomes a key factor (Szczyrbak, 2016). 
A unit of measurement called “vehicle kilometers traveled” (VKT) is used to assess 
transportation efficiency and optimize operations. Companies typically develop oper-
ational plans based on policies that are aligned with contracts from public transport 
organizers. These plans detail the required numbers of vehicles and employees as well 
as their work schedules (Szczyrbak & Gdowska, 2017).

The research that is presented in this paper focuses on the scheduling of the bus 
brigades that serve daytime lines within the Krakow Municipal Transport (KKM) 
system; specifically, the study narrows its scope to the brigades of a single carrier that 
operates within the city’s central transportation area. The objective of this research 
was to develop the Deadhead Minimization Problem in Multi-Depot Public Transport 
System (DMPMDPTS) and employ mixed-integer linear programming to solve it. 

This paper is structured as follows. In Section 2, the research gap of insufficient 
research on deadhead kilometer minimization using exact methods is identified based 
on a systematic literature review. In Section 3, the Deadhead Minimization Problem 
in Multi-Depot Public Transport System (DMPMDPTS) is introduced together with 
the dedicated MILP model; then, the results are presented for three cases. The main 
conclusions are presented in Section 4.

2.	 PAPER POSITIONING

Planning in public transportation encompasses several broad areas – each involv-
ing decisions regarding the designs and operations of specific service components 
(Gdowska, 2018). From the passenger’s perspective, the system should meet their 
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needs by providing affordable and efficient public transportation. Additional criteria 
may include comfort, route selection, and the frequency and number of transfers that 
are required to reach their destination (e.g., work, school). From the transportation 
company’s point of view, the system must also generate as much profit as possible. 
The primary challenge in its planning lies in finding a balance that satisfies both the 
passengers’ and the company’s needs. The complexity of transportation planning ne-
cessitates decisions at strategic, tactical, and operational levels. The communication 
system that is described in this paper distinguishes between the planning responsi-
bilities of the organizer and the carrier (Borndörfer et al., 2017). The organizer is the 
entity that is responsible for managing the public transportation, while the carrier 
is the operator that is contracted to execute specific routes as per agreements with 
the organizer.

The relationship between objective service–performance indicators and passen-
ger satisfaction in public transport is multifaceted. While measurable aspects such 
as punctuality, frequency, and travel time are important, they do not always align 
directly with perceived quality. Achieving high levels of user satisfaction requires 
a balanced approach that considers both operational efficiency and the subjective 
expectations of travelers (Friman & Fellesson, 2009). Mathematical optimization 
models for train timetabling can significantly reduce passenger waiting times at 
public transit terminals. By optimizing arrival and departure schedules, these mod-
els contribute to more-efficient service operations and improved passenger expe-
rience through better synchronization and reduced transfer delays (Hassannayebi 
et al., 2017).

The organizer’s role encompasses strategic and tactical decision-making in public 
transport. Their responsibilities include determining how the network will operate 
and contracting carriers to run the selected routes. The key planning areas for the 
organizer include route and service planning, service-frequency planning, and time-
table planning. Route and service planning involves creating a sequence of stops that 
a particular line will serve as well as determining the required type of fleet for each 
route. Service-frequency planning refers to deciding how many trips will be made 
on a given route at various times of the day (with the flexibility to adjust based on 
demand). Timetable planning involves scheduling the actual times of the departures 
and arrivals for each route, thus ensuring efficient service and meeting passenger 
needs. Intelligent bus routing relies on analyses of heterogeneous human mobility pat-
terns to enhance route planning and service delivery. Integrating diverse data sources 
such as travel demands, temporal flow variations, and location-based behaviors en-
ables more-adaptive and -efficient transit systems that better respond to passenger 
needs and urban dynamics (Iliopoulou & Kepaptsoglou, 2019).

Frequency planning (which is a critical part of service scheduling) is determined 
by the demand for the trips on a route at various times of the day. The operator has 
the flexibility to adjust the number of trips based on time-of-day demand. Once the 
frequency is set, the organizer can use this data to make further strategic decisions, 
such as adjusting the overall route structure or adding additional services. A time-de-
pendent passenger demand-driven timetable synchronization and optimization model 
can effectively minimize total travel time in urban subway networks. By adjusting 
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scheduling parameters in response to dynamic passenger flows (such as those that 
can be observed in large systems like the Beijing subway), such models enhance oper-
ational efficiency and improve the overall passenger experience (Shang et al., 2018).

3.	 DEADHEAD MINIMIZATION PROBLEM  
IN MULTI-DEPOT PUBLIC TRANSPORT SYSTEM

Within the Krakow agglomeration, public transport services (i.e., the Krakow Mu-
nicipal Transport) encompass both day and night bus lines. These services are 
operated by two main carriers: Miejskie Przedsiębiorstwo Komunikacyjne S.A. 
(MPK Kraków), and Mobilis sp. z o.o. Given the operational complexities and the 
potential for a single vehicle to serve both day and night routes, this study focuses 
exclusively on the day brigades that are managed by MPK Kraków. By “brigade,” 
we understand a set of courses that a vehicle must navigate during one day; this 
set can includes several lines of a network, which is usually divided into two shifts. 
MPK Kraków deploys its bus fleet from three primary depots: Bieńczyce (PB), 
Płaszów (PP), and Wola Duchacka (PW). Each depot houses a specific assortment 
of bus models that reflect strategic allocations based on their operational require-
ments. For instance, the Bieńczyce depot primarily accommodates buses that are 
equipped with MAN and DAF engines, the Płaszów depot has historically housed 
Scania buses, and the Wola Duchacka depot includes vehicles that feature Mercedes-
Benz engines (including gas-powered and electric buses). An estimated distribution 
of buses by type across these depots is presented in Table 1; this provides a foun-
dational understanding of the resources allocated for day brigade operations within 
the MPK Kraków system.

Table 1. MPK Kraków fleet (number of buses)

  PB PP PW

Mini 18 0 29

Midi 0 0 13

Electric 0 0 6

Maxi 103 99 80

Mega 42 46 95

The primary criterion for the classification of the fleet is the lengths of the buses. 
Additionally, a distinct group of electric buses has been identified. The majority of 
the fleet consists of Maxi-class vehicles, which are characterized by a length of ap-
proximately 12 meters. Table 1 presents the distributions of the different bus types 
across all of the studied depots; of particular note is the deployment of the Mega-class 
buses – more than half of these are allocated to the Wola Duchacka depot. The data 
also indicates that the Płaszów depot operates only two classes of vehicles; this 
limited diversity may suggest an intentional specialization strategy that is aimed 
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at operational efficiency and simplified maintenance. Tables 2 and 3 detail the allo-
cations of the bus brigades to each depot as categorized by vehicle class and their 
utilization. An analysis of the data showed that the carrier did not fully utilize all of 
its resources, as at least one vehicle of each type remained unassigned at each depot. 
This approach likely served as a buffer against unexpected events such as mechanical 
failures or other disruptions (Szczyrbak, 2018).

Table 2. Number of brigades of each type at given depot

  PB PP PW

Mini 14 0 17

Midi 0 0 12

Electric 0 0 4

Maxi 89 76 52

Mega 31 35 77

Table 3. Use of bus fleet

Baseline [%]

  PB PP PW

Mini 78 n/d 59

Midi n/d n/d 92

Electric n/d n/d 67

Standard 86 77 65

Mega 74 76 81

The distributions of the brigades by vehicle class varied among the studied de-
pots. The Bieńczyce depot handled just over 40% of the Maxi-class brigades, whereas 
Wola Duchacka managed the smallest number of brigades of this type. In contrast, 
the majority of the Mega-class brigades were concentrated at the Wola Duchacka 
depot. Overall, this depot was responsible for the highest number of brigades, while 
the Płaszów depot accounted for just over one-quarter of the total brigade assign-
ments. Maxi-class vehicles were used to operate the majority of the brigades across 
the network – particularly those that served high-demand agglomeration routes. 
At the Bieńczyce and Płaszów depots, most of the brigades were assigned to Maxi-
class buses. In both cases, the ratio of the Maxi-class brigades to those that were 
operated by the other bus types was approximately two-to-one. In contrast, the Wola 
Duchacka depot utilized a more diverse vehicle portfolio, with the brigades being 
distributed across five bus classes; nearly half of these were Mega-class brigades, 
while Maxi-class vehicles were allocated to roughly one-third of the total. To sup-
port the analytical component of this study, it was necessary to develop a distance 
matrix; the values that were used for this were generated using the Google Maps tool. 
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Two matrices were created for the purposes of analysis: one representing the distanc-
es between each depot and the respective starting stop, and another indicating the 
distances from the final stop back to the home depot (Szczyrbak, 2018).

3.1. Mixed-integer model for the DMPMDPTS

The brigade-allocation problem describes the brigade to the specific type of vehicle 
that is located at one of the depots. In the DMPMDPTS, the optimization criteri-
on is to minimize the sum of the kilometers that the vehicles must travel to reach 
the post-arrival stop and to return after the end of the work. The problem assumes 
that inter-arrival trips are fixed in the schedule. For the DMPMDPTS, a MIP pro-
gram (1)–(5) was developed. The notation that is used in the DMPMDPTS is pre-
sented in Table 4.

Table 4. Notation

Sets

Z – depots 

T – types of vehicles

B – brigades

Bk – brigades that are served by vehicles of type k; k ∈ T, Bk ⊂ B

Parameters

akp – �number of brigades of type k assignable to depot p

djp – �total deadhead distance in kilometers for brigade j from depot p (comprised of trip 
from depot to first service stop and return from final stop to depot)

Decision variables

xjpk – �binary variable xjpk = 1 if brigade j is operated by vehicle of type k from depot p; 
otherwise xjpk = 0

The use of the binary variable assignment in the model was associated with the 
assignment of only one vehicle to a brigade. Compared to the model with an integer 
variable, the number of variables was much larger.

	
min z d x

j Bk T p Z
jp jpk�

� � �
��� 	 (1)
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(3)

	 xjpk ∈ {0, 1},  j ∈ B, p ∈ Z, k ∈ T  	 (4)
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The optimization criterion in the objective function (1) aimed to minimize the 
total distance that was traveled by the brigades. Formulated as an inequality, Con-
straint (2) ensured that the number of brigades of a given type from a single depot 
did not exceed the limit that was specified by parameter akp. Constraint (3) ensured 
that each brigade was assigned exactly one vehicle of a specified type regardless 
of the depot to which it was assigned. By splitting the set of brigades by vehicle 
type, the constraints were simplified, thus reducing the need for separate constraints 
for each decision variable that specified the vehicle type. While this approach was 
manageable for the small size of the task, it may not scale well in larger instances. 
Constraint (4) enforced the binary nature of the decision variable. 

To exclude a depot from operation, Constraint (5) could be introduced into the 
model; in the case that was considered in this study, the Płaszów depot (PP) was 
excluded from use.

	 xjpk = 0,  j ∈ B, k ∈ T, p ∈ Z, p ∈ {PP}  	 (5)

3.2. Computational experiments

The DMPMDPTS model was implemented in AMPL and solved using the GLPK 
Integer Optimizer, (Version 4.43). The computational experiments were conducted 
on a Lenovo G50 laptop that was equipped with an Intel Core i7 2.4 GHz processor 
and 8 GB of RAM. The model was used to analyze three distinct cases. Parameter akp 
is presented in Table 2, while parameter djp was provided by MPK Kraków and is 
included in the documentation of the research to which this paper refers (Szczyrbak, 
2018). Across all of the cases, the value of parameter djp remained constant, whereas 
parameter akp varied depending on the scenario. This variability enabled the flexible 
assignments of all of the brigades of a given type to a single depot.

In Case 1, the allocations of the brigades were based on actual operational data 
that was obtained from MPK Kraków; parameter akp reflected these input values 
directly. The model results were compared against the real-world vehicle allocation. 
The number of decision variables in this scenario was 6105, with a memory usage 
of 4.7 MB. The model identified an optimal solution, and any key statistics that 
were related to the problem size and computational time were recorded. In Case 2, 
a new vehicle-to-brigade assignment was generated. Unlike the first scenario, the 
model allowed each depot to accept the maximum number of vehicles of each type. 
Although the assignment logic differed, the number of decision variables remained 
at 6105, while the memory usage increased to 6.2 MB. An optimal solution was 
again obtained. Case 3 followed the structure of Case 2 but introduced an additional 
constraint: the closure of one depot. This led to the reallocations of vehicles to those 
brigades that were under the new operational limitation. As in the previous scenari-
os, the number of decision variables remained unchanged (6105), while memory usage 
rose slightly (to 6.5 MB). The model successfully produced an optimal solution under 
this additional constraint.

Across all three cases, the DMPMDPTS model consistently identified optimal 
solutions. Based on the actual baseline data, the total distance that was traveled by 
the buses between their depots and their assigned routes – calculated as both de-
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partures from and returns to the depots – amounted to 6727 kilometers. In Case 1, 
this value was reduced to 6406.4 kilometers (representing a 4.76% decrease). This 
improvement was achieved under the constraint that no depot could accommodate 
more brigades than in the original allocation. In Case 2 (where the brigade-to-depot 
assignments were redesigned from scratch), the total distance dropped further – to 
5820.9 kilometers (marking a 13.46% reduction as compared to the baseline). These 
favorable results motivated the development of Case 3, which explored the case of 
closing the Płaszów depot; however, this configuration led to a rise in the total dis-
tance to 5968 kilometers, which indicated that a depot’s liquidation could negatively 
affect operational efficiency. A detailed comparison of the brigade assignments across 
the three variants is presented in Table 5.

Table 5. Number of brigades assigned to depots after optimization

 

Baseline Case l Case 2 Case 3

PB PP PW PB PP PW PB PP PW PB PP PW

Mini 14 0 17 14 0 17 17 1 13 17 0 14

Midi 0 0 12 0 0 12 0 0 12 0 0 12

Electric 0 0 4 0 0 4 4 0 0 4 0 0

Maxi 89 76 52 89 76 52 67 26 124 75 0 142

Mega 31 35 77 31 35 77 56 1 86 56 0 87

Sum of brigades 134 111 162 134 111 162 144 28 235 152 0 255

The optimizations in Cases 2 and 3 led to significant changes in the allocations 
of the brigades across the three depots. In Case 2, the Płaszów depot was reduced 
to serving only 28 brigades, while Wola Duchacka depot took on 73 additional bri-
gades as compared to the baseline. A notable shift in vehicle allocation occurred, 
with the Maxi vehicles serving substantial portions of the brigades. Furthermore, 
the Bieńczyce depot assumed responsibility for the operations of brigades with elec-
tric vehicles and saw an increase in the number of Mega-type vehicles. In Case 3 
(with the closure of the Płaszów depot), the brigades that were previously assigned 
to Płaszów were redistributed to the other two depots. The Wola Duchacka depot 
then served 20 more brigades, while the Bieńczyce depot took on the remaining 8 bri-
gades. Consequently, the Wola Duchacka depot was responsible for almost 60% of all 
of the brigades, while Płaszów depot handled only 7% of them. The changes in the 
depot allocations also influenced the distributions of the vehicles by class. In Case 2, 
a significant shift occurred in the Mini-class vehicles, with the Bieńczyce depot han-
dling more than half of these brigades; this marked a noticeable deviation from the 
original data. The Maxi-class brigades were predominantly assigned to the Wola 
Duchacka depot (which experienced a considerable increase in its share), while the 
Płaszów depot saw a dramatic reduction in its role (now servicing only one brigade – 
a mere 1% of the total). The Mega-class brigades were distributed between the Wola 
Duchacka and Bieńczyce depots, with the Płaszów depot servicing only one brigade. 
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The brigade structure in the Bieńczyce depot became nearly balanced, with 46% 
of the brigades being served by Maxi vehicles and 39% by Mega vehicles. Notably, 
Case 2 also saw the electric bus brigades being allocated to the Bieńczyce depot – 
further contributing to the shift in depot responsibilities. The reduction in the role of 
the Płaszów depot was clearly illustrated by the graphical representation of the bri-
gade share structures. As Case 2 progressed, a more balanced distribution emerged, 
with the Bieńczyce and Wola Duchacka depots increasingly absorbing the workload 
that was previously managed by Płaszów.

Table 6. Summary of planned numbers of vehicles

 

Baseline Case l Case 2 Case 3

PB PP PW PB PP PW PB PP PW PB PP PW

Mini 18 0 29 18 0 29 22 2 23 22 0 25

Midi 0 0 13 0 0 13 0 0 13 0 0 13

Electric 0 0 6 0 0 6 6 0 0 6 0 0

Maxi 103 99 80 103 99 80 78 34 170 90 0 192

Mega 42 46 95 42 46 95 75 2 106 75 0 108

Total 163 145 223 163 145 223 181 38 312 193 0 338

In each of the developed variants that were analyzed, a lower total mileage was 
achieved as compared to the baseline case. In Case 1, the solution did not differ from 
the current state in terms of the number of vehicles that were used (see Table 6); the 
difference lay in the daily mileage (which was reduced by 320.6 kilometers). Assum-
ing a cost of 6.6 PLN per truck kilometer, this translated into a daily savings of near-
ly 2000 PLN for the company. Case 2 introduced changes in the vehicle distribution; 
the newly developed allocation required the relocations of vehicles among the depots, 
which may have necessitated the expansions of one or more of the depots’ facilities. 
The resulting savings amount to approximately 5500 kilometers per day. Additional-
ly, Case 2 provided insights into the utilization levels of the individual depots, indi-
cating that the Wola Duchacka depot experienced the highest load, with the lowest 
load being recorded at the Płaszów depot (whose closure was proposed in Case 3).

4.	 CONCLUSIONS

This study addresses the optimization of bus brigade utilization within public trans-
portation by focusing on minimizing non-revenue-generating trips (commonly re-
ferred to as “deadhead kilometers”). A mathematical model was developed to achieve 
this objective; its effectiveness was evaluated using real-world data from the Krakow 
public transport system. The model demonstrated the capability of finding optimal 
solutions swiftly – even for complex cases – and it consistently outperformed the ex-
isting operational data in terms of reducing the total number of deadhead kilometers.



26 R. Szczyrbak

The findings aligned with previous research in the field. For instance, Mahadikar 
et al. (2015) developed a mixed-integer programming model to minimize dead kilom-
eters in Bangalore’s public transport by considering depot capacities and operational 
constraints. Similarly, Nasibov et al. (2013) applied various mathematical models to 
Izmir’s bus system, achieving up to a 31.4% reduction in dead mileage under certain 
cases. These studies underscored the practical benefits of mathematical optimization 
in public transport operations

In the current study, case variants of the Deadhead Minimization Problem in 
Multi-Depot Public Transport System (DMPMDPTS) were tested. The key findings 
were as follows: (1) achieving a reduction in deadhead kilometers without altering 
the existing distribution of rolling stock among depots (Case 1); and (2) the addi-
tional minimization of deadhead kilometers by allowing the reassignments of vehicles 
between depots (Case 2). This indicated that strategic redistributions can lead to 
significant efficiency gains. These results demonstrated the DMPMDPTS’s potential 
as a decision-support tool for those public transport authorities that are aiming to 
enhance their operational efficiency and reduce their unnecessary mileage.
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Abstract. Electromobility is increasingly recognized as a  cornerstone of sustainable urban 
transport strategies. This paper presents an analysis of selected economic, environmental, and 
infrastructural implications of transitioning from internal combustion engine vehicles to electric 
vehicles (EVs) in urban settings. Through a  cost-benefit analysis, the study compares the 
purchase and operating costs of EVs and conventional cars across mini, compact, and premium 
market segments, accounting for factors such as energy consumption, fuel  and  electricity 
prices, annual mileage, and carbon emissions. The development and expansion of charging 
infrastructure, along with the integration of smart grid solutions and energy storage 
capabilities, are examined in the context of meeting the growing demand from a rising fleet 
of EVs. Additionally, the paper analyzes changes in urban mobility behaviors, highlighting 
the shift toward shared mobility and ecomobility, and discusses how these trends can reshape 
urban transportation to improve quality of life and reduce environmental impacts. Drawing on 
current trends, national electromobility development plans in Poland, and international best 
practices, the study identifies challenges and enablers for policymakers and decision-makers 
in the transportation and energy sectors, highlighting the need for coordinated planning and 
policy support to ensure the long-term viability and sustainability of electromobility in urban 
environments.
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1.	 INTRODUCTION

Transport is a crucial pillar of economic competitiveness, social development, and 
global integration. It not only delivers high mobility, efficiency, comfort, and safety 
but also provides robust logistical support across supply, production, and distri-
bution networks. However, transport systems generate significant external costs 
– including traffic accidents, congestion, fossil fuel dependence, air and noise pollu-
tion, extensive land consumption, and contributions to climate change – that have 
attracted growing scrutiny from researchers and policymakers in today’s globalized 
landscape.

Since the 1990s, the surge in private car usage across European cities has in-
troduced complex challenges that cut across environmental, climate, energy, and 
spatial planning policies. Urban mobility and infrastructure have thus emerged as 
central issues in the development of sustainable transport strategies, as the effects 
of motorization reverberate economically, socially, and ecologically. At the  same 
time, the automotive industry has come under increasingly strict regulations, es-
pecially concerning safety and environmental impact. Consequently, addressing ur-
ban congestion and pollution requires innovative mobility concepts that are firmly 
aligned with the Sustainable Development Goals. Recent shifts in the vehicle mar-
ket – fueled by the rising popularity of electric vehicles (EVs), evolving legislative 
frameworks, and targeted environmental initiatives – are accelerating the transition 
toward electromobility. This transformation is poised to reshape urban develop-
ment and the energy sector by necessitating new infrastructure and distribution 
networks, while also opening up opportunities for enhanced energy storage. Fur-
thermore, the anticipated increase in electricity demand is expected to drive im-
provements in the efficiency, reliability, and cost-effectiveness of energy production 
and supply (Wiśniowski, 2018).

This study examines how the rise of EVs is transforming urban mobility, with 
a particular focus on assessing the impacts of electromobility and the evolving travel 
behaviors in Poland. The paper is organized as follows: the first section discusses the 
current state of the electromobility sector in Poland; the second assesses the develop-
ment of charging infrastructure; the third presents a cost comparison between electric 
and combustion vehicles based on empirical data; the fourth section analyzes emerg-
ing trends in urban mobility within the context of this paradigm shift; concluding 
remarks are presented in the final section.

2.	 THE ELECTROMOBILITY SECTOR IN POLAND

The electrification of transportation in Poland reflects not only technological and pol-
icy trends, but also a series of interdependent decisions made by various stakehold-
ers. For policymakers, the challenge lies in balancing industrial development goals 
with environmental sustainability. For firms, it is a matter of cost competitiveness 
and regulatory compliance. For consumers, it depends on affordability, infrastructure 
availability, and perceived value (Sipiński & Bolesta, 2017).



31Adoption of Electromobility in Urban Transport in Poland...

Modern transport must address its negative environmental and climatic im-
pacts – challenges that are especially evident in road transport’s heavy reliance on 
petroleum-based fuels (Chłopek, 2002; Wasiak et al., 2014). Reducing emissions, 
lowering energy consumption, and increasing energy efficiency are now global priori-
ties outlined in international frameworks, such as the 2015 Paris Agreement (United 
Nations Climate Change, 2015). In this context, the development of electromobility is 
central to many environmental, climate, and energy programs. Transitioning to elec-
tric vehicles (EVs) requires both continued technological innovation and heightened 
public awareness of their benefits. As electric drivetrains gradually replace traditional 
internal combustion engines, the automotive landscape is poised for significant trans-
formation, opening opportunities for new market entrants who can first target niche 
segments before expanding more broadly (Flasza, 2017). Currently, electromobility 
is one of the fastest-growing sectors, with approximately 500,000 EVs sold globally 
each year and projections indicating that by 2040, nearly 40 million electric vehi-
cles will be on the road – meaning one in every four cars could be electric (Krawiec 
& Krawiec, 2017).

The electrification of road transport is a key economic priority for the Polish gov-
ernment. In 2017, the publication of two strategic documents to support electromo-
bility was followed by the 2018 Act on Electromobility and Alternative Fuels (Ustawa 
z dnia 11 stycznia 2018 r. o elektromobilności i paliwach alternatywnych, 2018). These 
initiatives aim to mitigate the environmental impact of Poland’s transport sector – 
a major contributor to air pollution and related health concerns. Electric vehicles offer 
a promising emissions advantage, as their overall CO2 output (when accounting for 
both energy production and consumption) is generally lower than that of combustion 
vehicles. Although Poland’s current energy mix remains heavily reliant on coal, gradual 
shifts toward renewable energy and cleaner technologies are expected to reduce emis-
sions further. Moreover, integrating EVs with renewable energy sources could further 
reduce emissions, potentially approaching near-zero levels (Denis & Kuczyński, 2017; 
Kucharska & Ruszel, 2016). The Act on Electromobility and Alternative Fuels also 
introduced mandatory shares of electric vehicles in the fleets of local government units. 
This requirement creates a direct compliance obligation for municipalities, influencing 
their procurement decisions and positioning them as essential actors in shaping the 
diffusion of electromobility (Ustawa z dnia 11 stycznia 2018 r. o elektromobilności 
i paliwach alternatywnych, 2018).

Placing Poland’s electromobility development in a  regional perspective helps 
identify transferable solutions and contextualize national challenges. Poland’s situa-
tion can be better understood by comparing it with neighboring countries that share 
a similar fossil-dominated energy mix. In the Czech Republic and Hungary, coal and 
natural gas still dominate power generation, limiting the immediate emissions ben-
efits of EV adoption. At the same time, both countries are pursuing gradual RES 
expansion and have introduced incentive schemes for EV uptake, including subsidies 
and preferential registration fees (European Alternative Fuels Observatory, 2020). 
Such regional parallels underline that Poland’s challenges are not unique and that 
solutions – such as regional grid integration and harmonized infrastructure standards 
– may be scalable within Central and Eastern Europe.
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Poland’s efforts in this field are guided by the “Plan for Electromobility Develop-
ment,” which outlines goals such as improving air quality, enhancing energy security, 
and promoting technological and industrial growth. This plan is structured in three 
phases (Flasza & Matuszczyk, 2018):
1)	2016–2018– Pilot programs aimed at raising public awareness and stimulating 

interest in EVs; 
2)	2019–2020 – Infrastructure development, notably the installation of charging 

stations and the initiation of short-run vehicle production;
3)	2020–2025 – Transition to mass production, integration with the national energy 

grid, and expansion of the public EV fleet (including government vehicles).
Despite these forward-thinking initiatives, challenges remain. Securing adequate 

funding for infrastructure, addressing public skepticism about EV benefits, expand-
ing the underdeveloped charging network, and reducing high vehicle costs are signif-
icant issues. Additional barriers include limited vehicle range, longer charging times, 
and prevailing perceptions that EVs are costly or unproven. Nevertheless, driven by 
industrial readiness and technological improvements, the adoption of EVs is expected 
to surge between 2021 and 2024.

Beyond improving environmental outcomes, the growth of electromobility rep-
resents a new economic branch that can boost electricity demand, reduce reliance 
on oil imports, and stimulate Polish industrial development while creating jobs. An 
increasing number of EVs will necessitate expanded charging infrastructure, broad-
er distribution networks, and innovative energy storage solutions. The Ministry of 
Energy estimates that the additional electricity demand could range from 2.3 TWh 
to 4.3 TWh by 2025 – a demand that may be met through both new power plant 
initiatives and more efficient use of existing capacities (Sipiński & Bolesta, 2017). For 
environmental and energy security reasons, a significant portion of this extra capacity 
must come from renewable sources.

The expansion of electromobility also intensifies the demand for lithium, a key in-
gredient in advanced batteries. By 2020, the electric vehicle manufacturing industry 
was already responsible for at least half of the global lithium demand. With the pro-
duction of 10 million EVs offering ranges of up to 500 km, annual requirements had 
climbed to 110,000–150,000 tons. As EV adoption increases, reduced oil consumption 
is expected to enhance Poland’s energy independence. While Poland is self-sufficient 
in electricity production, approximately 97% of its oil is imported – placing a strain 
on the trade balance and exposing the economy to volatile oil prices, which in turn 
can reduce disposable income.

The widespread adoption of EVs in Poland could significantly improve urban qual-
ity of life by reducing harmful emissions and noise. Given that transportation is a sig-
nificant source of air pollution, especially in cities, the shift to electromobility promises 
substantial public health benefits by reducing healthcare costs and mitigating environ-
mental damage. However, for these benefits to materialize fully, a significant portion of 
the energy used to power EVs must be generated from renewable sources.

A  significant obstacle to achieving these goals is the underdeveloped charging 
infrastructure. The scarcity of charging stations, paired with the relatively high cost 
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of electric vehicles and limited state support, poses a significant barrier to broader 
EV adoption. Addressing these challenges will require comprehensive legal reforms, 
increased investments, and targeted financial incentives. In this context, Norway’s 
successful approach – characterized by high consumer awareness, penalties on com-
bustion-engine vehicles, robust financial incentives, and an extensive charging network 
– serves as a helpful model. For Poland to meet its ambitious electromobility goals, 
these elements must be implemented in tandem, as neglecting any one of them could 
undermine the overall strategy. By examining these facets, this section highlights both 
the immense opportunity presented by electromobility and the critical challenges that 
must be addressed to secure a sustainable future for urban transport in Poland.

3.	 CURRENT STATUS AND PROSPECTS FOR THE DEVELOPMENT OF  
ELECTRIC CAR CHARGING INFRASTRUCTURE

Charging infrastructure development is both a technical and strategic decision-mak-
ing issue. Overinvestment risks financial inefficiency, while underinvestment risks 
deterring adoption. Governments must therefore decide on phased roll-out strategies, 
while municipalities consider optimal geographical placement, and firms evaluate 
opportunities for private-public partnerships.

In many advanced economies, a comprehensive electric vehicle charging network 
is already in place, highlighting that the full realization of EV technology hinges on 
an adequately developed charging infrastructure. In the early stages of EV market 
growth, it is essential to align charging facility expansion with rising user demand. 
An imbalance – whether from an overabundance of EVs without sufficient charging 
stations or vice versa – could either discourage prospective users or lead to economi-
cally unsustainable operations. According to the “Electromobility Development Plan 
for Poland” issued by the Ministry of Energy, primary emphasis is placed on develop-
ing charging infrastructure in major urban conglomerates and along trans-European 
transport corridors traversing Poland. This plan focuses on establishing numerous 
publicly accessible EV charging points to accommodate the anticipated growth in elec-
tric vehicle usage. Global trends, corroborated by statistical analyses of EV market 
growth and European Union air quality regulations, indicate that Poland is entering 
the era of automotive electrification. With most charging expected to occur during 
off-peak nighttime hours, the national energy system is well-positioned to absorb the 
additional load, making EVs a flexible and beneficial component of the electrical grid.

According to the Polish Alternative Fuels Association (Polskie Stowarzyszenie 
Nowej Mobilności, 2021), at the end of November 2021, there were 1,784 publicly 
accessible charging stations in Poland, providing a total of 3,541 charging points. Of 
these, 1,102 were AC stations with 2,106 connectors, and 682 were DC fast-charg-
ing stations with 1,435 connectors. It is therefore necessary to distinguish between 
charging stations, understood as physical locations, and charging points, which refer 
to individual connectors available for use. The infrastructure remains concentrated 
in major urban centers such as Warsaw, Kraków, Katowice, Gdańsk, and Poznań, 
but expansion into medium-sized cities has also accelerated in recent years. While 
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early deployments often provided free access, most operators now apply differentiated 
tariffs based on the charger’s power rating and speed. National policy documents still 
anticipate substantial growth, with targets of several thousand additional charging 
points, accompanied by the development of centralized registration and monitoring 
systems to ensure interoperability and data exchange.

The plan further envisions that by 2025, the power grid will be upgraded to suf-
ficiently support energy supplies for one million electric vehicles, with these EVs inte-
grated as active regulatory elements of the system. However, two primary challenges 
have emerged in this developmental phase. The first concerns the optimal spatial 
and temporal distribution of charging stations. Overconcentration in a single area 
may overburden the local grid and prevent simultaneous full-power charging, while 
infrastructure limitations in certain regions may preclude installing additional units. 
The second challenge involves accommodating the growing electricity demand driven 
by an increasing EV population. Fast-charging facilities, for example, require high- 
capacity grid connections, despite their relatively low overall energy consumption. It 
is estimated that servicing one million EVs could nearly double the grid’s maximum 
connection capacity, even as total annual electricity consumption rises by only about 
1.5–3%. This disparity suggests that EV users should ultimately not only share the 
cost of the electricity they consume (per kilowatt-hour, kWh) and its distribution, 
but also contribute to the costs of grid connection and charging-station construction.

While the development of EV charging infrastructure is undoubtedly complex 
and capital-intensive, a phased, well-coordinated approach offers a sustainable path 
forward. Spreading the investment over time ensures that planning, preparation, and 
implementation are conducted in a manner that preserves energy system security 
and maintains manageable operating costs throughout the network.

Beyond the number and distribution of charging stations, the integration of EVs 
into the energy system also raises questions of grid stability and flexibility. A growing 
EV fleet will inevitably interact with the stability and security of Poland’s electricity 
system. Increased charging demand may exacerbate peak load pressures, especially in 
urban centers where charging clusters are concentrated. At the same time, integrating 
EVs offers opportunities to enhance system flexibility. Vehicle-to-grid (V2G) technol-
ogy, which enables bidirectional power flows, has been successfully tested in several 
European pilot projects as a tool to balance variable renewable energy sources and 
provide ancillary services (International Energy Agency, 2020). For decision-makers, 
the strategic challenge lies in aligning EV deployment with power system moderni-
zation and ensuring that charging infrastructure evolves alongside grid capacity and 
digital control mechanisms.

4.	 COST-EFFECTIVENESS ANALYSIS OF THE PURCHASE 
AND OPERATION OF AN ELECTRIC VEHICLE

The comparison of ICE and EV costs highlights both financial trade-offs and stra-
tegic decision points. Consumers evaluate affordability and long-term savings. Fleet 
managers assess the total cost of ownership and maintenance risks. Governments 
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weigh fiscal incentives against budget constraints. This section provides structured 
evidence for these decision contexts, showing where EVs are already competitive and 
where barriers remain.

Electric vehicles have rapidly gained traction within the automotive industry. 
Today, most leading global manufacturers offer at least one electric-powered mod-
el, with many more in development. Although EVs have not yet emerged as full-
scale competitors to internal combustion engine (ICE) vehicles worldwide, their rap-
id technological progress suggests that they will soon redefine market dynamics. 
Environmental concerns drive much of the growing interest in EVs. Urban areas, 
characterized by high traffic density and limited pollutant dispersion, often result in 
exceedances of air quality standards for particulate matter and nitrogen oxides, mak-
ing them particularly vulnerable to the harmful effects of motor vehicle emissions. 
The shift to electric propulsion is seen as a promising strategy not only to mitigate 
these emissions but also to reduce dependence on dwindling non-renewable resources, 
such as crude oil. By eliminating tailpipe emissions and curbing reliance on petrole-
um-based fuels, EVs present a viable solution to these challenges. Today’s automotive 
market is diverse, offering ICE, pure electric, and hybrid options. Each alternative 
has its unique advantages and drawbacks. EVs are noted for their low environmental 
emissions, lower operating costs on short trips, and a simpler mechanical design that 
reduces maintenance needs. In contrast, ICE vehicles incur higher fuel expenditures, 
emit significant pollutants, and generate more noise.

In Poland, the shift toward electromobility is an inevitable development for the 
domestic automotive industry. Although the initial purchase price of an EV is typi-
cally higher than that of a conventional vehicle, the reduced operating costs over time 
are frequently emphasized as a key benefit. To assess the overall cost-effectiveness, 
this analysis adopts three criteria: purchase costs, operating costs, and CO2 emis-
sions. Using these criteria, the profitability of owning and operating ICE vehicles 
versus EVs is evaluated across three market segments – mini, compact, and premi-
um. The comparison is based on specific assumptions summarized in Table 1: vehicle 
purchase price (catalog prices); fuel consumption for ICE vehicles (4.2–9.5 l/100 km), 
electricity consumption for EVs (13–18 kWh/100 km), annual mileage of 30,000 km, 
fuel price (5.10 PLN/l), electricity price (0.55 PLN/kWh), and CO2 emission factor 
for electricity production (614 g/kWh). The comparison of environmental impacts 
in this study was limited to CO2 emissions due to data availability and the need for 
a standardized metric across vehicle categories. Nevertheless, it should be noted that 
particulate matter (PM) and nitrogen oxides (NOₓ) frequently exceed permitted lev-
els in Polish cities (Wasiak et al., 2014), and thus remain critical considerations for 
decision-makers in urban transport policy. The electricity price of 0.55 PLN/kWh re-
flects the assumption of home charging at household tariffs. In practice, using public 
charging infrastructure would entail higher costs, potentially eroding EVs’ financial 
advantage in specific usage scenarios (Sipiński & Bolesta, 2017).

The selection of the Tesla Model S and Audi A8 as representatives of the premi-
um segment warrants clarification. Although the Tesla is closer in market positioning 
to models such as the Audi A6, BMW 5 Series, or Mercedes E-Class, it was included 
here due to its comparable performance parameters and to reflect the growing role of 
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EVs in the upper market tier (Flasza, 2017). This choice does not imply full equiva-
lence in prestige or pricing.

Table 1. Technical parameters: fuel and electricity consumption, annual distance,  
fuel and electricity prices

Vehicle model Purchase price 
[PLN]

Fuel consumption 
[l/100 km]

Electricity consumption 
[kWh/100 km]

Mini Cooper 82,100 4.2 –

Nissan Note 67,800 6.1 –

Audi A8 429,000 9.5 –

BMW i3 162,100 – 13

Nissan Leaf 133,000 – 15

Tesla S 440,000 – 18

The first criterion – vehicle purchase price – reveals a significant disparity be-
tween EVs and ICE vehicles, particularly in the mini and compact segments, where 
EVs can be roughly twice as expensive as their combustion-engine counterparts. In 
the premium segment, however, price differences are minimal, suggesting a  more 
competitive stance for EVs. The second criterion addresses operating costs. Estimates 
for covering 30,000 km annually, based on manufacturer data and standard assump-
tions, are summarized in Table 2. EVs have substantially lower operating costs than 
ICE vehicles. This cost efficiency primarily results from the simpler, more efficient 
construction of electric motors, which entail fewer components subject to wear or 
failure. Operating cost calculations exclude insurance and service costs, which vary 
widely depending on provider, vehicle segment, and user profile. Their omission re-
flects data limitations, but the relative differences in energy and fuel expenditures 
remain the dominant factors shaping cost-effectiveness (Wiśniowski, 2018).

Table 2. Annual costs of fuel and electricity consumption for 30,000 km

Vehicle model Annual fuel cost 
 [PLN]

Annual electricity cost 
 [PLN]

Mini Cooper 6,426 –

Nissan Note 9,333 –

Audi A8 14,535 –

BMW i3 – 2,145

Nissan Leaf – 2,475

Tesla S – 2,970

Another vital operating cost driver for EVs is battery degradation and, in some 
cases, eventual replacement. Capacity fade is accelerated by temperature extremes, 
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with both laboratory and review studies showing faster aging at elevated tempera-
tures and performance loss in cold operation (Edge et al., 2021; Jaguemont et al., 
2016). Field evidence from Scandinavia indicates that winter conditions materially 
reduce usable range: Norwegian Automobile Federation (NAF) and Motor maga-
zine winter tests in 2020–2021 reported average shortfalls versus WLTP range in 
cold weather, with individual models showing reductions on the order of ~20–30% 
depending on conditions (Motor/NAF, 2021; NAF, 2020). In climates with marked 
seasonal swings – such as Poland – these thermal effects can both reduce effective 
driving range in winter and accelerate long-term capacity loss if thermal manage-
ment is inadequate. Consequently, lifecycle evaluations should explicitly account for 
the risk of battery performance degradation and potential refurbishment/replace-
ment costs.

Table 3. Battery replacement costs for selected EV models

Vehicle model Estimated battery cost 
[PLN]

Battery capacity 
 [kWh]

BMW i3 18,000 22

Nissan Leaf 25,000 30

Tesla S 40,000 55

Source: own elaboration based on secondary data from industry reports, service provider 
estimates, and press releases (not direct manufacturer list prices)

Original Equipment Manufacturers do not officially publish the exact costs of 
battery replacements. The estimates in Table 3 are compiled from secondary sourc-
es, including reports by Bloomberg New Energy Finance (2017), the International 
Energy Agency (2017), Frankel and Wagner (2017), and scientific analysis by Flasza 
(2017). Values were standardized to Polish zlotys [PLN] using the average exchange 
rates for 2017–2018.

The third evaluation criterion involves CO2 emissions. Although EVs are often 
labeled ‘zero-emission,’ this holds only if the electricity used for charging is entire-
ly renewable. In Poland, the renewable share in electricity production was already 
markedly higher than 10%: analyses for 2020 show coal’s share fell below 70% and 
renewables increased, reflecting a significant – although still in the minority – contri-
bution of RES to the power mix (Forum Energii, 2021). System statistics published 
for 2018–2020 likewise document the evolving fuel structure of production (Polskie 
Sieci Elektroenergetyczne, 2021). Given that fossil sources continued to dominate 
through 2020, indirect CO2 emissions from EV charging remain non-negligible. Ta-
bles  4 and 5 present comparative emissions profiles for the selected ICE and EV 
models under these conditions. While the analysis is based on a single operational 
year, extending the horizon to a standard vehicle lifecycle (8–10 years) would provide 
a fuller picture of cost-effectiveness. Over extended periods, the lower operating costs 
of EVs tend to outweigh their higher purchase prices, reinforcing their attractiveness 
to decision-makers (Wiśniowski, 2018).
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Table 4. CO2 emissions for selected ICE vehicles

Vehicle model Fuel consumption  
[l/100 km]

CO2 emissions 
 [kg/100 km]

Mini Cooper  4.2 11.8

Nissan Note  6.1 17.7

Audi A8    9.5 26.6

Source: own elaboration based on manufacturer fuel consumption data and standard CO2 
emission factors for gasoline (≈2.31 kg CO2 per liter) (European Environment Agency, 2019)

Table 5. CO2 emissions for selected EV models (based on Poland’s energy mix)

Vehicle model Electricity consumption 
[kWh/100 km]

CO2 emissions 
 [kg/100 km]

BMW i3   13 9.36

Nissan Leaf 15 10.80

Tesla S   18 12.96

Source: own elaboration based on electricity consumption data and the national grid emission factor 
(0.72 kg CO2/kWh) reported by Polskie Sieci Elektroenergetyczne (2021)

Thus, although EVs emit less CO2 per 100 km compared to ICE vehicles, they 
are not entirely emission-free under Poland’s current energy conditions. Unlocking 
the full environmental potential of electromobility will require a broader shift toward 
renewable energy sources for electricity generation. Overall, the analysis – grounded 
in purchase costs, operating expenses, and CO2 emissions – offers a nuanced view 
of the economic and environmental trade-offs between ICE vehicles and EVs across 
the mini, compact, and premium segments. In the mini and compact markets, the 
considerably higher purchase prices of EVs make them less cost-effective at pres-
ent, despite their lower operating costs. Conversely, in the premium segment, where 
purchase price differences are minimal, EVs’ lower operating costs may make them 
cost-effective as early as the first year of ownership. While this analysis focuses on 
CO2 emissions as a measurable and comparable indicator, it is essential to note that 
other pollutants – particularly particulate matter (PM) and nitrogen oxides (NOx) – 
are also critical in urban transport contexts. Exceedances of PM and NOx limits have 
been repeatedly documented in Polish cities; however, due to data gaps and method-
ological limitations, these were not included in the quantitative assessment. Nonethe-
less, they remain essential factors for decision-makers concerned with public health.

Looking further ahead, while the current calculations do not yield a definitive 
verdict on which vehicle type is universally more cost-effective, they do illuminate 
the circumstances where EVs offer clear advantages – and where improvements, such 
as an increased share of renewable energy in the national grid, could further enhance 
their appeal. This analysis lays a critical foundation for evaluating future shifts in 
market dynamics as technology and energy infrastructure evolve.
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5. ANALYSIS OF URBAN MOBILITY CHANGES IN THE CONTEXT OF  
ELECTROMOBILITY DEVELOPMENT

Electromobility not only affects vehicles – it reshapes urban mobility behaviors. For 
decision-makers in municipalities, this creates opportunities and challenges in plan-
ning integrated mobility solutions. For consumers, it shifts preferences toward shared 
and ecological mobility models. For firms, it drives innovation in business models 
such as car-sharing, leasing, and fleet electrification.

Over the past two decades, Poland’s urban landscape has undergone significant 
transformation, driven by the expansion of urban structures and evolving trans-
portation behaviors (Gdowska, 2018). These changes have culminated in increased 
overall mobility, reflecting shifts in both lifestyles and travel patterns. Mobility itself 
is a  multifaceted concept. In transportation economics, it encompasses all forms 
of individual movement toward a destination, regardless of motive or mode, even 
including walking. In urban logistics, it refers to the full spectrum of actions aimed 
at facilitating the movement of people within a given area (Gdowska et al., 2018). 
At its core, mobility is an expression of human activity, driven by two fundamental 
decisions: whether to travel and how to travel, including the choice of mode, timing, 
and route. These decisions are influenced by an interplay of external factors, such 
as infrastructure availability and economic considerations, as well as internal fac-
tors, including personal preferences, social influences, and psychological perceptions. 
Despite growing environmental awareness, the car remains a potent symbol of suc-
cess and wealth; its cultural status frequently overshadows considerations of efficien-
cy and sustainability. Such dynamics have fostered a car-centric mobility culture that 
not only exacerbates congestion – by inefficiently using limited road space – but also 
diminishes the attractiveness of alternative modes such as public transport. 

The adverse effects of traditional, car-based mobility have prompted widespread 
public concern over worsening traffic conditions, inadequate safety, and declining 
urban quality of life due to increased noise, emissions, and spatial constraints. In 
response, cities are increasingly embracing a “new mobility culture” that seeks to 
reconcile economic growth with social well-being and environmental sustainability. 
This emerging paradigm emphasizes reducing private car use in favor of collective 
transport solutions and transitioning away from fossil-fuel-powered vehicles toward 
those powered by renewable energy or even human effort, as evidenced by initiatives 
such as Sustainable Urban Mobility Plans in Polish cities. The combined pressures of 
urbanization and advances in communication technologies have catalyzed new trends 
in urban mobility (Książek et al., 2021). Consumers are now more inclined toward 
services such as vehicle rentals, ride-sharing, and multimodal transportation, all of 
which have been facilitated by mobile applications. Although these trends initially 
took root in the United States and Western Europe, they are also rapidly gaining 
traction in Poland.

Two key concepts – the sharing economy and ecomobility – have become central to 
contemporary discussions on urban mobility. The sharing economy, with its emphasis 
on the on-demand use of resources rather than ownership, has deepened its influence 
in the transport sector. The availability of ride-hailing services (e.g., Uber or Lyft),  
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carpooling platforms (e.g., BlaBlaCar, Zimride), and both public and private car-shar-
ing systems demonstrates how shared mobility can optimize vehicle usage and alle-
viate congestion (Korcyl et al., 2016). In contrast, ecomobility represents a broader 
challenge to the automotive industry. It is not merely about eco-friendly transport; it 
is about rethinking mobility to offer fast, affordable, and reliable transportation while 
minimizing environmental impact. 

In Poland, the drive toward ecomobility is supported by public innovation funds 
and targeted programs from institutions such as the National Fund for Environmen-
tal Protection, the National Centre for Research and Development, and the Polish 
Development Fund. These state-driven initiatives aim to establish the technical and 
organizational foundations that will make ecological transport options the natural 
choice for the public. Taken together, the evolution of urban mobility in Poland is 
marked by a gradual yet significant shift away from outdated, car-dependent para-
digms toward a more balanced and sustainable system – one that integrates shared 
mobility and ecomobility to address the spatial, social, and economic challenges of 
modern cities.

Finally, the adoption of EVs is shaped not only by technology and policy but 
also by consumer perceptions and social acceptance. Beyond technical and economic 
considerations, the social dimension of electromobility adoption is critical. Consumer 
surveys highlight persistent barriers, including range anxiety, limited awareness of 
the total cost of ownership, and the perception that EVs are luxury products ac-
cessible only to wealthier households (Sierzchula et al., 2014; Sovacool et al., 2018). 
Addressing these concerns requires targeted educational campaigns, transparent 
communication of lifecycle costs, and visible municipal initiatives that promote the 
normalization of EV use in public fleets and shared mobility services. Such measures 
can enhance consumer confidence and accelerate the diffusion of EVs by reframing 
them as mainstream mobility solutions rather than niche alternatives.

6. CONCLUDING REMARKS

This study has demonstrated that adopting electromobility in Poland entails complex 
trade-offs among costs, infrastructure, and environmental outcomes. By explicitly 
framing these trade-offs as decision-making challenges, the paper contributes to the 
decision sciences in three ways: (1) it structures the electromobility adoption problem 
as a multi-stakeholder decision under uncertainty; (2) it highlights the role of policy, 
managerial, and consumer perspectives in shaping feasible strategies; and (3) it pro-
vides empirical cost-benefit and infrastructure analysis to support informed choices. 
The transition to sustainable transport is not merely technological, but decisional, 
requiring adaptive strategies across consumers, firms, and governments.

The rapid development of electromobility – both globally and in Poland – offers 
a vital response to the environmental challenges posed by combustion-engine trans-
portation. Electric vehicles provide a sustainable alternative for public and private 
transportation, benefiting both society and the natural environment. Historically, the 
automotive and electric power sectors operated independently, with little overlap. 
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Today, EVs bridge that gap by not only enabling eco-friendly transportation but also 
providing the potential to store energy during periods of peak demand. As major 
manufacturers increasingly focus on electric and hybrid models, consumers can look 
forward to a broader range of options across various market segments. 

EVs stand out for their low noise emissions, the near absence of harmful pol-
lutants, and high torque levels that contribute to enhanced active safety. However, 
significant barriers to widespread adoption remain – namely, high upfront costs 
and an insufficiently developed charging infrastructure. In response, Poland intro-
duced the “Electromobility Development Plan” in 2016, emphasizing improvements 
to charging infrastructure and a gradual reduction in vehicle costs. While EV sales 
in Poland have seen modest growth, many potential buyers still associate these ve-
hicles with high technological sophistication and environmental consciousness, often 
overlooking the lower operating costs. Despite current high purchase and mainte-
nance expenses, economies of scale and technological advances are expected to re-
duce production costs – especially in the compact and mini segments – making EVs 
increasingly accessible.

Looking ahead, the prospects for electromobility in Poland are promising. As pro-
duction scales up and technological innovations continue, electric vehicles are poised 
to become a genuine alternative to combustion engine cars. These advancements will 
enhance affordability and broaden consumer appeal, ultimately leading to a cleaner, 
quieter, and more efficient urban mobility landscape.
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(DMUs), often achieved using Saaty’s Analytic Hierarchy/Network Process (AHP/ANP). 
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1. INTRODUCTION 

The application of the multi-attribute decision analysis (MADA) methodology pro-
vides decision makers with recommendations that facilitate actual decision making. 
The methodology is implemented by means of diverse techniques. The application of 
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the techniques results in specific outcomes. One of the most popular forms of such 
outcomes is the ranking of considered alternatives (decision making units – DMUs). 
This is because a ranking represents an easily interpretable hierarchy of DMUs.

Analytic Hierarchy/Network Process (AHP/ANP) is one of the most popular 
MADA ranking techniques. It was initially developed by Saaty (1980) in the 1970s as 
the Analytic Hierarchy Process (AHP), and it was later extended to a more general 
approach, namely the Analytic Network Process (Saaty, 1996), in the 1990s. Both 
aforementioned flavors of the technique are based on the application of the same 
notion of pair-wise comparison. However, they differ in the actual character of funda-
mental inquiry regarding the differences between the compared DMUs. It is question-
able how much two DMUs differ concerning their importance for actually achieving 
the fundamental analysis goal in AHP, while it is also queried how much they differ 
according to their influence on achieving that goal in ANP. The flavors also differ in 
applicable forms of relations between components (and component groups) in a mod-
el of a decision making problem.

The application of pair-wise comparison makes AHP/ANP capable of consid-
ering both qualitative and quantitative DMU attributes. The 9-point Saaty’s scale 
is applied to provide the necessary means for the qualitative assessment of differ-
ent DMUs being compared in a  pair-wise manner. Subsequent integer numbers 
from 1 to 9 are utilized to express successive scale levels. A  lack of difference in 
the compared DMUs with regard to their importance/influence corresponds with 
number 1. The following odd numbers: 3, 5, 7, and 9 express a gradual rise in the 
assessment of the difference – from a slight difference to an extreme difference. The 
even numbers: 2, 4, 6, and 8 are used to consider the hesitation regarding which 
adjacent scale level to choose, e.g., 6 instead of 5 or 7. Note that Saaty’s scale levels 
from 2 to 9 directly conform to the advantage of the first compared DMU. Adequate 
reciprocal values, i.e., 1/2, 1/3, 1/4, 1/5, 1/6, 1/7, 1/8, and 1/9, are applied in the 
case of a need to express the advantage of the second compared DMU.

It is obvious, therefore, that Saaty’s scale application provides the AHP/ANP 
procedure with qualitative assessments that are expressed by numbers. The numbers 
are used directly to derive the overall priorities of DMUs and to construct the final 
hierarchy of DMUs. Unfortunately, despite the generally qualitative character of the 
input data provided by pair-wise comparisons, the outcomes of AHP/ANP technique 
application are commonly analyzed in a strictly numerical way. Therefore, this inter-
pretation of the outcomes of AHP/ANP application seems to be incompatible with 
the actual qualitative nature of the technique.

It ultimately seems that the grouping of DMUs according to their overall priority 
is particularly well suited to provide suitable means for an adequate and meaningful 
interpretation of AHP/ANP application results. This is because it would be capable 
of both distilling sure top DMUs and enriching AHP/ANP use by means of the iden-
tification of close DMUs. 

Note that there is an AHP-based approach, AHP Sort (Ishizaka et al., 2012), avail-
able to group DMUs. The approach also makes use of overall priorities to accomplish 
this. However, it requires the user to provide information about the subjective limiting 
profiles of DMUs classes, which are ultimately applied to group DMUs. It nevertheless 
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seems that, in general, the application of predefined classes is not really necessary. This 
is because the mere application of overall priorities seems to provide all the necessary 
means to group DMUs while avoiding the influence of superfluous subjectivity.

The rest of the paper is structured in the following way, therefore. The second 
section is devoted to the discussion of selected approaches to sorting DMUs. The ef-
fects of their sample applications are discussed in the third section. The last section 
is devoted to some conclusions and final remarks.

2. GROUPING AHP/ANP RESULTS

AHP/ANP provides contextual results as vectors of overall DMU priorities. One-
dimensional grouping could be applied, therefore, to divide DMUs that are close enough 
in terms of their overall priorities into common clusters. There are diverse one- 
dimensional tools available and some of them are presented in the following subsections.

2.1. Clustering tools

Clustering tools are capable of dividing objects that are described by several attrib-
utes into groups – clusters. Individual objects are assigned to the clusters that consist 
of the most similar objects to them. A concrete metric is applied to express the sim-
ilarity of the objects. The metric is usually based on a concept of distance between 
points that represent DMUs in a multi-dimensional space of attributes. The smaller 
the distance between them, the more similar the corresponding DMUs are. Criteria of 
diverse kinds are applied when assigning objects to clusters. The criteria may operate 
on different concepts of cluster similarity provided by appropriate definitions of the 
distance between clusters. It is also possible to use measures involving the application 
of statistical concepts, such as extreme distance and the standard deviation of the 
distance between cluster components, etc. As a result, diverse procedures are availa-
ble to group objects.

The simple gradient technique is based on the concept of the partition approach. 
Therefore, its procedure starts with one large cluster that contains all DMUs. It is 
then divided in a step by-step manner. The actual division deals with a sequence of 
overall priorities that is gradually partitioned at points of the currently largest dif-
ference between the overall priorities. Unfortunately, the stopping criterion depends 
on somewhat subjective information. A predefined number of distinct clusters (k) or 
a threshold of absolute difference (θ) between overall priorities may be applied in 
this regard. Note that the simple gradient procedure follows the idea of partitioning 
a minimum spanning tree (Florek et al., 1951), which is directly expressed by the 
overall ranking of DMUs. 

The Szczotka–Spaeth (Spaeth, 1973; Szczotka, 1972) technique represents anoth-
er concept: the aggregative approach. Its procedure starts with the initial division of 
DMUs into n clusters, where n is the number of DMUs. Hence, each initial cluster 
consists of precisely one DMU. The technique also belongs to optimization approach-
es, as it uses a goal function as a clustering criterion. The goal function addresses the 
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minimization of the sum of the average distances between the components of distinct 
clusters. It looks as follows:
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where ni is the cardinality of the i-th consecutive DMU cluster, and dst is distance 
between different DMUs, denoted by indices s, t (s ≠ t), which are components of the 
i-th consecutive cluster.

Initial clusters are then gradually aggregated to compose more complex clusters 
in a step by-step manner. The effects of the integration of adjoining DMU clusters 
on the goal function value (1) is taken into account during each step. Hence, in each 
step, two adjoining clusters are selected to join. The actual choice of joined clusters 
corresponds to the smallest increase in the goal function (1) caused by cluster inte-
gration. As in the case of the simple gradient technique, the stopping criterion deals 
with achieving a DMU partition that contains a predefined number of k clusters. 
However, unlike the simple gradient approach, the technique belongs to aggregation 
methods. Note that the application of the Szczotka–Spaeth technique involves rather 
laborious calculations that require software support.

Both above mentioned techniques belong to hierarchical approaches. They are 
capable, therefore, of providing a cluster hierarchy whose levels define possible DMU 
partitions without the need to provide any stopping criterion. This is because their 
procedure stops just after the full cluster hierarchy is derived. Therefore, they are 
applied in such a way in the paper.

2.2. Other selected approaches

As can be seen from the previous subsection, the applicability of a clustering ap-
proach to identifying DMU groups may depend on additional subjective information 
or relatively complex and time consuming calculations. It seems purposeful, there-
fore, to try to identify a simple yet reliable one-dimensional clustering approach for 
AHP/ANP application results.

Let us first try to take advantage of the common 80/20 Pareto principle. It could 
be readily applied in the case of using AHP/ANP ideals in place of the raw overall 
DMU priorities. The ideal result from the transformation of overall priorities is that 
the highest DMU overall priority becomes equal to one. The priorities of other DMUs 
are then recalculated accordingly. The application of the Pareto rule would allow us 
to identify the closest DMU, i.e., the ones whose current ideals are contained within 
a 20% margin from the ideal for the top DMU, i.e., in the [0.8, 1] interval. As a re-
sult, all such DMUs would also be regarded as the topmost ones. They would also be 
excluded from further analysis due to the reduction of the DMUs set to obtain the set 
of currently active DMUs. Further analysis would involve the step-wise identification 
of top DMU from the currently active DMUs, as well as a step-wise reduction of the 
active DMU set until it becomes empty. Hence, Pareto rule-based procedure would 
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finish without any need for subjective user’s intervention. Note that the ideals for the 
currently active DMU must be updated in the beginning of each step to make the 
ideal for the top active DMU equal to one.

The Pareto rule exploits the constant threshold value θ = 0.80. Note that it 
could nevertheless matter for the sake of the reliability of active DMU discrimination 
whether the threshold is constant or not. For example, Opricovic (1988) proposed 
using a threshold-based rule related to the actual number of DMU set to provide ev-
idence of a significant and necessary advantage of a DMU over another DMU in the 
VIKOR technique (Opricovic & Tzeng, 2004). The evidence is based on the following 
ideal advantage threshold:

		  ς = 1/(N – 1)	 (2)

where: N denotes number of DMUs. 

The threshold could be used in the same way as a 20% margin threshold in the 
case of Pareto rule application, with N denoting the number of current active DMUs. 
Therefore, a certain DMUs would prove to be very close to the topmost one if its 
current ideal were at least equal to:

	 	 θ = 1 – ς	 (3)

The application of θ causes both rule-based procedures to stop immediately after 
the set of currently active DMUs becomes empty. However, the subsequent clusters 
are identified in a sequence from the best down to the worst DMUs. Hence, in the 
case the worst DMU is too far from the adjoining DMUs, what would imply N = 1 
during the last procedure step, no further proceeding is actually needed, as it is ob-
vious that the DMU would comprise a distinct cluster.

2.3. Partition validity

To facilitate the comparison of the effects of applying different DMU grouping approach-
es, additional methods for assessing the obtained DMU partitions should be utilized. 
There are many partition quality assessment indices available (Kolenda, 2006). The most 
popular means for partition quality checking is provided, however, by the silhouette coef-
ficient s(i) (Kaufman & Rousseeuw, 1990). t is a type of higher is better index. Its value 
for the i-th consecutive DMU would be described by the following equation:

	 	 s(i) = (bi – ai)/max(ai, bi),	 (4)

where: ai denotes average distance between the i-th consecutive DMU and other 
DMUs from the same cluster; bi is the smallest average distance of the i-th consec-
utive DMU from DMUs in other clusters i.e. the average distance from the closest 
cluster (note that average linkage is applied with this regard in the paper, although 
any of possible linkage types maybe applied).

Silhouette coefficient values belong to the interval [−1, +1]. Its negative val-
ues would indicate that the DMU does not fit a given cluster. The better the i-th 
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consecutive DMU fits a given cluster, the closer the coefficient s(i) value is to +1. 
Note that the coefficient equals zero for a DMU that comprises a cluster itself. For 
the sake of simplicity, it is nevertheless assumed in the paper that the existence of 
single DMU clusters does not influence the quality of a partition at all.

It is generally accepted that s(i) values above 0.71 indicate very high partition 
quality, and levels above 0.51 signify good quality for the partition from the perspec-
tive of the i-th consecutive object. The latter value is therefore ultimately associated 
in the paper with a notion of acceptable fit for the i-th consecutive DMU. 

3. SAMPLE ANALYSIS

3.1. Sample data

The results of two sample AHP/ANP applications are used to present the potential mer-
its and drawbacks of the aforementioned grouping approaches. The applications differ in 
the number of DMUs, making it possible to examine the effects of different conditions. 
The first case deals with a rather mean number of DMUs. It pertains to the ranking of 
sustainability programs of six Brazilian textile industry companies. The programs are 
denoted by the symbols E1–E6. Overall priorities for the programs are given in Table 1.

Table 1. Overall priorities of sustainability programs in textile industry (Netto et al., 2021)

Sustainability program E2 E5 E3 E1 E6 E4

Overall priority 0.64 0.52 0.38 0.36 0.28 0.26

Ideal 1 0.813 0.594 0.563 0.438 0.406

Rank 1 2 3 4 5 6

The second case pertains to the results of a recent AHP application for ranking 16 
Polish voivodships concerning their biogas technology potential (Ginda & Szyba, 2020). 
Overall priorities and ideals obtained for the voivodeships are presented in Table 2.

Table 2. The results of AHP application (Ginda & Szyba, 2020)

Rank DMU Overall priority Ideal Rank DMU Overall priority Ideal

1 B 0.1820 1 2 N 0.1701 0.9346

3 W 0.1648 0.9054 4 L 0.1623 0.8917

5 Z 0.1437 0.7895 6 F 0.1384 0.7604

7 P 0.1019 0.5598 8 T 0.0828 0.4549

9 O 0.0797 0.4379 10 E 0.0681 0.3741

11 C 0.0673 0.3697 12 S 0.0647 0.3554

13 R 0.0624 0.3428 13 G 0.0624 0.3428

15 D 0.0615 0.3379 16 K 0.0524 0.2879
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3.2. The case of six DMUs

Let us use information about priority difference ranks in a  simple gradient ap-
proach. We start from the establishment of a global cluster of all DMUs: {E2 E5 E3 
E1 E4 E6}. The largest priority difference is then applied to define the initial par-
tition point. It is clear from Table 1 that the largest priority difference corresponds 
to the gap between E5 and E3 sustainability programs. We end up, therefore, with 
two second level clusters in the first step. The first cluster consists of E2 and E5 
programs while the second one contains the remaining programs. The application of 
next priority differences in descending order allows us to complete levels of the clus-
ter hierarchy. The hierarchy is presented in Table 3. We can see that there are 6 fi-
nal clusters in the bottommost hierarchy level. Three intermediate hierarchy levels 
correspond to the partitions with two, three, and four distinct clusters, respectively.

Table 3. Cluster level hierarchy for simple gradient technique application 

Cluster hierarchy level Partition

Top {E2 E5 E3 E1 E6 E4}

sg26 {E2 E5}={E3 E1 E6 E4}

sg36 {E2}={E5}={E3 E1 E6 E4}

sg46 {E2}={E5}={E3 E1}={E6 E4}

Bottom {E2}={E5}={E3}={E1}={E6}={E4}

Now is the time to make a decision about which partition expresses the best di-
vision of sustainability programs. For example, we could prefer having no more than 
4 clusters or aim to achieve a similarity measure at a level not higher than an average 
priority difference (0.76 in this case). It proves, therefore, that we could finally be 
happy with the sg46 partition given by the fourth cluster level. The partition deals 
with the division of sustainability programs into four distinct clusters. Two of them 
consist of a single program (E2 or E5), and the two remaining clusters consist of two 
programs each: {E3 E1}, and {E6 E5}. Let’s take a look at the s(i) values to ensure 
the quality of the partitions from Table 3. 

Individual silhouette coefficient values (see Table 4) obtained for sg26 support 
the following conclusions:
1.	E2 sustainable strategy would fit rather well with a  common cluster shared 

with E5 sustainable strategy. However, a rather low s(i) coefficient value for E5 
strategy suggests that it doesn’t fit the cluster well. Therefore, it finally turns 
out that both aforementioned strategies should comprise distinct clusters in their 
own right.

2.	Coefficient values for the remaining strategies suggest that they either fit very 
well (E6, E4) or fit well (E1, E3) within their common cluster.
We can also see a considerable drop in s(i) values for the worst four strategies 

after the two top strategies were separated into two distinct clusters (see sg36 
partition in Table 3). Such a decrease in the coefficient values suggests that the 
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E3, E1, E6, and E4 strategies no longer fit the common cluster well. The consid-
erable increase in the coefficient following their division into two separate clusters 
confirms the superiority of the sg46 partition in the case of the simple gradient 
approach application.

Table 4. Silhouette coefficient values s(i) for the partitions –  the simple gradient approach 
application case 

Partition E2 E5 E3 E1 E6 E4

sg26 0.625 0.4 0.6 0.697 0.778 0.75

sg36 – – 0.429 0.583 0.722 0.692

sg46 – – 0.818 0.778 0.778 0.818

Let us now apply the Szczotka–Spaeth technique. The anticipated effects 
of grouping the adjoining distinct sustainability strategies are tested according 
to the goal function Q (1), and a new cluster that minimizes the current goal 
function as much as possible is recorded in each step. Hence, cluster hierarchy 
emerges in a step-wise manner. The results of consecutive steps are presented in 
Tables 5–8. Note that the recommended clusters are expressed there by means 
of boldface. The calculations result in a  cluster hierarchy, one which is finally 
presented in Table 9.

The comparison of cluster hierarchies obtained through the application of the 
simple gradient approach (Table 3) and the application of the Szczotka–Spaeth tech-
nique (Table 9) reveals a difference. The difference is associated with two unique 
partitions. The first one (ss56) corresponds with the second cluster hierarchy level 
and consists of one cluster, which comprises two components {E3 E1}, as well as four 
clusters that contain a  single component each: {E2}, {E5}, {E6}, and {E4}. The 
second partition (ss26) is presented in the fifth cluster hierarchy level and consists 
of a single component cluster {E2} and a cluster that is composed of the remaining 
sustainability programs. We finally use silhouette coefficient values again to justify 
the partition – see Table 10 for details.

Table 5. The effects of possible joining of adjoining sustainability programs  
after the initial step of Szczotka–Spaeth technique

Possible new cluster {E2 E5} {E5 E3} {E3 E1} {E1 E6} {E6 E4}

Q (1) 0.12 0.14 0.02 0.08 0.02

Table 6. The effects of possible joining of adjoining sustainability programs  
after the second step of Szczotka–Spaeth technique

Possible new cluster {E2 E5} {E5 E3 E1} {E3 E1 E6} {E6 E4}

Q (1) 0.14 0.126 0.087 0.04
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Table 7. The effects of possible joining of adjoining sustainability programs  
after the third step of Szczotka–Spaeth technique

Possible new cluster {E2 E5} {E5 E3 E1} {E3 E1 E6 E4}

Q (1) 0.16 0.127 0.073

Table 8. The effects of possible joining of adjoining sustainability programs  
after the fourth step of Szczotka–Spaeth technique 

Possible new cluster {E2 E5} {E5 E3 E1 E6 E4}

Q (1) 0.193 0.124

Table 9. Cluster hierarchy levels – the application of Szczotka–Spaeth technique 

Cluster hierarchy level Partition

Top {E2 E5 E3 E1 E6 E4}

ss26 {E2}={E5 E3 E1 E6 E4}

ss36=sg36 {E2}={E5}={E3 E1 E6 E4}

ss46=sg46 {E2}={E5}={E3 E1}={E6 E4}

ss56 {E2}={E5}={E3 E1}={E6 E4}

Bottom {E2}={E5}={E3}={E1}={E6}={E4}

Table 10. Silhouette coefficient values s(i) for the unique partitions  
according to Szczotka–Spaeth technique 

Cluster hierarchy level E2 E5 E3 E1 E6 E4

ss26 – – 0.8 0.75 – –

ss56 – −0.4 0.635 0.679 0.694 0.671

Hence, it is clear that the use of the partition from the fifth cluster hierarchy 
level ss56 is inefficient due to the negative coefficient value for the E5 sustainability 
program, which indicates a total mismatch for the program. It also turns out that the 
application of a unique partition ss26 would result in lower coefficient values for E3 
and E1 sustainability programs than those obtained for partition sg46 in the case of 
the simple gradient approach – see Tables 3 and 4. It seems, therefore, that it should 
be rejected in favor of the third cluster hierarchy level partition presented in Table 9, 
which is identical to the sg46 partition from Table 3. Hence, his final partition recom-
mendation is the same as in the case of using the simple gradient approach.

The use of the Pareto-based rule is grounded in the application of ideals obtained 
for the sustainability programs (see Table 1). The results of the conducted calculations 
are illustrated in Table 11. We start from core ideals and the fully active DMU set. 
The second best DMUs (E5) has an ideal within a 2% margin of the topmost DMU, 
while the ideals of other DMUs are outside the margin. Hence, the topmost cluster 
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consists of two top sustainability programs, E2 and E5. We remove them from the 
set of active DMUs and proceed with the remaining four sustainability programs. 
The ideal for the best of the remaining programs is then scaled to 1, and the ideals 
of the other active sustainability programs are recalculated accordingly. The current 
ideal for the second most active DMU (E1) fits a 20% margin from the current top 
active DMU (E3). Hence, the second topmost cluster consists of two sustainability 
programs: E3 and E1. The same conclusion pertains to the bottommost cluster, 
which consists of the remaining DMUs: E6 and E4. Hence, the application of the 
Pareto-based rule for clustering results in a unique set of three double sized clusters. 
Individual silhouette coefficient values for the partition are presented in Table 12.

Table 11. Pareto rule-based approach illustration (θ = 0.80) for the six DMUs case 

Step I Step II Step III

Sustainability 
program Ideal Sustainability 

program Ideal Sustainability 
program Ideal

E2 1 – – – –

E5 0.81 – – – –

E3 0.59 E3 1 – –

E1 0.56 E1 0.94 – –

E6 0.43 E6 0.73 E6 1

E4 0.40 E4 0.68 E4 0.92

Table 12. Silhouette coefficient values s(i) for the unique partition {E2 E5} {E3 E1} {E6 E4}

E2 E5 E3 E1 E6 E4

0.555 0.2 0.8 0.6 0.778 0.818

The contents of Table 12 confirm that the final partition provided by the appli-
cation of the Pareto rule-based approach is slightly better than some other partitions 
obtained through the application of different clustering approaches (e.g., the sg26 
partition in Table 3) from the perspective of clearly less preferred sustainability pro-
grams E3, E1, E6, and E4. It is, nevertheless, unacceptable because the sustainability 
program E5 does not fit the partition at all.

Let us finally use a VIKOR-like marginal approach. The results of the calculations 
are illustrated in Table 13. The first step deals with all sustainable programs and their 
original ideals again. This time, however, the margin from the topmost DMU depends 
on the current cardinality of the initial active DMU set. The cardinality is equal to 
N = 6. Hence, according to (2) the initial threshold yields: θ = 0.80. he application 
of the threshold results in the same topmost cluster structure as in the case of apply-
ing the Pareto-rule {E2 E5}. The second step deals with a reduced set of four active 
DMUs. The current margin from the topmost active DMU is therefore calculated for 
N = 4, therefore. It yields θ = 0.67, now. The ideals of all four active DMUs qualify 
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them for the second highest cluster {E3 E1 E6 E4}. The procedure stops, therefore, all 
DMUs have been distributed among clusters. Note that the obtained partition is the 
same as the inefficient sg26 partition in the second cluster hierarchy level (Table 3).

Table 13. VIKOR-like rule-based approach illustration

Step I Step II
N θ N θ
6 0.80 4 0.67

Sustainability 
program Ideal Sustainability 

program Ideal

E2 1 E2 –
E5 0.81 E5 –
E3 0.59 E3 1
E1 0.56 E1 0.94
E6 0.43 E6 0.73
E4 0.40 E4 0.68

The best partitions identified by means of the core application of all used ap-
proaches are presented in Table 14. Partitions delivered by the Pareto rule and 
VIKOR-like rule are unacceptable from the E5 sustainability program’s point of 
view. It seems, therefore, that only clustering approaches may be capable of provid-
ing partitions in which all the sustainability programs fit well.

Table 14. The best outcomes for use of applied approaches for the six DMUs case 

Approach Partition
E2 E5 E3 E1 E6 E4

s(i)
Simple gradient

{E2}={E5}={E3 E1}={E6 E4} – – 0.82 0.78 0.78 0.82
Szczotka–Spaeth
Pareto rule {E2 E5}={E3 E1}={E6+E4} 0.56 0.20 0.80 0.60 0.78 0.82
VIKOR-like rule {E2 E5}={E3 E1 E6 E4} 0.63 0.40 0.60 0.70 0.78 0.75

3.3. The case of sixteen DMUs

Cluster hierarchy levels that result from the application of a simple gradient tech-
nique in the case of biogas potential analysis are presented in Table 15. A statistical 
summary of the corresponding silhouette coefficient values s(i) for all meaningful 
partitions is presented in Table 16.

Note that the partitions that make up the highest levels in the cluster hierarchy 
(sg2–sg7) correspond to minimal values of silhouette coefficients, which testify that 
some sustainability programs do not fit the partitions well. These are the eighth and 
ninth cluster hierarchy levels that define partitions (sg8, sg9) which guaranty a good 
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fit for all sustainability programs. The advantage in mean and maximum silhouette 
coefficient values makes sg8 the final recommendation for the partition; however, 
Note that excellent silhouette coefficient values are obtained in the case of partitions 
from the twelfth and thirteenth cluster hierarchy levels. These partitions, neverthe-
less, seem to be unsuitable because they are extremely fragmented.

Table 15. Cluster hierarchy – the simple gradient technique application case  
for sixteen DMUs case 

Name Partition
Top B+N+W+L+Z+F+P+T+O+E+C+S+G+R+D+K
sg2 B+N+W+L+Z+F  P+T+O+E+C+S+G+R+D+K
sg3 B+N+W+L+Z+F  P  T+O+E+C+S+G+R+D+K
sg4 B+N+W+L  Z+F  P  T+O+E+C+S+G+R+D+K
sg5 B  N+W+L  Z+F  P  T+O+E+C+S+G+R+D+K
sg6 B  N+W+L  Z+F  P  T+O  E+C+S+G+R+D+K
sg7 B  N+W+L  Z+F  P  T+O  E+C+S+G+R+D  K
sg8 B  N  W+L  Z  F  P  T+O  E+C+S+G+R+D  K
sg9 B  N  W+L  Z  F  P  T  O  E+C+S+G+R+D  K
sg10 B  N  W+L  Z  F  P  T  O  E+C  S+G+R+D  K
sg11 B  N  W  L  Z  F  P  T  O  E+C  S+G+R+D  K
sg12 B  N  W  L  Z  F  P  T  O  E+C  S  G+R+D  K
sg13 B  N  W  L  Z  F  P  T  O  E  C  S  G+R+D  K

Bottom B  N  W  L  Z  F  P  T  O  E  C  S  G+R  D  K

Table 16. Silhouette coefficient statistics for unique partitions  
for simple gradient technique application case for sixteen DMUs case 

Name Number  
of clusters

min s(i)
(DMU) mean s(i) max 

s(i) (DMU)
std.dev. s(i) 

(DMU)
sg2 2 0.398 (P) 0.793 0.888 (D) 0.126
sg3 3 0.058 (T) 0.634 0.805 (R) 0.229
sg4 4 0.058 (T) 0.661 0.831 (F) 0.210
sg5 5 0.058 (T) 0.665 0.806 (F) 0.221
sg6 6 0.450 (N) 0.712 0.838 (T) 0.118
sg7 7 0.450 (N) 0.722 0.832 (T) 0.096
sg8 9 0.528 (W) 0.707 0.832 (T) 0.085
sg9 10 0.528 (W) 0.670 0.776 (S) 0.074
sg10 11 0.133 (S) 0.668 0.850 (E) 0.224
sg11 12 0.133 (S) 0.689 0.850 (S) 0.251
sg12 13 0.719 (D) 0.776 0.804 (G,R) 0.040
sg13 14 0.719 (D) 0.776 0.804 (G,R) 0.040
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Table 17 presents the cluster hierarchy obtained through the application of the 
Szczotka–Spaeth technique. The technique provides 5 partitions, which also appear 
in the simple gradient approach to the use-related cluster hierarchy. They include the 
most notable ones with regard to individual silhouette coefficient values as well. How-
ever, the majority of partitions provided by the technique are unique. The unique 
partitions are expressed in Table 17 by boldface. Silhouette coefficient statistics for 
them are given in Table 18.

Table 17. Cluster hierarchy – Szczotka–Spaeth technique application case  
for sixteen DMUs case

Name Partition
Top B+N+W+L+Z+F+P+T+O+E+C+S+G+R+D+K
sg2 B+N+W+L+Z+F  P+T+O+E+C+S+G+R+D+K
ss3 B+N+W+L  Z+F  P+T+O+E+C+S+G+R+D+K
ss4 B  N+W+L  Z+F  P+T+O+E+C+S+G+R+D+K
ss5 B  N+W+L  Z  F  P+T+O+E+C+S+G+R+D+K
ss6 B  N+W+L  Z  F  P   T+O+E+C+S+G+R+D+K
ss7 B  N+W+L  Z  F  P  T  O+E+C+S+G+R+D+K
ss8 B  N+W+L  Z  F  P  T  O  E+C+S+G+R+D+K
ss9 B  N  W+L  Z  F  P  T  O  E+C+S+G+R+D+K
ss10 B  N  W  L  Z  F  P  T  O  E+C+S+G+R+D+K
ss11 B  N  W  L  Z  F  P  T  O  E+C+S+G+R+D  K
sg11 B  N  W  L  Z  F  P  T  O  E+C  S+G+R+D  K
sg12 B  N  W  L  Z  F  P  T  O  E+C  S  G+R+D  K
sg13 B  N  W  L  Z  F  P  T  O  E  C  S  G+R+D  K

Bottom B  N  W  L  Z  F  P  T  O  E  C  S  G+R  D  K

Table 18. Silhouette coefficient statistics for unique partitions  
for Szczotka–Spaeth technique application case for sixteen DMUs case

Name Number  
of clusters

min s(i) 
(DMU) mean s(i) max s(i)

(DMU)
std.dev. s(i) 

(DMU)
ss3 3 0.104 (P) 0.723 0.860 (S) 0.188
ss4 4 0.104 (P) 0.731 0.860 (S) 0.196
ss5 5 0.039 (P) 0.712 0.855 (S) 0.223
ss6 6 0.058 (T) 0.645 0.805 (G, R) 0.232
ss7 7 −0.818 (O) 0.505 0.773 (W) 0.430
ss8 8 0.450 (E) 0.651 0.773 (W) 0.127
ss9 9 0.455 (E) 0.642 0.771 (G, R) 0.114
ss10 10 0.455 (E) 0.653 0.771 (G,R) 0.120
ss11 11 0.617 (E) 0.692 0.776 (S) 0.058
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It appears that almost all unique partitions derived from the application of the 
Szczotka–Spaeth technique deal with rather unacceptable silhouette coefficient val-
ues for individual DMUs. The only unique partition that provides acceptable values 
for the coefficient consists of a single cluster {E C S G R D} and 10 clusters made 
up of distinct DMUs. Coefficient values for individual DMUs seem, nevertheless, to 
suggest that the partition is slightly worse than the best partitions provided by the 
gradient approach application (see Table 16).

The sequence of the Pareto rule-based procedure steps is illustrated in Table 19. 
The boldfaced ideals in the table correspond to the current cluster composition. Note 
that the application of the procedure finally gives the partition, which consists of 
5 clusters: {B N W L}, {Z F}, {P T}, {O E C S}, and {G R D K}. The silhouette 
coefficient values for individual DMUs, which are presented in the last column of 
Table 19, show, however, that the partition is inefficient (see the boldfaced entries in 
the last column). This is because some DMUs generally misfit the partition (T, S, O), 
while others show a rather poor fit (C, E, P, K).

Table 19. Pareto rule-based approach use illustration (θ = 0.80) for the sixteen DMUs case 

DMU I II III IV V s(i)
B 1 – – – – 0.603
N 0.934 – – – – 0.713
W 0.905 – – – – 0.649
L 0.891 – – – – 0.529
Z 0.789 1 – – – 0.797
F 0.760 0.963 – – – 0.831
P 0.559 0.709 1 – – 0.402
T 0.454 0.576 0.812 – – –0.327
O 0.437 0.554 0.782 1 – –0.027
E 0.374 0.473 0.668 0.854 – 0.375
C 0.369 0.468 0.660 0.844 – 0.309
S 0.355 0.450 0.634 0.811 – –0.282
G 0.342 0.434 0.612 0.782 1 0.519
R 0.342 0.434 0.612 0.782 1 0.519
D 0.337 0.428 0.603 0.771 0.985 0.570
K 0.287 0.364 0.514 0.657 0.839 0.447

The sequence of steps for the VIKOR-like rule-based application is presented in 
Table 20. The obtained results suggest a partition that consists of 7 clusters: {B N}, 
{W L}, {Z F}, {P}, {T O}, {E C S G R D}, and {K}. Although the partition is 
much better, in terms of the silhouette coefficient, than the partition resulting from 
the application of the Szczotka–Spaeth technique, it is still ineffective. This is due to 
an unacceptable coefficient value for the second best DMU and a rather poor value 
for the top DMU. It is truly a pity, as fairly high silhouette coefficient values are 
registered for the majority of the remaining DMUs.
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The comparison of final results for the sixteen DMUs case is presented in Ta-
ble 21. It transpires that the application of different approaches results in the iden-
tification of partitions that differ in the structure of DMU clusters. The number of 
clusters ranges from 5 in the case of the Pareto rule, application to 11 in the case 
of the Szczotka–Spaeth technique. Almost all the approaches proved capable of iden-
tifying partitions where more than half of the DMUs form clusters consisting of at 
least two DMUs. Szczotka–Spaeth is a notable exception in this regard.

Table 20. VIKOR-like rule approach rule-based use illustration for the sixteen DMUs case

DMU I II III IV V VI VII
N 16 14 12 10 9 7 1 s(i)
θ 0.067 0.077 0.091 0.111 0.125 0.167 –
B 1 – – – – – – 0.355
N 0.934 – – – – – – –0.450
W 0.905 1 – – – – – 0.778
L 0.891 0.984 – – – – – 0.818
Z 0.789 0.872 1 – – – – 0.733
F 0.760 0.839 0.963 – – – – 0.789
P 0.559 0.618 0.709 1 – – – –
T 0.454 0.502 0.576 0.812 1 – – 0.832
O 0.437 0.483 0.554 0.782 0.962 – – 0.797
E 0.374 0.413 0.473 0.668 0.822 1 – 0.662
C 0.369 0.408 0.468 0.660 0.812 0.988 – 0.728
S 0.355 0.392 0.450 0.634 0.781 0.950 – 0.776
G 0.342 0.378 0.434 0.612 0.753 0.916 – 0.724
R 0.342 0.378 0.434 0.612 0.753 0.916 – 0.724
D 0.337 0.373 0.428 0.603 0.742 0.903 – 0.618
K 0.287 0.318 0.364 0.514 0.632 0.769 1 –

Table 21. Final results for the sixteen DMUs case

Approach
(number of 

clusters)

Partition
min s(i)
(DMU) mean s(i) max s(i)

(DMU) std.dev. s(i)

Simple gradient
(9) 

{B}={N}={W L}={Z}={F}={P}={T O}={E C S G R D K}
0.528 (W) 0.707 0.832 (T) 0.085

Szczotka–Spaeth
(11)

{B}={N}={W}={L}={Z}={F}={P}={T}={O}={E C S G R D}={K}
0.617 (E) 0.692 0.776 (S) 0.058

Pareto rule
(5)

{B N W L}={Z F}={P T}={O E C S}={G R D K}
−0.327 (T) 0.414 0.831 (F) 0.336

VIKOR-like rule
(7)

{B}={N}={W L}={Z F}={P}={T O}={E C S G R D}={K}
−0.450 (N) 0.635 0.854 (G, R) 0.322
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4. DISCUSSION

Results of the presented analysis show that traditional clustering approaches seem 
capable of indicating partitions that provide a good fit for individual DMUs. On the 
other hand, both proposed rule-based approaches seem to lack such a  capability. 
A closer look at the results of the application of distinct techniques (see Table 14 and 
Table 21) nevertheless provides some hints regarding possible improvements in the 
results. For example, there is only a single E5 sustainability program that doesn’t 
fit the final partition suggestion provided by the application of both rule-based ap-
proaches for the six DMUs case (see Table 14). Hence, we could try to break its 
common cluster with the E2 program (VIKOR rule-based partition only) or even 
merge it with the cluster of worse sustainability programs. The anticipated effects 
of these actions are presented in Table 22. The effects nonetheless confirm that the 
corrections result in unsatisfactory outcomes.

Table 22. Anticipated effects of partition corrections for the six DMUs case

Approach Partition
s(i)

E2 E5 E3 E1 E6 E4
Pareto rule {E2}={E5 E3 E1}={E6 E4} – −0.20 0.27 0 0.52 0.50

VIKOR- 
like rule

{E2}={E5}={E3 E1 E6 E4} – – 0.42 0.58 0.72 0.69
{E2}={E5 E3 E1 E6 E4} – −0.40 0.63 0.67 0.69 0.67

Let us see if it is possible to improve the results of the application of rule-based 
approaches in the sixteen DMUs case. The contents of Table 19 suggest that the main 
problem with the inefficiency of the partition resulting from the application of the Pareto 
rule clearly pertains to the cluster {P T O E C S}. The somewhat poor, although not 
very bad, silhouette coefficient values for P, E, and C suggest that it could be advanta-
geous to separate them into distinct clusters: {P} and {E C}. By the way, conducting 
the same action regarding the least preferable DMU, namely K, may also help improve 
individual silhouette coefficient values. Note that negative values for the coefficient in the 
cases of T and O also suggest that these DMUs could benefit from a common, distinct 
cluster. On the other hand, the negative silhouette coefficient value for S suggests that it 
would fit better into a common cluster with slightly better DMUs (C and E) and slightly 
worse DMUs (G, R, and D). Hence, we could finally obtain the corrected partition, which 
would consist of 6 clusters: {B N W L}, {Z F}, {P}, {T O}, {E C S G R D}, and {K}. 
The quality of the derived partition is confirmed by the contents of Table 23.

Table 23. Recommended corrected partition for sixteen DMUs case –  
Pareto rule approach application

Partition min 
s(i)

mean 
s(i)

max
s(i)

std.dev.
s(i)

{B N W L}={Z F}={P}={T O}={E C S G R D}={K} 0.529
(L) 0.713 0.832

(T) 0.088
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In the case of the VIKOR-like rule application (see Table 20), the presence of only 
two unsatisfactory values for individual silhouette coefficient values for adjacent top 
DMUs, B and N, seems to suggest a rather obvious and simple solution for improving 
the partition. The solution would address the final division of two top DMUs into 
two separate clusters or the final integration of N into the adjoining cluster {W L}. 
Note that the latter partition is identical to the sg7 partition from the seventh level 
of the cluster hierarchy obtained for the simple gradient approach application (see 
Table 15). Nevertheless, the descriptive statistics for individual silhouette coefficient 
values for the partition presented in Table 16 show that N fits rather poorly with the 
common cluster of W and L. The division of the two top DMUs among two distinct 
clusters is finally recommended. Therefore, the final recommended partition consists 
of 8 clusters. Note that the corrected partition is only slightly worse than the best 
partitions derived from the application of both clustering approaches, as its core dis-
advantage results from a lower silhouette coefficient for W only.

All in all, both clustering approaches and both rule-based approaches proved 
to be capable of recommending diverse partitions to which DMUs fit well, at least. 
The diversity of the partitions results in a different number of clusters (ranging 
from 6 in the case of the Pareto rule to 11 in the case of the Szczotka–Spaeth 
technique) and differences in silhouette coefficient values for individual DMUs. 
The results of the calculations conducted show that very good partitions – in 
terms of both average and maximum silhouette coefficients (values over 0.71) – are 
provided by the corrected results of the application of the VIKOR-like and Pare-
to rule-based approaches. Note, however, that the results provided by the use of 
both clustering approaches and the simple gradient approach, in particular, do not 
prove to be significantly worse in this regard. Moreover, the partitions provided by 
correcting the direct VIKOR-like rule and using a simple gradient technique are 
almost the same, with only two DMUs – Z and F – being treated differently by 
these methods. Note that balanced partitions are ultimately recommended by the 
application of all four approaches, as the standard deviation level for individual 
silhouette coefficient values is relatively low. Almost all the approaches proved to 
be capable of recommending partitions in which more than half of the DMUs form 
clusters consisting of at least two DMUs Szczotka–Spaeth is, nevertheless, a nota-
ble exception in this regard.

5. CONCLUSIONS

Some possible ways to interpret the results of qualitative AHP/ANP technique appli-
cations in a more adequate manner were discussed in the paper. The application of 
both common hierarchical clustering approaches (the simple gradient approach and 
the Szczotka–Spaeth technique), as well as simplified approaches based on discrimi-
nation rules (the Pareto rule and the VIKOR-like rule), is considered in this regard. 
Two distinct real case studies, which differed in the number of DMUs, were used to 
initially assess the suitability of the approaches for an adequate analysis of AHP/
ANP results.
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It turns out that common clustering approaches seem to be generally capable 
of providing adequate means for expressing qualitative differences between DMUs, 
thanks to their reliable division among distinct groups, regardless of how many DMUs 
are actually considered. Their use, particularly the use of a less tedious and simpler 
gradient approach, is therefore recommended.

The considered simplified rule-based approaches are generally less tedious but do 
not seem to directly succeed in recommending partitions in which all DMUs fit well, at 
least. However, the quality of the corrected results from their application, obtained for 
a considerable number of DMUs, seems to suggest that they may, nevertheless, prove 
to be useful in peculiar circumstances, at least. This is because they seem to be capable 
of providing a reliable basis for the identification of unique competitive partitions that 
common clustering approaches were not aware of at all. Hence, although they do not 
seem to directly derive reliable DMUs partitions, they should not be disregarded.

It is obvious that the rather limited scope of the conducted analysis does not 
allow for the formation of reliable general conclusions. Further research is recom-
mended; therefore, a comprehensive investigation into the effects of using considered 
approaches for grouping AHP/ANP application results is necessary to facilitate their 
qualitative interpretation. For instance, simulating the influence of the number of 
DMUs and other parameters of decision analysis problems on the effects of using 
the approaches could prove advantageous in this regard. The verification of the suit-
ability of other approaches is also welcome. For example, the application of diverse 
metrics for cluster separation quality assessment (Bezdek & Pal, 1998; Dunn, 1973; 
Pakhira et al., 2004; Tibshirani et al., 2001) and various clustering techniques (Ism-
khan, 2017; Mankowski & Moshkov, 2021; Szkaliczki, 2016; Wang & Song, 2011). The 
influence of the use of different priority estimation techniques and assessment scales 
in AHP/ANP, as well as similarity metrics, may also be considered in this regard. 
All in all, it is nonetheless hoped that the paper will foster a serious discussion about 
the adequate way to interpret the results provided by AHP/ANP applications in 
a meaningful and consistent manner, at least. 
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Abstract. Municipal Solid Waste Management (MSWM) represents a  complex, multi-level 
decision domain that involves strategic, tactical, and operational planning under economic, 
environmental, and social constraints. This paper reviews the state of Operations Research 
(OR) applications to MSWM. The analysis encompasses optimization, simulation, metaheuristic, 
and hybrid approaches that address decision problems ranging from facility siting and capacity 
expansion to routing and scheduling. The study classifies OR contributions across decision 
levels, identifying methodological patterns and dominant model types such as mixed-integer 
programming, metaheuristics, and simulation-optimization frameworks. Despite significant 
progress in optimization and the integration of sustainability, critical gaps remain in 
uncertainty modeling, system-wide integration, and data-driven decision support. Deterministic 
formulations prevail at the strategic and tactical levels, while uncertainty is mainly explored 
in operational routing. Cross-level coordination among infrastructure planning, fleet design, 
and daily operations remains underdeveloped. Furthermore, persistent data scarcity and the 
limited incorporation of behavioral factors constrain the practical applicability of OR models. 
The review concludes with a research agenda that advocates for multi-level, uncertainty-aware, 
and dynamic optimization frameworks, supported by standardized data infrastructures and 
behavioral insights.
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1.	 THE GLOBAL IMPERATIVE  
FOR OPTIMIZED MUNICIPAL SOLID WASTE MANAGEMENT

Municipal Solid Waste Management (MSWM) has emerged as a significant global 
challenge, driven by the relentless forces of rapid urbanization, population growth, 
and shifting consumption patterns. Ineffective MSWM poses severe threats, contrib-
uting to public health issues, environmental degradation, and the depletion of nat-
ural resources. The scale of this crisis is staggering, with global MSWM production 
surpassing 2 billion tons annually. Without decisive action, projections suggest this 
figure could double to approximately 4 billion tons by 2100. This trajectory high-
lights the pressing need for robust, structured, and strategic-level decision-making 
frameworks.

The complexity of MSWM extends far beyond a  simple technical problem. 
It is a multi-dimensional system encompassing a wide range of interconnected 
economic, environmental, and social factors. The entire waste value chain – from 
generation and collection to treatment and disposal – presents numerous decision 
points that require sophisticated analysis to ensure sustainability. In this context, 
decision-making cannot rely on reactive, ad-hoc measures. Instead, it requires 
a proactive and comprehensive approach that can balance conflicting objectives, 
such as minimizing costs, reducing environmental footprints, and ensuring social 
acceptability. 

Operations Research (OR) offers a foundational discipline for addressing the in-
tricate decision-making problems inherent in MSWM. By employing mathematical 
modeling, optimization techniques, and various algorithms, OR provides a power-
ful toolkit for analyzing complex systems and identifying optimal or near-optimal 
solutions. Application of OR techniques can lead to significant cost savings and 
improved waste recovery, making them a crucial component of any modern waste 
management system (Ghiani et al., 2014). Within this framework, a broad array 
of OR techniques has been developed to address the diverse decision-making chal-
lenges of MSWM, ranging from optimization-based planning to simulation and 
hybrid methods. Optimization models dominate at the strategic and tactical levels, 
where Mixed-Integer Programming (MIP) and decomposition techniques have been 
widely employed for facility location, network design, and multi-objective trade-
offs (Ghiani et al., 2014). Rich MIP formulations also appear in Vehicle Routing 
Problems (VRPs) for selective waste collection, incorporating facility and material 
compatibility constraints (Korcyl et al., 2019). Simulation models, both discrete 
and continuous, have been used to evaluate MSWM system performance and de-
sign recycling programs under operational-level variability (Antmann et al., 2013). 
Metaheuristics and matheuristics represent the state of practice for the Waste 
Collection and Routing Problems (WCRP), with algorithms such as Ant Colony 
Optimization (ACO), Simulated Annealing (SA), Genetic Algorithms (GA), Large 
Neighborhood Search (LNS), Greedy Randomized Adaptive Search Procedures 
(GRASP), and Adaptive Large Neighborhood Search (ALNS) – often in hybrid con-
figurations (Han & Ponce-Cueto, 2015; Xu et al., 2015). Examples include sectoring- 
routing local search approaches (Cortinhal et al., 2016) and hybrid ACO-SA models 
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with Taguchi parameter tuning (Tirkolaee et al., 2020). Simulation-optimization 
frameworks (simheuristics) have emerged to address stochastic travel times and 
time-dependent routing by embedding Monte Carlo simulation within metaheuris-
tic search (Gruler et al., 2020). Finally, uncertainty modeling remains a challenge: 
fuzzy chance-constrained formulations have been proposed for demand uncertainty 
(Tirkolaee et  al., 2020), and stochastic travel conditions are commonly handled 
through simulation (Gruler et al., 2020); yet, comprehensive end-to-end stochastic 
optimization formulations across decision levels are still limited, as several reviews 
have noted (Tirkolaee et al., 2018).

The literature provides solid strategic-tactical-operational level framing 
for MSWM primarily via broad surveys (Asefi et al., 2020; Ghiani et al., 2021) and 
a deep, globally oriented operational-level routing corpus (Beliën et al., 2014; Han 
& Ponce-Cueto, 2015), with uncertainty and hybrid sim-opt demonstrated mainly 
at the operational level (Antmann et al., 2013; Gruler et al., 2020; Tirkolaee et al., 
2020), but it lacks an explicit end-to-end, uncertainty-aware, multi-level optimiza-
tion synthesis with a formal problem-method matrix. Therefore, this work provides 
a review of the state of OR applications in MSWM, with a specific focus on the 
body of knowledge published through 2021. The aim is to systematically analyze 
and synthesize the existing literature, distinguishing between strategic, tactical, and 
operational decision-making problems in municipal solid waste management through 
the lens of OR. A central objective is to identify and articulate the key research 
gaps and limitations that existed in the field at that time, thereby providing a clear 
agenda for future research. The review focuses on studies that apply optimization, 
simulation, metaheuristics, or hybrid approaches, particularly those addressing un-
certainty in decision-making processes. This analysis not only documents progress 
but also highlights the critical areas where traditional OR models fall short, thereby 
paving the way for more integrated and practical solutions. In addition to method-
ological and hierarchical dimensions, two cross-cutting challenges are increasingly 
evident in the recent literature: (1) the limited integration of behavioral and social 
factors influencing waste generation and participation, and (2) persistent data qual-
ity and infrastructure constraints that affect the calibration and implementation of 
OR models. These issues shape the practical feasibility of optimization frameworks 
and are therefore taken into account when identifying the main research gaps. The 
review focuses on peer-reviewed studies published between 2000 and 2021, collected 
primarily through targeted searches in Semantic Scholar, ScienceDirect, Scopus, and 
Google Scholar. The selection emphasizes works applying optimization, metaheuris-
tics, simulation, or hybrid analytical approaches to municipal solid waste manage-
ment decision problems. Studies were included if they (1) explicitly formulated the 
problem using OR techniques and (2) addressed decisions at the strategic, tactical, 
or operational level. Classic foundational works were retained where they continue 
to serve as methodological reference points. Publications after 2021 were not system-
atically reviewed; therefore, emerging topics such as fleet electrification, dynamic 
and online routing, and IoT-enabled real-time optimization are acknowledged as 
relevant but fall outside the temporal scope of this study. This clarification ensures 
the analytical consistency of the review period.
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Three research questions guide the investigation:
	‒ RQ1: How have MSWM decision problems been classified and modeled across the 
strategic, tactical, and operational levels?

	‒ RQ2: Which OR problem classes, methodological families, and uncertainty 
modeling approaches dominate at each level?

	‒ RQ3: What forms of methodological integration exist across decision levels, and 
what gaps remain in end-to-end, multi-objective, and uncertainty-aware modeling?
The review does not claim to be exhaustive. Instead, it focuses on representative 

studies that reflect the dominant modelling approaches and methodological develop-
ments in the period examined. The review encompasses peer-reviewed journal articles 
and full conference papers published in English prior to October 31, 2021. Eligible 
studies focus on municipal solid waste management systems covering at least one cen-
tral process stage – generation, collection, transfer, treatment, or disposal – and em-
ploy recognized OR methodologies. Optimization models (e.g., MIP, Mixed-Integer 
Quadratic Programming (MIQP), decomposition), simulation approaches (discrete- 
event or system dynamics), metaheuristic algorithms, and simulation-optimization 
hybrids are all eligible for inclusion. Studies must also exhibit methodological gen-
eralizability beyond single-city applications or explicitly incorporate uncertainty 
through stochastic, robust, fuzzy, or chance-constrained formulations.

Papers were excluded if they focused solely on non-municipal waste streams, such 
as industrial, hazardous, or electronic waste; if they lacked a  formal optimization 
component, such as purely Internet of Things (IoT), Geographic Information Sys-
tem (GIS), or Multiple-Criteria Decision Analysis (MCDA) applications; or if they 
addressed isolated processes, like waste-to-energy plants or market analyses, without 
broader system optimization. Algorithmic studies without a substantive connection 
to MSWM planning were also omitted.

The primary search was conducted using the Semantic Scholar, PubMed, and arXiv 
databases to cover as many papers as possible, including those not indexed in Scopus 
or Web of Science. Searches combined waste management and OR terminology using 
Boolean structures such as: “municipal solid waste” OR “solid waste” AND (optimiza-
tion OR simulation OR “operations research” OR “stochastic” OR “robust” OR “meta-
heuristic” OR “chance constrained”) AND (strategic OR tactical OR operational OR 
routing OR siting OR “network design” OR “capacity expansion”). The time window 
extended from database inception to the end of 2021, and only peer-reviewed English- 
language publications were retained. Additional material was identified through back-
ward and forward snowballing from established reviews and methodological anchors, 
such as Beliën et al. (2014), Ghiani et al. (2014), and Asefi et al. (2020).

2. 	 A TAXONOMY OF OPERATIONS RESEARCH APPLICATIONS IN MSWM 

This section establishes a structured framework for understanding the field by 
categorizing OR applications into strategic and tactical decision levels. This tax-
onomy provides a clear lens for analyzing research gaps. The focus at the strategic 
level lies in designing long-term system configurations – optimizing facility locations, 
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capacities, waste flows, and technology portfolios under economic, environmental, 
and policy constraints. Decide the structure and long-term capacity of the system 
(generation → collection interface → transfer → treatment/recovery → disposal), 
typically via fixed-charge siting and multi-period expansion choices under multi- 
objective trade-offs. Surveys covering these decisions and methods include strategic/
tactical levels OR in MSWM and integrated MSWM with sustainability framing 
(Asefi et al., 2020; Ghiani et al., 2014). Tactical level problems in MSWM involve de-
signing medium-term policies and templates that bridge strategic infrastructure and 
day-to-day operations, including stable service districts, visit calendars/frequencies, 
fleet mix and shift templates, and assignments to depots/transfer/treatment (Beliën 
et al., 2014; Cortinhal et al., 2016; Ghiani et al., 2014). At the operational level, 
decision-making translates strategic and tactical level plans into the daily execution 
of collection services. This layer involves assigning stops to vehicles and crews, and 
scheduling trips and also unloads at transfer or treatment facilities, coordinating se-
lective streams, and responding in (near) real time to traffic, equipment failures, or 
overflow events. It bridges long-term system design with day-to-day logistics, ensur-
ing that municipal solid waste is collected efficiently, safely, and in accordance with 
service-level agreements (Asefi et al., 2020; Beliën et al., 2014; Ghiani et al., 2014). 
The taxonomy of representative OR problem areas in MSWM is presented in Table 1.

Table 1. Representative OR problem areas in Municipal Solid Waste Management

OR 
problem 

area

Corresponding 
MSWM task

Primary 
objective(s)

Representative 
OR models / 
techniques

Exemplary works 
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ti
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ti
on

Strategic-level 
planning of 
landfills, transfer 
stations, and 
treatment facilities

Minimize 
investment and 
transport costs; 
ensure service 
coverage; reduce 
environmental 
impact.

MIP; network 
design; 
decomposition 
approaches

Ghiani et al. 
(2014);
Koushik et al. 
(2018, 2020)

D
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ng

 /
 

Se
ct
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n

Tactical-level 
partitioning of 
service areas 
into compact, 
contiguous, and 
balanced sectors

Minimize workload 
imbalance and 
travel cost; ensure 
compactness and 
contiguity

Multi-objective 
MIP; local 
search; 
matheuristics; 
GIS-assisted 
clustering

Billa et al. (2014); 
Cortinhal et al. 
(2016); 
Ghiani et al. (2014);
Hemidat et al. 
(2017); 
Singh and Behera 
(2019)
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R
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y 
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g 
(P

V
R

P
) Tactical-level 

scheduling of 
periodic waste 
collection by zone 
or waste stream

Minimize service 
cost and overflow 
risk; maintain 
reliability

Multi-period  
VRP 
formulations; 
metaheuristics 
(GA, ALNS, 
VNS)

Asefi et al. (2020);
Beliën et al. 
(2014); 
Tirkolaee et al. 
(2018)
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OR 
problem 

area

Corresponding 
MSWM task

Primary 
objective(s)

Representative 
OR models / 
techniques

Exemplary works 
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P

) Tactical/
operational level 
design of daily 
collection routes 
for vehicle fleets

Minimize total 
travel time, cost, 
and emissions 
while balancing 
workload

Exact MILP; 
metaheuristics 
(GA, SA, 
GRASP, ACO); 
hybrid GIS-based 
solvers

Beliën et al. 
(2014);
Benjamin & 
Beasley (2010); 
Nuortio et al. 
(2006)

R
ou

ti
ng

 w
it
h 
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P
IF

)

Operational-level 
routing, including 
unloading trips to 
transfer/sorting 
stations

Minimize 
route time and 
unloading cost; 
respect facility 
windows and 
capacities

Multi-depot VRP; 
decomposition; 
heuristic-MIP 
hybrids

Benjamin & 
Beasley (2010);
Ghiani et al. 
(2014)
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ct
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e 
/ 

M
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-

C
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m
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C
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Operational-level  
design of 
segregated or 
multi-stream 
collection

Minimize total 
distance and 
contamination; 
ensure vehicle-
stream 
compatibility

MIP; rich VRP 
constraints; 
heuristic search

Goulart Coelho 
et al. (2017); 
Tirkolaee et al. 
(2018)
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C
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Tactical-level 
determination of 
fleet size, type, 
and allocation to 
depots

Minimize 
investment and 
operating cost; 
match service 
frequency and 
workload

MILP; 
multi-period 
optimization; 
cost-based fleet 
allocation

Ghiani et al. 
(2014);
Koushik et al. 
(2020); 
Rabbani et al. 
(2016); 
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/ 

N
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w
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O
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n System-level 

coordination 
of collection, 
transport, 
treatment, and 
disposal

Minimize total 
system cost; 
improve recycling 
and resource 
recovery efficiency

Multi-objective 
mathematical 
programming; 
multi-period flow 
models

Asefi et al. 
(2020); 
Goulart Coelho 
et al. (2017)
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R
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s 
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s Operational-level 
planning under 
uncertain waste 
generation and 
travel times

Improve 
reliability; 
minimize overflow 
and overtime risks

Fuzzy 
optimization; 
stochastic 
programming; 
simheuristics

Asefi et al. (2020); 
Beigl et al. (2008);
Tirkolaee et al. 
(2020)
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n

Evaluation of new 
collection policies 
or recycling 
programs

Assess service 
quality, costs, and 
environmental 
outcomes

Discrete-event 
and continuous-
discrete 
simulation 
frameworks

Antmann et al. 
(2013);
Asefi et al. (2020)

Table 1 cont. 
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As summarized in Table 1, the body of research demonstrates a clear methodolog-
ical stratification. Strategic-level models remain dominated by mixed-integer formula-
tions for long-term infrastructure and technology choices. In contrast, tactical-level mod-
els increasingly combine multi-objective optimization with matheuristics to balance 
efficiency, workload, and environmental criteria. Operational-level models, in turn, 
feature the most mature algorithmic development, especially in rich vehicle routing 
and scheduling variants. This structure highlights both the progression of methodo-
logical sophistication across levels and the persistent gaps in cross-level integration.

2.1. Strategic level problems

Strategic-level decision-making in MSWM is dominated by optimization models that 
formalize long-term system configuration, facility development, and technology selec-
tion as complex mathematical programs. According to Ghiani et al. (2014) and Asefi 
et al. (2020), these canonical problems can be categorized into several classes, includ-
ing facility location and capacity sizing, multi-period expansion planning, technolo-
gy and process-network design, multi-commodity network optimization, and policy- 
oriented system design. A foundational work by Ghiani et al. (2014) categorized these 
problems as location-allocation, network design, and system expansion models, which 
are most frequently formulated as MILP. These formulations typically minimize total 
system cost – including transportation, operation, and investment – while satisfying 
service coverage and environmental regulations. Multi-objective extensions balance 
conflicting goals such as minimizing cost, maximizing recycling, and reducing emis-
sions.

The facility location and capacity sizing problem – deciding where to site land-
fills, transfer stations, material recovery facilities, composting or anaerobic diges-
tion plants, waste-to-energy units, and residual disposal facilities – is a foundational 
optimization challenge. It is most often modeled as a fixed-charge facility location 
or capacitated network design problem solved through MIP or MIQP (Tirkolaee 
et al., 2018). These formulations minimize total system costs, accounting for capital 
investment, transportation, and operation, subject to constraints on facility capac-
ity, siting restrictions, and service coverage. Multi-objective variants add diversion 
rates, greenhouse gas (GHG) emissions, and equity metrics as objectives. Cunha 
and Caixeta Filho (2002) advanced this line of research through a nonlinear goal 
programming model that simultaneously optimized economic efficiency, environ-
mental quality, and social acceptability – one of the earliest multi-criteria optimi-
zation approaches in MSWM.

Multi-period capacity expansion planning is another critical strategic-level prob-
lem, involving decisions on the timing and scale of facility development, landfill cell 
construction, and technology upgrades in response to growth and regulatory pressures. 
Tirkolaee et al. (2018) describe these as multi-stage MILP models, featuring binary 
variables for facility opening and continuous flow variables, which are often solved us-
ing decomposition or Lagrangian relaxation to address the large-scale complexity. Sim-
ilarly, Koushik et al. (2018, 2020) optimized the placement and capacity of treatment, 
transfer, and disposal facilities over multiple planning periods, demonstrating that 
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the inclusion of transfer stations reduced total costs and transport distances by more 
than 10%. Their comprehensive MILP framework integrated treatment, transport, and 
transfer station location to minimize total system cost while ensuring network balance.

The technology selection and process-network design problem focuses on de-
termining the optimal mix of recycling, composting, thermal, and residual disposal 
technologies. These models, typically formulated as multi-objective MILPs (Asefi 
et al., 2020; Tirkolaee et al., 2018), incorporate mass-energy balance equations to 
represent the yields of material and energy recovery. Studies such as those by Aliaga 
et al. (2021) have extended this approach to reverse logistics network optimization, 
where recovered materials are reintroduced into secondary markets. In parallel, multi- 
commodity network design models configure segregated waste streams (residual, re-
cyclables, organics, bulky waste) across a regional network, minimizing costs or envi-
ronmental impact while respecting contamination thresholds and market constraints 
(Tirkolaee et al., 2018). Regionalization and contracting models add another layer of 
realism by optimizing inter-municipal cooperation and shared infrastructure, often 
through cooperative cost-sharing or bilevel optimization structures.

Optimization at the strategic level also extends to policy design and regulatory 
planning, optimization models integrating policy instruments – such as pay-as-you-
throw schemes, recycling incentives, and landfill taxes – into system-level design. 
These frameworks often use bi-level or scenario-based optimization to simulate the 
effects of policy on infrastructure investment and waste flows. At the same time, 
Asefi et al. (2020) emphasize the integration of energy and by-product recovery into 
planning models, coupling waste networks with power or heat grids to account for 
emission-revenue trade-offs. The complementary analyses by Goulart Coelho et al. 
(2017) highlight the use of multi-objective and game-theoretic formulations to ex-
amine the interactions among policy incentives, technology selection, and economic 
outcomes.

Across these classes, optimization objectives typically include minimizing total 
life-cycle cost, maximizing diversion or resource recovery rates, and minimizing GHG 
or pollutant emissions – often addressed through the ε-constraint or Pareto-front 
methods (Tirkolaee et al., 2018). Typical constraints capture facility and transport 
capacities, regulatory and environmental limits, contamination and quality specifica-
tions, labor availability, and spatial equity (e.g., maximum service distance). To han-
dle uncertainty in waste generation, participation, material yields, energy prices, and 
regulation, models employ two-stage and multi-stage stochastic programming, robust 
optimization, and chance-constrained formulations, supplemented by simulation- 
based evaluations where analytical modeling is infeasible (Tirkolaee et  al., 2018).

Empirical evidence further demonstrates the practical application of these op-
timization frameworks in real-world settings. Cabrera and Yabar (2018) developed 
a network-based spatial analysis framework for locating waste recovery facilities in 
Concepción, Chile, optimizing accessibility and transport efficiency through GIS-based 
network modeling. This finding underscores the trade-offs inherent in multi-objective 
optimization. Nevertheless, as Zeiss and Lefsrud (1996) and Vári (2000) emphasize, 
technically optimal solutions can face public opposition and governance barriers, re-
vealing a persistent gap between mathematical optimality and social feasibility.
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Strategic-level optimization in MSWM is grounded in MIP-based models for 
fixed-charge location, capacity expansion, and multi-objective network design, often 
supplemented by decomposition and stochastic extensions. These formulations have 
proven effective for system-level planning, technology selection, and policy evalu-
ation. However, as Asefi et al. (2020) note, key gaps remain in incorporating un-
certainty, dynamic capacity expansion, behavioral factors, and intertemporal policy 
feedback. Addressing these gaps through integrated, stochastic, and participatory 
optimization frameworks represents a crucial direction for future research in sustain-
able waste management planning.

2.2. Tactical level problems

At the tactical level of decision-making, OR provides analytical support for medi-
um-term planning decisions that link long-term infrastructure design with short-term 
operational control. These optimization models address collection sectorization, rout-
ing, frequency planning, fleet allocation, and transfer network coordination, all of 
which are subject to resource, regulatory, and spatial constraints. This layer bridges 
strategic-level planning and daily operations, defining how available resources are 
organized to ensure continuous and efficient service delivery. As noted by Beliën et al. 
(2014), and Ghiani et al. (2014) tactical-level optimization in MSWM determines the 
configuration of collection districts, service frequencies, fleet composition, and depot 
assignments while balancing economic efficiency, environmental performance, and 
workload distribution.

A  foundational tactical-level problem is districting or sectorization, in which 
municipalities are divided into compact, contiguous service zones that balance work-
loads among collection crews. Cortinhal et al. (2016) developed a sectoring-routing 
heuristic that jointly optimizes district boundaries and route design to achieve com-
pactness and workload equity. Similarly, Kallel et  al. (2016) integrated GIS tools 
into sectoring and routing optimization, demonstrating how geospatial data supports 
balanced and feasible collection plans. Huang and Lin (2015) extended this frame-
work by incorporating social and policy constraints such as street access and col-
lection time restrictions, demonstrating how tactical-level planning can reflect local 
regulations. Araiza-Aguilar et al. (2021) and Majid et al. (2021) proposed one of the 
early GIS-assisted heuristic approaches that incorporated vehicle accessibility into 
districting design, illustrating the role of spatial modeling in enhancing real-world 
feasibility. According to Ghiani et al. (2014), such problems are typically formulated 
as multi-objective MIP problems or solved with matheuristics, where cost minimi-
zation, travel-time balance, and compactness compete as key objectives. Reviews by 
Beliën et al. (2014) confirm that decomposition and local search techniques dominate 
this field due to the high combinatorial complexity of maintaining contiguity and 
balance constraints.

Tactical-level models also cover container allocation and vehicle coordination, 
which link strategic-level siting with operational-level routing. Mahéo et al. (2020) 
proposed a Benders decomposition model that integrates bin placement with route 
optimization, bridging long-term infrastructure design with tactical-level service 
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planning. Likewise, Aliahmadi et al. (2020) introduced a fuzzy optimization approach 
for capacitated node-routing problems with multiple tours, embedding uncertainty in 
waste volumes – a rare example of explicit tactical-level uncertainty modeling. Con-
tainer placement and sizing models, reviewed by Asefi et al. (2020) and Ghiani et al. 
(2014), determine the optimal number, type, and location of bins using integer pro-
gramming, subject to accessibility constraints, contamination thresholds, and vehicle- 
container compatibility. These problems form a  closed tactical-level decision loop 
that directly interacts with routing and frequency-setting tasks. In selective or segre-
gated collection systems, additional complexity arises from waste-stream compatibil-
ity: Tirkolaee et al. (2018) and Goulart Coelho et al. (2017) modeled multi-commodity  
vehicle routing with compatibility matrices that account for multi-compartment ve-
hicles and differentiated waste flows.

A related and long-studied tactical-level problem is periodic collection and frequen-
cy setting, often formalized as the Periodic Vehicle Routing Problem (PVRP). Beliën 
et al. (2014) and Asefi et al. (2020) describe how these formulations determine optimal 
day-of-week or seasonal schedules to minimize overflow risk while maintaining service 
reliability. Such models capture both routing and scheduling decisions and are frequent-
ly solved using metaheuristics – notably GA, Adaptive Large Neighborhood Search 
(ALNS), and Variable Neighborhood Search (VNS). Tirkolaee et al. (2018) extended 
the PVRP framework to multi-period and multi-objective MIPs, including environmen-
tal and capacity constraints, while Lei et al. (2020) introduced a discrete-continuous 
hybrid approach for recycling collection that captures tactical-level trade-offs be-
tween service intervals and processing coordination. Delgado-Antequera et al. (2020) 
and López-Sánchez et  al. (2018) further developed multi-objective models, solved 
using GRASP-Variable Neighborhood Descent (VND) algorithm and iterated greedy 
heuristics, that simultaneously optimize cost, workload balance, and emissions.

The allocation of service zones to depots and transfer stations represents another 
canonical tactical-level issue. As Ghiani et al. (2014) note, this can be expressed as 
a Multi-Depot Vehicle Routing Problem (MDVRP) in which subareas are assigned 
to facilities subject to capacity, haul distance, and time-window constraints. Koushik 
et al. (2018, 2020) extended this logic in integrated MILP frameworks that combine 
depot assignment, fleet sizing, and transfer station utilization, demonstrating that 
optimized depot allocation can reduce system costs and travel distances by over 10%.

Tactical-level OR has also addressed heterogeneous fleet allocation and multi- 
compartment vehicle routing, especially under selective collection regimes. Rabbani 
et al. (2016) developed a hybrid GA to optimize heterogeneous fleet routing with 
multiple compartments for recyclable and residual waste. Assaf and Saleh (2017) em-
ployed GA-based optimization to adapt fleet routes to terrain and access limitations, 
whereas Das and Bhattacharyya (2015) calibrated deterministic fleet-route models 
for Indian cities to minimize collection and transfer costs. These works collectively 
demonstrate the diversity of tactical fleet planning approaches.

The literature also documents growing attention to multi-objective and stochas-
tic tactical-level planning. Marković et al. (2019) and Tirkolaee et al. (2020) incor-
porated stochastic demand and fuzzy travel times into routing formulations. In con-
trast, Asefi et al. (2020) reviewed hybrid frameworks that combine MIP formulations 
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with simulation or metaheuristics to manage uncertainty. Delgado-Antequera et al. 
(2020) introduced bi-objective optimization for cost-equity trade-offs, and Ghiani 
et al. (2014) emphasized workload balance as a key equity-based constraint.

Recent research trends have led to a shift in tactical-level models toward inte-
grated and sustainability-oriented planning. Koushik et al. (2018) and Lei et al. 2020) 
incorporated recycling, energy recovery, and emissions into multi-objective frame-
works, transforming traditional cost-based optimization into sustainability-driven 
decision-making. Similarly, Mojtahedi et  al. (2021) and Asefi et  al. (2020) linked 
routing and fleet planning with smart-city infrastructures, reflecting the increasing 
digitalization of tactical management.

Typical objectives of tactical-level models include minimizing total service cost 
(vehicle-hours, distance, fuel use), balancing crew workloads, and reducing environ-
mental externalities such as emissions and noise (Beliën et al., 2014; Cortinhal et al., 
2016; Ghiani et al., 2014). Typical constraints address compactness, service cover-
age, vehicle-waste compatibility, working hours, and depot capacities. Multi-objective 
trade-offs are frequently handled using ε-constraint or weighted-sum approaches 
(Tirkolaee et al., 2018). Simulation – especially with discrete-event and hybrid con-
tinuous-discrete models – is often used to test proposed collection policies and re-
cycling initiatives before implementation (Antmann et al., 2013; Asefi et al., 2020).

Despite this methodological progress, the treatment of uncertainty remains a per-
sistent gap at the tactical level. While operational-level studies frequently employ 
fuzzy and stochastic formulations, few works have applied these methods to tactical- 
scale models (Asefi et al., 2020; Tirkolaee et al., 2020). Beigl et al. (2008) emphasized 
that forecast uncertainty in waste generation and participation rates can substantial-
ly affect tactical-level planning, yet most studies continue to assume deterministic 
inputs.

Literature published between 2000 and 2021 reveals a clear evolution from de-
terministic routing and fleet sizing toward multi-objective, uncertain, and integrated 
tactical-level planning that accounts for environmental and operational variability. 
Nevertheless, as Ghiani et al. (2014) and Asefi et al. (2020) emphasize, the full inte-
gration of uncertainty and cross-level coupling across the tactical, strategic, and op-
erational layers remains underdeveloped. Addressing these gaps requires end-to-end 
stochastic optimization frameworks that integrate tactical-level decisions on routing, 
sectorization, and fleet renewal with long-term sustainability and policy objectives.

2.3. Operational level problems

At the operational level, decision-making transforms strategic and tactical level plans 
into daily waste collection activities, enabling the design of efficient, reliable, and 
cost-effective services. This stage includes assigning stops to vehicles and crews, 
scheduling trips and unloads at transfer facilities, coordinating selective streams, and 
responding to traffic conditions or container overflow (Asefi et al., 2020; Beliën et al., 
2014; Ghiani et al., 2014).

The VRP and its variants are the dominant operational-level formulations in 
the waste management literature. Foundational contributions, such as those by 
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Nuortio et al. (2006) and Benjamin & Beasley (2010), applied metaheuristics, in-
cluding genetic algorithms, simulated annealing, and adaptive large neighborhood 
searches, to optimize collection routes for heterogeneous fleets and multiple depots. 
These models were later extended into rich VRPs that incorporate multiple trips, 
intermediate unloading at transfer stations, and working time limits (Beliën et al., 
2014; Ghiani et al., 2014). In practice, these formulations capture the complex inter-
play between route duration, facility accessibility, and vehicle capacity.

Operational-level problems with intermediate unloading are modeled as the Ve-
hicle Routing Problems with Intermediate Facilities (VRPIF). These formulations 
schedule unloading trips at transfer or treatment facilities within the daily tour, 
synchronizing route timing with facility hours and vehicle capacity resets (Benjamin 
& Beasley, 2010; Ghiani et al., 2014). For selective or multi-compartment collection, 
where multiple waste streams are collected concurrently, integer programming is 
used to encode compatibility rules between waste types, compartments, and facili-
ties (Goulart Coelho et al., 2017; Koushik et al., 2018; Rabbani et al., 2016). These 
models improve route efficiency and compliance with separation requirements while 
minimizing total distance and operating time.

In arc-routing models, where waste is collected along street segments, capacity 
and uncertainty are jointly addressed. Tirkolaee et  al. (2018) developed a  robust 
periodic capacitated arc routing problem incorporating driver working hours and 
stochastic demand. Their hybrid ant colony optimization and simulated annealing 
approach demonstrated that metaheuristics can effectively handle large, uncertain 
networks, which are typical of municipal collection systems. Similar formulations 
have been used to balance workload, fuel use, and emissions under constrained shift 
durations (Tirkolaee et al. 2018, 2020).

Containerized and underground systems have introduced inventory-routing logic 
into operational-level planning. In such cases, route optimization depends on predict-
ed container fill levels and overflow risk, which are often addressed through heuristics 
and short-term forecasting (Beliën et al., 2014; Faccio et al., 2011). Other models 
focus on appointment-based bulky waste collection, typically expressed as VRP with 
Time Windows variants with heterogeneous service and buffer times to account for 
schedule uncertainty (Ghiani et al., 2014). Crew assignment and shift feasibility are 
modeled as resource constraints within routing formulations to ensure compliance 
with labor and safety regulations (Benjamin & Beasley, 2010; Cortinhal et al., 2016).

Operational-level models typically pursue multi-objective optimization, aiming to 
minimize service costs and fuel consumption while balancing workload and reducing 
environmental externalities (Cortinhal et al., 2016; Ghiani et al., 2014). Constraints 
capture vehicle capacities, time windows, unloading cycles, stream compatibility, 
and accessibility restrictions (Beliën et al., 2014; Rabbani et al., 2016). Exact MIP 
is typically feasible only for structured cases, while city-scale problems rely on meta-
heuristics such as ALNS, GA, GRASP, ACO, and VNS (Benjamin & Beasley, 2010; 
Tirkolaee et al., 2018).

Simulation methods are increasingly used to evaluate operational policies before 
they are implemented. Antmann et al. (2013) employed continuous-discrete simula-
tion to test daily and weekly plans, while Johansson (2006) and Ramdhani et al. (2018) 
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demonstrated real-time rescheduling of waste collection vehicles based on traffic up-
dates. Such models provide insights into system reliability and capacity utilization, 
complementing optimization-based planning.

Digital and data-driven operations have emerged as a bridge between classical 
OR and real-time decision-making. Faccio et al. (2011) proposed a multi-objective 
model that integrates real-time traceability data into routing decisions, while Billa 
et al. (2014), Hemidat et al. (2017), and Singh & Behera (2019) demonstrated the 
use of GIS-based optimization for routing under urban accessibility constraints. 
As reviewed by Asefi et al. (2020), most digital applications framed sensor-driven  
collection as dynamic VRP or Inventory-Routing Problems, with optimization em-
bedded within feedback control or simulation loops. VRP-based optimization, 
metaheuristic solution strategies, and increasing integration of simulation and dig-
ital monitoring characterize operational-level decision-making in MSWM. Despite 
this progress, treatment of uncertainty remains limited, and links to tactical and 
strategic layers are often unidirectional. As noted by Ghiani et al. (2014) and Asefi 
et al. (2020), future research should focus on fully integrated, stochastic optimi-
zation frameworks that connect operational-level responsiveness with long-term 
system sustainability.

3. 	 RESEARCH GAPS IN THE APPLICATION OF OPERATIONS RESEARCH 
TO MSWM 

Despite significant methodological progress, the literature on OR tools for MSWM 
remains fragmented across decision levels and constrained in its treatment of un-
certainty, sustainability, and data integration. Existing reviews emphasize that 
although many models address strategic, tactical, or operational level issues in-
dividually, few provide an integrated, system-wide perspective that links facility 
planning, sector design, and daily routing (Asefi et al., 2020; Ghiani et al., 2014; 
Goulart Coelho et al., 2017). Most formulations continue to rely on deterministic 
assumptions and static planning horizons, with limited capacity to represent the 
dynamic and uncertain behavior of real waste systems. As a result, system-level 
coordination among infrastructure siting, collection frequency, and routing remains 
a central research gap.

At the strategic level, optimization models typically focus on facility location, 
capacity, and technology mix, often formulated as MILP (Asefi et al., 2020; Ghiani 
et  al., 2014). While these models capture cost and regulatory constraints, they 
rarely include explicit feedback from downstream routing and service performance. 
The decoupling between strategic and operational layers leads to cost estimates 
that do not fully account for transportation variability, congestion, or selective 
collection requirements. Few works integrate facility siting and technology selec-
tion with realistic routing submodels or stochastic demand conditions (Koushik 
et al. 2018, 2020). This indicates a methodological opportunity for multi-stage or 
decomposition-based models that link siting and capacity expansion with collection 
logistics under uncertainty.
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At the tactical level, the literature highlights a dominance of deterministic for-
mulations for districting, service frequency planning, and fleet allocation (Asefi et al., 
2020; Beliën et al., 2014; Cortinhal et al., 2016). Although empirical evidence sug-
gests that fluctuations in waste generation and participation impact service quality 
(Beigl et al., 2008), explicit stochastic or robust tactical-level models remain relative-
ly uncommon. Chance-constrained or fuzzy optimization – frequently applied at the 
operational level in routing – has seldom been extended to tactical-level problems, 
such as sectorization or periodic service planning. This gap limits the adaptability of 
medium-term decisions to real-world demand and travel-time variability.

OR in MSWM has been dominated by routing optimization, especially VRPs 
and their extensions for time windows, multi-trips, or multiple depots (Benjamin & 
Beasley, 2010; Nuortio et al., 2006; Tirkolaee et al., 2018, 2020). However, even with-
in this rich corpus, most studies focus on deterministic instances, while only a few 
consider stochastic travel times or uncertain waste quantities. Simheuristic approach-
es and fuzzy formulations were introduced to capture these effects (Tirkolaee et al., 
2020). However, large-scale applications integrating stochastic routing with upstream 
tactical or strategic level modules were still absent before 2021. Queueing and syn-
chronization at transfer facilities were generally simplified, despite their importance 
for operational feasibility (Ghiani et al., 2014).

A recurring challenge across levels is the limited integration of sustainability and 
equity objectives. Multi-objective models are well established, yet most remain focused 
on economic and environmental trade-offs, with few incorporating social or fairness 
constraints (Asefi et al., 2020; Goulart Coelho et al., 2017). Workload balance is reflect-
ed in routing formulations (Cortinhal et al., 2016), but explicit environmental justice 
considerations – such as equitable access to services or reduction of exposure – are 
rarely formalized. Moreover, uncertainty is rarely considered in sustainability-oriented 
optimization, thereby reducing the robustness of long-term planning outcomes.

Another structural limitation concerns the reliance on static and scenario-based op-
timization. Multi-period frameworks exist, but they remain discrete and non-adaptive 
Digital and IoT-based approaches – such as GIS-assisted routing and fill-level moni-
toring – have shown potential for dynamic planning (Billa et al., 2014; Faccio et al., 
2011; Hemidat et al., 2017; Johansson, 2006; Karadimas & Loumos, 2008; Ramd
hani et al., 2018; Singh & Behera, 2019), yet hitherto implementations were largely  
prototype-scale. Most systems lacked the data infrastructure and standardization 
required for real-time re-optimization, reflecting a gap between methodological capa-
bility and technological readiness.

A foundational obstacle underpinning these issues are data bottlenecks. As Beigl 
et  al. (2008) observed, waste composition and generation rates vary significantly 
across regions, which limits the transferability of models and the comparability 
of analysis. Data scarcity also hinders the development of standardized stochastic 
benchmarks for routing and facility planning. While deterministic routing bench-
marks are well established (Benjamin & Beasley, 2010; Nuortio et al., 2006), open da-
tasets incorporating time-dependent speeds, uncertain setups, or facility constraints 
are still lacking. Without such benchmarks, assessing the performance of stochastic 
and simulation-based optimization approaches remains challenging.
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Critical thematic gaps persist in linking OR models to emerging challenges and 
transitions. Studies rarely integrate waste quality and market volatility into tacti-
cal or strategic level optimization, despite their significant impact on system costs 
(Goulart Coelho et al., 2017; Koushik et al., 2018). Similarly, hitherto, research has 
provided little insight into fleet electrification or resilience to shocks such as pandem-
ics or extreme weather events, although these factors are increasingly shaping munic-
ipal logistics (Asefi et al., 2020; Tirkolaee et al., 2020). Operational disruptions and 
dynamic rerouting were discussed conceptually but seldom modeled quantitatively 
within integrated frameworks (see Table 2).

Table 2. Identified research gaps and future directions

Research gap Substantive issue Supporting 
evidence

Proposed future research 
direction

Global pandemic 
and shock 
resilience

Lack of comprehensive 
OR frameworks for 
managing extreme events 
that disrupt waste 
generation, composition, 
and logistics (e.g., 
COVID-19)

Asefi et al. 
(2020);
Tirkolaee 
et al. (2020)

Develop adaptable, resilient 
optimization models capable 
of handling sudden changes 
in waste streams, medical 
waste surges, and service 
interruptions through 
multi-stage and robust 
formulations

Behavioral 
integration deficit

Limited modeling 
of human attitudes, 
participation rates, and 
community behavior 
in optimization; socio-
behavioral dimensions 
treated qualitatively, not 
mathematically

Beigl et al. 
(2008);
Ghiani 
et al. (2014)

Combine OR with behavioral 
modeling by embedding 
empirical participation 
data or behavioral response 
functions into tactical and 
strategic-level optimization 
frameworks

Data-driven 
bottleneck

The persistent lack of 
standardized, high-
resolution, and reliable 
data on waste generation 
and composition hinders 
the transferability and 
validation of models

Asefi et al. 
(2020);
Beigl et al. 
(2008)

Develop standardized 
data collection protocols, 
interoperable databases, 
and cost-effective sensor 
networks; integrate ML-based 
forecasting into OR models 
to close the data-model gap

Static vs. 
dynamic 
optimization

Over-reliance on 
static, scenario-based 
optimization that cannot 
adapt to real-time 
fluctuations in waste 
generation and traffic 
conditions

Faccio et al. 
(2011)
Ghiani et al. 
(2014); 
Johansson 
(2006); 
Ramdhani 
et al. 
(2018)

Advance dynamic, IoT-
enabled optimization and 
simheuristic models for 
adaptive routing, load 
balancing, and overflow 
prevention under uncertainty
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Research gap Substantive issue Supporting 
evidence

Proposed future research 
direction

Lack of integrated 
system-wide 
models

Strategic, tactical, 
and operational-level 
decisions are modeled 
separately, resulting in 
inconsistent system-level 
solutions

Asefi et al. 
(2020);
Beliën et al. 
(2014); 
Ghiani 
et al. 
(2014).

Formulate hierarchical 
or decomposed models 
that link siting, capacity, 
and technology mix with 
districting, fleet planning, 
and routing using stochastic 
or multi-stage optimization

Limited 
uncertainty 
and robustness 
treatment

Deterministic 
assumptions predominate 
in tactical and strategic-
level models, despite 
the known variability 
in waste generation and 
travel times

Beigl et al. 
(2008); 
Tirkolaee 
et al. (2018, 
2020)

Extend robust and stochastic 
programming approaches 
to tactical and multi-period 
planning, applying chance 
constraints to optimize 
overflow and service 
reliability

Weak 
sustainability and 
equity integration

Environmental and 
social dimensions are 
often reported post-hoc 
rather than embedded in 
optimization objectives 
or constraints

Asefi et al. 
(2020);
Ghiani 
et al. 
(2014);
Goulart 
Coelho 
et al. (2017)

Develop multi-objective 
models explicitly co-
optimizing cost, GHG 
emissions, and service equity 
using Pareto or ε-constraint 
methods under uncertainty

Simplified facility 
and queue 
representation

Intermediate facility 
capacities, congestion, 
and synchronization 
effects are seldom 
modeled, biasing routing 
feasibility and cost 
estimation

Benjamin 
& Beasley 
(2010);
Ghiani 
et al. (2014)

Integrate queueing or 
simulation components 
within VRP with 
intermediate facilities 
(VRPIF) to capture 
stochastic unloading and 
facility interactions

Limited coupling 
between collection 
and processing

Models treat collection 
and treatment as 
independent subsystems, 
ignoring contamination, 
recovery yields, and 
market volatility

Goulart 
Coelho 
et al. 
(2017);
Koushik 
et al. (2018, 
2020)

Develop multi-commodity 
network models linking 
collection strategies to 
processing performance 
and economic value under 
uncertain market conditions

Fleet 
transition and 
decarbonization 
gaps

Few studies address 
the integration of 
electrification or 
alternative-fuel 
fleet routing into 
infrastructure planning

Asefi et al. 
(2020);
Ghiani 
et al. (2014)

Extend vehicle-routing 
models to incorporate 
charging/refueling 
constraints, as well as the co-
optimization of depot siting, 
emission reduction, and 
operational efficiency

Table 2 cont. 
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Research gap Substantive issue Supporting 
evidence

Proposed future research 
direction

Limited use 
of simulation-
optimization 
beyond 
operations

Simulation is primarily 
used to evaluate routing 
performance rather than 
to optimize decisions 
at higher levels of 
abstraction

Asefi et al. 
(2020); 
Ghiani 
et al. (2014)

Combine discrete-event 
or system dynamics 
simulation with optimization 
to evaluate policy and 
planning alternatives under 
uncertainty

Absence of 
standardized 
benchmarks and 
open data for 
stochastic models

Existing benchmark sets 
cover only deterministic 
routing; no open 
datasets for uncertain 
generation or time-
dependent networks

Ghiani 
et al. 
(2014);
Nuortio 
et al. (2006)

Establish open, stochastic 
benchmark datasets and 
uncertainty scenarios to 
facilitate comparison and 
reproducibility of OR 
methods in MSWM

The state of research reveals several persistent limitations. OR applications in 
MSWM remain largely fragmented by decision level, constrained by deterministic as-
sumptions, and weakly coupled to sustainability and social objectives. The field still 
lacks end-to-end stochastic and robust optimization frameworks that bridge infrastruc-
ture planning, service design, and routing operations under uncertainty. Progress to-
ward real-time, data-driven decision support was evident but incomplete, constrained 
by the availability and standardization of waste data. Addressing these gaps – through 
integrated, uncertainty-aware, and sustainability-oriented modeling – represents a clear 
direction for future OR research in municipal waste management.

4. CONCLUSION

This review set out to identify and articulate the principal research gaps and limitations 
in the application of OR to MSWM as of 2021. Guided by three research questions, the 
analysis has provided a structured understanding of how decision problems have been 
modeled, which methodological families have dominated, and where the integration of 
uncertainty, sustainability, and multi-level decision-making remains incomplete. 

Addressing RQ1, the classification of MSWM decision problems reveals that OR 
methods have been extensively applied across all three planning horizons – strategic, tacti-
cal, and operational levels. Strategic-level studies have focused primarily on facility siting, 
capacity expansion, and technology mix decisions, typically formulated as mixed-integer 
programming models. Tactical-level models have addressed routing, sectorization, fleet 
composition, and collection frequency, while OR has concentrated on rich vehicle routing 
problems and daily scheduling under detailed logistical constraints. Over time, the field 
has evolved from simple, cost-oriented formulations to multi-objective, sustainability- 
aware models that integrate environmental and service-related performance indicators.

In response to RQ2, the literature emphasizes optimization and metaheuristics, 
with limited but growing contributions from simulation and hybrid simulation- 

Table 2 cont. 
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-optimization frameworks. While deterministic formulations remain prevalent, sto-
chastic, fuzzy, and robust optimization approaches have been increasingly employed 
to capture uncertainty in waste generation, participation rates, and travel conditions. 
However, uncertainty treatment remains mainly confined to operational-level models, 
leaving higher-level decisions – such as network design and fleet planning – dominat-
ed by static and scenario-based approaches. The field’s progress in methodological 
diversity is thus substantial but uneven across decision layers.

Concerning RQ3, methodological integration across decision levels remains an im-
portant but underdeveloped frontier. Although several studies recognize the interde-
pendence among strategic, tactical, and operational-level planning, few offer comprehen-
sive frameworks that link facility location, sectoring, and routing decisions under shared 
stochastic conditions. Most existing models operate in isolation, which limits their ability 
to represent real-world system interactions and dynamic feedback accurately. Similarly, 
multi-objective integration – balancing cost, emissions, and equity – has advanced con-
ceptually but is rarely implemented in unified, uncertainty-aware formulations.

Despite these advances, three cross-cutting limitations continue to constrain the 
field. First, the behavioral integration deficit remains a  fundamental barrier. The 
human and social dimensions of waste generation and participation – despite being 
acknowledged as critical – have yet to be formally embedded within quantitative 
OR models. Second, the data-driven bottleneck persists: the lack of standardized, 
high-quality datasets hinders both model calibration and the adoption of AI- and 
ML-based predictive approaches. Finally, the transition from static to dynamic opti-
mization represents a significant, yet unfulfilled, opportunity. While IoT technologies 
promise real-time monitoring and adaptive decision-making, implementation remains 
limited by infrastructure and cost barriers.

In light of the three guiding research questions, the review reveals that, although 
strategic, tactical, and operational decision-making problems in MSWM have been 
widely studied, the corresponding OR models remain methodologically fragmented 
across these levels. Deterministic formulations continue to dominate, and uncertainty, 
sustainability criteria, and cross-level integration are addressed unevenly. The review 
period up to 2021 also reveals growing interest in simulation-based evaluation, yet 
real-time adaptive optimization remains limited by data availability and interoper-
ability across systems. Future work should therefore prioritize (1) integrated, multi- 
level decision frameworks, (2) explicit modeling of uncertainty and resilience, and 
(3) data-driven, dynamically updating optimization supported by sensor and digital 
monitoring systems. Such developments would enable OR methods to support prac-
tical, scalable, and sustainability-aligned MSWM planning and operations more fully.
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