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Foreword

While reading through the available dissertation subjects, the words “Physical Internet”

immediately caught my attention. Before the selection of my thesis subject, I had never

heard of the Physical Internet concept, however, I was always interested in topics related

to the Internet of Things. When looking into the subject and reading the first articles,

I realised that this subject was way broader than just the Internet of Things. It was an

opportunity to help develop a logistics system that deals with many of the present envi-

ronmental, societal, and economical challenges in the domain of supply chains. Without

any doubt, I decided to grab this opportunity and submitted my application.

Before the start of this thesis, I want to express my gratitude towards some of the people

who made this work and my education at the University of Ghent possible. First and

foremost, I would like to thank my supervisor Prof. dr. Geert Poels for the opportunity

as well as his guidance and advice during the course of the last two years. Secondly, I am

grateful to my family and friends for their support throughout the five years of my edu-

cation at Ghent University. This accomplishment would not have been possible without

them.
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1 Introduction

The way physical objects are currently transported, stored, and handled is unsustainable

from an economic, environmental, and societal perspective. Containers are often shipped

half empty, the packaging often is too large for the goods it contains, it takes too long to

respond to shocks in demand, the capacity of distribution centers is often poorly utilized,

etc. Montreuil [4] states that the world is facing a Global Logistics Sustainability Grand

Challenge and that our current logistical models should be replaced by a more efficient

and sustainable logistics system.

To meet this Global Logistics Sustainability Grand Challenge, the Physical Internet con-

cept was designed. The Physical Internet (PI) is defined as “an open global logistics

system founded on physical, digital and operational interconnectivity through encapsula-

tion, interfaces and protocols. It is a perpetually evolving system driven by technological,

infrastructural and business innovation” [5]. Its name refers to the Digital Internet, which

transfers standard data packets in a similar way. However, in the Physical Internet, ob-

jects are transported in containers instead of data packets. These containers are smart,

green, modular and standardized worldwide in terms of dimensions, functions and fixtures

[4]. They are built to easily flow through various transport, handling and storage modes

and means.

The term “Physical Internet” was introduced by The Economist as the title of their special

report on logistics in June 2006 [6]. The issue contained several articles concerning supply

chain and logistics. Although the term Physical Internet was not mentioned in any of the

articles, it generated the interest of numerous researchers. In recent years a lot of research

has been conducted, covering many topics concerning the Physical Internet. Due to this

increase in research, there is a need for a Systematic Mapping Study to collate, describe

and catalogue the existing literature related to the Physical Internet.
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1.1 Problem statement and research objectives

The literature on the Physical Internet is still in a nascent state. The PI concept concerns

various research disciplines including operations research, mechanical design, information

technology, and social sciences. This makes it hard for academics to draw overall conclu-

sions related to the concept. Given the rise in the number of Physical Internet related

publications and the scope of the topic, there is a need for an overview of the existing

literature.

The goal of this systematic mapping study is thus to collect all the published articles

on the Physical Internet and to structure them to get a comprehensive overview. More-

over, based on this comprehensive overview, existing research gaps will be identified and

recommendations for future research will be proposed in this thesis.

1.2 Structure of the report

To gain a better understanding of the Physical Internet, the second chapter discusses the

background of PI and its basic concepts. In chapter three the used systematic mapping

method is explained in detail. In chapter four the results of the mapping are discussed

and visualised. Finally, in the last chapter a summarizing answer will be provided to each

of the research questions and recommendations for future research are suggested.
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2 Background

Supply chain practices are often seen as one of the biggest challenges to improve global

sustainability. The reasons for this are the scale and complexity of many supply chain

systems. In [4], Montreuil states that the way physical objects are currently transported,

handled, stored, realized, supplied and used throughout the world is not sustainable eco-

nomically, environmentally and socially. He presents this global sustainability issue as the

Global Logistics Sustainability Grand Challenge. Montreuil exposes this assertion with

thirteen key unsustainability symptoms. These thirteen symptoms are all related to eco-

nomic, environmental and societal sustainability issues. One of the most striking examples

indicating environmental unsustainability is the percentage of greenhouse gas emissions

related to transport, which has increased from 25% in 1990 to 36% in 2014 [7].

The Physical Internet (PI) has been introduced as a solution to this Global Logistics

Sustainability Grand Challenge. Montreuil, Meller and Ballot [5] define the Physical In-

ternet as “an open global logistics system founded on physical, digital and operational

interconnectivity through encapsulation, interfaces and protocols”. Its name is derived

from its analogy with the Digital Internet. The Digital internet transmits standard data

packets encapsulating information. The packet header contains all information required

for identifying the packet and routing it to its destination. The protocols and interfaces

in the Digital Internet are designed to exploit this standard encapsulation [8]. Similarly,

the Physical Internet has standardized packets that encapsulate physical objects, termed

PI-containers. To achieve efficient and sustainable universal interconnectivity, the use of

PI-containers is supported by interfaces and protocols.

2.1 Key Physical Elements

Montreuil, Meller and Ballot [9] introduced three types of key physical elements in the

Physical internet: PI-containers, PI-movers and PI-nodes. The PI-containers encapsulate

the goods that are to be transported, handled or stored. The PI-movers transport, convey,

or handle these containers. Finally, PI-nodes are the facilities and sites of the Physical
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Internet.

Table 2.1: The Key Physical Elements of PI

2.1.1 PI-containers

Montreuil, Ballot and Tremblay [1] propose a three-tier characterization of PI-containers

in transport, handling and packaging containers. This three-tier characterization enables

containers to better complement each other and therefore allows a better use of the means

of transportation. All three types of containers are to be world-standard, modular, smart,

eco-friendly and designed for easing interconnected logistics. Transport containers are de-

signed to cope with tough external conditions and to be easily carried and stacked as usual

shipping containers. Handling containers are designed to modularly fit within transport

containers, to be easily handled by PI-handlers and to endure rough handling conditions.

Considering their interlocking capabilities, the handling containers are able to protect their

content without requiring pallets for their consolidated transport, handling and storage.

Their modularity is exploited to maximize space utilization within transport containers

(see Figure 2.1). Packaging containers directly contain the goods. The authors describe

them as the lightest and thinnest amongst Physical Internet containers, designed to be

easily inserted, extracted and stacked. The need for privacy is minimal as goods owners

want to expose their product to potential buyers.
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Figure 2.1: Handling containers encapsulated in a transport container [1]

The PI-container is smart, each container has a smart tag to act as its representing agent

connected into the Internet of Things (IoT). Tran-Dang and Kim [10] present an informa-

tion framework based on exploiting the IoT embedded in the physical devices of the Phys-

ical Internet and their active interaction. According to the framework, all PI-containers

will have basic capabilities such as identification, computation and communication. In

order to identify its state and report it, compare its state with the desired one, and send

information when certain conditions are met, the containers have the ability to capture

their physical status and to accurately transfer all relevant information. Any problem in

the logistics process along the supply chain will be recorded in the wireless sensor node

memory, this information can be accessed using any device. The authors indicate that

the smart tag will operate as a communication channel enabled by wireless communica-

tion technologies. It will help ensure the identification, traceability and security of each

PI-container and will facilitate the automation of routing.

2.1.2 PI-movers

In the Physical Internet, PI-containers are carried by PI-movers. In [9], Montreuil, Meller

and Ballot specify three main types of PI-movers: PI-transporters, PI-conveyors and PI-

handlers. The authors describe PI-transporters as vehicles and carriers that are specialized
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to easily, securely and efficiently move PI-containers. The set of PI-vehicles includes

trucks, trains, ships and planes but also smaller types, such as lift trucks. PI-conveyors

are conveyors designed for the continuous flowing of PI-containers. These PI-conveyors

may differ from current conveyors by not having rollers or belts, as the PI-containers can

simply clip themselves to the PI-conveyor gears. Finally, PI-handlers are humans qualified

for moving PI-containers. It is key to remark that in the Physical Internet there is no need

for pallets, as PI-containers are easily lifted and moved by material handling equipment

due to their design.

2.1.3 PI-nodes

The locations specifically designed to perform operations on PI-containers are termed “PI-

nodes”. Montreuil, Meller and Ballot [9] suggest that the nodes correspond to the sites,

facilities and physical systems of the Physical Internet. Even though there are many types

of PI-nodes, which vary in terms of mission orientation, scope, scale, capabilities and ca-

pacities, they are all tailored to deal with PI-containers at the physical and informational

levels.

At the 2012 International Material Handling Research Colloquium (IMHRC), Meller et al.

proposed the functional designs of two PI-nodes: a road-based transit center [11] and a

road-based crossdocking hub [12]. The three-paper series also includes a functional design

for a road-rail hub by Ballot, Montreuil and Thivierge [13]. Each study proposes a feasible

conceptual design of the facility. All the essential components of the facilities are presented

and simplified models are built. Based on the models, discrete-event simulation is used to

evaluate the operations. At the end of the studies, multiple important key performance

indicators under various conditions are reported. Despite not being optimal designs, the

results already show some possible improvements.

2.2 Key Enablers

The Key Enablers of the Physical Internet facilitate and enhance the use of the previously

mentioned Key Physical Elements. The Key Enablers include interconnectivity, innova-

tive business models and innovative technologies. Interconnectivity is the capability of a

system to have its components seamlessly interconnected. Interconnection would allow
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the optimisation of the logistics network as a whole. The development of innovative busi-

ness models is essential for existing companies, as they need to adapt to the changing

business environment, as well as for start-up companies in a Physical Internet context.

Lastly, technological innovation enables improved features and designs for the PI-nodes,

PI-movers and PI-containers.

Table 2.2: The Key Enablers of PI

2.2.1 Interconnectivity

In [5], Montreuil, Meller and Ballot suggest that universal interconnectivity in the Phys-

ical Internet is the key to making the Physical Internet an open, global, efficient and

sustainable system. They point out that this can be achieved through physical, digital

and operational interconnectivity. Physical interconnectivity ensures that physical objects

can flow seamlessly through the Physical Internet by making use of the standardized design

of PI-containers. Moreover, digital interconnectivity allows the exchange of meaningful

information between PI-containers, PI-nodes and PI-movers. Finally, operational inter-

connectivity ensures that business and operational processes can be efficiently intertwined,

so that Physical Internet members, such as logistics service providers and manufacturing

companies, can collaborate in optimally serving the users of the Physical Internet.

In [14], Montreuil, Ballot and Fontane propose an Open Logistics Interconnection (OLI)

7



model for the Physical Internet. The goal of this seven-layer OLI model is to structure

the interconnected logistics services to ease the conceptualization, the implementation and

the deployment of the Physical Internet. The highest layers of the OLI model deal with

supply chain, realization, distribution and mobility decisions. The lower layers deal with

the interplay of complex handling, storage, transportation and tracking technologies. The

OLI model is based on the Open Systems Interconnection (OSI) model of the Digital

Internet.

2.2.2 Innovative business models

Multiple publications indicate that the Physical Internet is a key driver for business model

innovation. Montreuil et al. [15] suggest that there are two categories of businesses in

context of the Physical Internet: the PI-enablers and the PI-enabled. The PI-enablers

provide the necessary physical and material infrastructure including: PI-containers, PI-

vehicles and software. The PI-enabled companies profit from the potential value creation

induced by the Physical Internet. Montreuil et al. state that we face a revolution as

radical as the Internet Revolution. Infrastructure and business models will continue to

influence one another, leading to radical changes of the current models and opportunities

for start-up entrepreneurs to invent new ways to create value through the Physical Internet.

Oktaei, Lehoux and Montreuil discuss the potential business models for PI-Transit Cen-

ters, a specific type of PI-nodes, in [16]. The paper presents the business model in a

business model canvas [17], a powerful visual and intuitive tool that gives an overview

of the company’s business. By using the Business Model Canvas of Osterwalder and

Pigneur, various aspects of the transit centers have been conceptualized, including their

key partners, key activities, key resources, cost structure, revenue streams, value proposi-

tion, channels, customer segments and customer relationships. Possible growth strategies

were also investigated by the authors.

Furthermore, innovative business models for logistics service providers in a Physical Inter-

net are of similar importance, as they are necessary for the transport between PI-nodes.

In [18], Pan, Xu and Ballot propose the First Price Sealed Combinatorial Auction mech-

anism (FPSCA), in which shippers are the auctioneers and carriers are the bidders. This
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auction mechanism allows optimal matching between requests and offers and improves the

utilization of the logistic network resources. Every transport is auctioned and based on

the Winner Determination Program a carrier is chosen. In general, a request bundle will

be allocated to the carrier who offers the lowest payment rate. To guarantee that shippers

will never pay more than promised, reallocating requests will only take place if a lower

payment rate is available.

2.2.3 Innovative technologies

The Physical Internet also drives technological innovation. Essential to the Physical In-

ternet are technologies that enable data sharing and communication between the Key

Physical Elements. Technologies that are often mentioned in the literature are RFID,

blockchain and artificial intelligence. In [19], for example, Zhong, Huang and Lan propose

an RFID-enabled logistics environment and a suitable framework to process the RFID-

enabled shopfloor logistics big data.

Besides data sharing technologies, innovative ways of transportation are also necessary

to enable the Physical Internet. Kopica, Morales-Alvares and Olaverri-Monreal [20] sug-

gest the use of automated electric vehicles for the transportation of packages or mail.

Schönangerer and Tinello [21] on the other hand, present an interesting logistical alter-

native in which electrically driven transport capsules move PI-containers through under-

ground tubes.

2.3 Readiness and guidelines for Physical Internet imple-

mentation

2.3.1 Assessing the potential impact of PI

The ultimate goal of the research on the Physical Internet is its global implementation.

Measurements and evaluations of the potential impact of the Physical Internet and its

components are critical to support the transition towards a Physical Internet. In the lit-

erature, many articles can be found concerning the assessment of physical internet aspects.

In [22], for example, Furtado and Frayret compared the traditional transportation model
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with the resource sharing transportation model, using the Netlogo platform. The results

of the simulations are promising, the total costs of the traditional model are on average

17% higher than the costs of the resource sharing model. The resource sharing model

also performs better concerning the social aspects of transportation, the percentage of

time spent at home per trucker is on average three times better than for the traditional

scenario. Moreover, greenhouse gas emissions and efficiency key performance indicators

are influenced positively.

Additionally, Meller, Ellis and Loftis [23] conducted a research project for the Center

for Excellence in Logistics and Distribution (CELDI) to measure the impact of the Phys-

ical Internet if adopted in the U.S.. The results show that the expected annual benefits

of the Physical Internet would be a reduction in costs of over $ 100B, a reduction in CO2

emissions of over 200 Tg, and a reduction in driver turnover of up to 75%.

2.3.2 Guidelines for PI implementation

To successfully implement the PI concept, there is a need for guidelines regarding all

aspects of the Physical Internet. The Alliance for Logistics Innovation through Collabora-

tion in Europe (ALICE) [2] was set-up to develop a comprehensive strategy for research,

innovation, and market deployment of logistics and supply chain management innovation

in Europe. In July 2013, ALICE was officially recognized as a European Technology Plat-

form by the European Commission. ALICE recognizes the need for a Physical Internet to

reach efficient logistics and supply chain operations. They have the vision to increase the

efficiency of the EU logistics sector by 10% to 30%. ALICE states that this would mean

a €100 - 300 billion cost relief for the European industry. To achieve this, they built a

roadmap toward zero-emission logistics and the implementation of the Physical Internet.

Figure 2.2 gives an overview of the milestones and goals set by ALICE.

Furthermore, Ehrentraut et al. [24] propose a methodology to create a roadmap for SME.

Based on boundary conditions derived from a use case in the automotive sector, and a

proposed future standard PI-process, the proposed methodology can be seen as a guide

with a practical orientation to map the first promising implementation steps towards a

future PI.
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Figure 2.2: Roadmap towards zero emissions logistics by ALICE [2]

2.3.3 Barriers for implementation

Finally, it is important to identify possible barriers that hinder the implementation of

the Physical Internet. To identify challenges in the context of horizontal collaboration,

Simmer et al. [25] conducted interviews with transport service providers in Austria, to

explore their views, experiences, believes, and motivations on collaboration and the physi-

cal internet. Their study found that essential factors for successful collaboration are trust

between the actors, setting of precise conditions, and shareable IT structures. Simmer

et al. state that an EU-wide antitrust regulation would be useful to further support the

implementation of future cooperation. Additionally, awareness of the benefits of collabo-

ration should be raised in the companies.

To conclude this chapter, a conceptual framework is created (see Figure 2.3). The concep-

tual framework provides an overview of the key physical elements, the key enablers, and

the ways of assessing readiness and guiding for implementation. It also shows how the

concepts are related to each other in the literature. The designs of PI-containers, PI-nodes
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and PI-movers drive technological and business model innovation, and interconnectivity.

In the other way, the innovative technologies, business models and interconnectivity enable

the effective use of these key physical elements. Both the research on key physical elements

and key enablers are assessed and guided by research concerning the potential impact of

PI, guidelines and roadmaps towards a physical internet adoption, and the identification

of implementation barriers.

Figure 2.3: Conceptual Framework of Physical Internet Research
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3 Method

In the following sections the used Systematic Mapping method is described in detail. The

systematic mapping study essentially follows the guidelines provided by Petersen et al. [3].

The systematic mapping process includes the definition of research questions, conducting

the search for relevant papers, the screening of the search results using inclusion and

exclusion criteria, the creation of a classification scheme, and data extraction and mapping.

3.1 Research questions

The goal of this systematic mapping study is to identify and classify the research concern-

ing the Physical Internet, to identify existing research gaps and to guide future research

on the Physical Internet. This leads to the following research questions (RQ):

• RQ-1: By who were the studies conducted? This question aims at identifying the

most active researchers in the field.

• RQ-2: When were the studies published? The answer to this questions shows trends

in the number of publications.

• RQ-3: What are the main publication venues? This question aims at identifying

the most important journals, workshops or conferences for research on the Physical

Internet. It also reveals the types of venues in which existing papers are published

most frequently.

• RQ-4: Which topics related to the physical internet are covered in the existing lit-

erature? This question aims to identify the most covered topics and reveals the

underrepresented topics and gaps. To answer this research question, a new classifi-

cation scheme to structure topics related to the Physical Internet is created.

• RQ-5: To which ALICE roadmaps are the papers related? This question aims at

relating the existing literature to the roadmaps developed by ALICE. Relating the

research to these roadmaps helps to identify the current progress on the implemen-

tation of the Physical Internet.
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• RQ-6: What types of contributions do the studies constitute? This question reveals

the types of knowledge contributions that are most frequently constituted by the

research, it also shows research gaps.

• RQ-7: What are the most common research methods applied and which were the

research types reported? This question is intended to identify the applied research

methods and the research types of the existing research, as well as gaps and under-

represented approaches.

• RQ-8: What are the research gaps that need to be addressed in future studies? This

question aims to identify research gaps and potential future research areas. As an

answer to this question, recommendations for future research will be proposed in

this work.

3.2 Search Strategy

To find all available research concerning the Physical Internet, multiple search techniques

must be applied. The search strategy consists of three steps: automated search, snow-

balling search and manual search.

Automated search

For the automated search, two databases are selected: Scopus and Web of Science (WoS),

as well as one academic search engine: Google Scholar. Every English paper that contains

the term “physical internet” in the title, in the abstract or as a keyword, has to be taken

under consideration. The papers have to be published after 2005, as the Physical Internet

was first mentioned in 2006 by the Economist [6], and before 2020, the year in which this

systematic mapping study is conducted. The search string used is “physical internet”, no

other keywords are added to make sure no research concerning the Physical Internet is

left out. Table 3.1 shows the number of search results per database and search engine.

Scopus and WoS are both indexing services that include IEEE, ACM and Elsevier publi-

cations. Google Scholar contains documents from most academic publishers, universities,

and academic repositories. Consequently, there is a big overlap between the search results

of the three databases. Duplicates were eliminated according to the following sequence:
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1. Duplicate articles of Scopus and Google Scholar

2. Duplicate articles of WoS and Google Scholar

3. Duplicates of the remaining articles of Scopus and WoS

4. Duplicate articles on Google Scholar

In table 3.2 the number of duplicates and remaining articles, after the removal of dupli-

cates, can be found.

Database Search results

WoS 142

Scopus 173

Google Scholar 2830

Total 3145

Table 3.1: Automated search results

WoS Scopus Google Scholar

Duplicates 140 165 1854

Remaining articles 2 8 976

Table 3.2: Duplicates and remaining articles

Snowballing

The second applied search technique is snowballing, according to the guidelines suggested

by Wohlin [26]. As the automated and manual search technique are also applied in this

study, the start set is limited to one article. The most-cited article out of the search

results on google scholar, which is [4] by Montreuil, is selected as the seed article. At

first, backward snowballing is performed. In this step, papers on the reference list of the

seed article are examined. The next step is forward snowballing, this refers to identifying

the papers that cite the seed article. Google scholar can be used to easily find all citing

papers. Table 3.3 shows the results of the snowballing search after duplicate extraction.
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Source References Citations

[4] 28 182

Table 3.3: Snowballing search output

Manual search

The last used search technique is manual search. A set of conferences that publish research

in the area of interest are chosen to find additional available papers. As their annual

proceedings contain many papers on the Physical Internet, the following two conferences

are selected:

• The international workshop on Service Orientation in Holonic and Multi-Agent Man-

ufacturing (SOHOMA)

• International Physical Internet Conference (IPIC)

SOHOMA publishes its proceedings in special issues of the Springer Book series “Studies

in Computational Intelligence”, the editions published after 2010 and before 2020 are

examined for relevant articles. The IPIC proceedings contain a wide variety of research

papers on the Physical Internet, thus far 6 editions of the conference have been held. All

6 of the published proceedings are examined for articles on the Physical Internet. Table

3.4 shows the remaining results of the manual search, after the extraction of papers that

were already found during the automated search and the snowballing search.

Source Unique papers

SOHOMA 227

IPIC 79

Table 3.4: Manual search output

3.3 Paper selection

After the exclusion of duplicate papers, multiple other exclusion criteria are applied to the

search results. As it is necessary to assess the relevance of the paper, non-English papers

and papers that are not accessible in full-text are excluded. Ph.D. or Master theses that

were conducted before 2018 are also excluded because research covered by the theses would
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have been published in peer-reviewed journals or conferences, if relevant. It is possible

that interesting theses conducted in 2018 and 2019 are not yet published, however, they

are not included in the mapping study, as the exclusion of articles based on quality assess-

ment falls out of the scope of this study. In appendix G the identified theses conducted in

2018 and 2019 are listed. Subsequently, the irrelevant articles are first excluded based on

title and abstract. If it is still unclear whether to exclude the article or not after reading

the abstract, the full text of the article is read.

The following exclusion criteria are applied:

• Exclusion of duplicate papers

• Exclusion of non-English papers

• Exclusion of papers published before June 2006 and after December 2019

• Exclusion of papers that are not accessible in full-text

• Exclusion of old versions of an included paper

• Exclusion of PhD or Master theses

• Exclusion of papers that are unrelated to the Physical Internet

The papers not excluded after the application of the criteria above are selected for Data

Extraction. The flowchart (see Figure 3.1) gives an overview of the whole search and

selection process.
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Figure 3.1: Number of included articles during the study selection process

3.4 Data Extraction

In the data extraction phase the full text of each article identified for inclusion is scanned

and the pertinent data are extracted. The template shown in table 3.5 was developed to

extract data from the identified studies. For each data extraction field a data item, a value

and the related research question(s) are given. For each article multiple research topics,

types of contribution and research methods can be identified.
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Data Item Value RQ

Study ID Integer -

Article Title Title of the article -

Author Name Set of names of the authors RQ1

Year of Publication Calendar year RQ2

Type of Venue Workshop, Conference or Journal RQ3

Venue Name of publication venue RQ3

Research Topic Research Topic(s) of the article RQ4

ALICE Roadmap Name of the roadmap proposed by [2] RQ5

Type of Contribution Contribution type(s) of the article RQ6

Type of Research Research Type Facet by Wieringa et al. [27] RQ7

Research Method Used research method(s) RQ7

Table 3.5: Data extraction form

3.5 Analysis and classification

In this section an overview of the used classifications is presented and all of the possible

values are described. The information for each extracted item is tabulated and classified

according to these classifications.

3.5.1 Topic

The research on the Physical Internet concerns a wide range of topics. Given the increasing

number of studies each year, it is important to have an overview of the existing literature

and its subjects. A topic based classification of the literature supports the identification of

research gaps within topic areas and facilitates the search process of interested researchers.

In [28], Fergani et al. propose a classification of Physical Internet topics. The classification

is based on three factors: logistics web, resources, and organization views at a strategic,

tactical and operational level. Although their suggested classification is interesting for the

identification of some relevant research gaps, a different classification is proposed and used

in this thesis.
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To create a topic related classification scheme, keywording was used as proposed by Pe-

tersen et al. [3]. For a pilot set of articles, mainly the articles mentioned in chapter 2 of

this report, frequently recurring keywords and concepts were identified by reading the ab-

stracts. Based on these keywords and concepts, a start set of topic categories was defined.

During the classification process of the selected articles, new categories were defined and

existing categories were adjusted to better suit the pool of selected articles. Defining or

adjusting categories implied an iteration of the classification process. Figure 3.2 depicts

the classification scheme building process. Below the name and description of the final

set of clusters are presented. Note that some of the topic clusters are related to the Key

Enablers or Key Physical Elements presented in the previous chapter.

• Business model innovation (Key Enabler): The paper focuses on the potential

impact of the Physical Internet on business model innovation. It proposes solutions

to improve the current ways of conducting business in a PI-context or describes

potential new types of businesses resulting from the Physical Internet.

• Technological innovations enabling PI (Key Enabler): The paper describes

the innovative technology and its integration into the Physical Internet. The imple-

mentation of the technology would solve current PI-barriers and could improve the

functioning of PI components.

• Digital interconnectivity within the Physical Internet (Key Enabler): The

paper proposes information systems that are enabling interconnectivity and inter-

operability. It describes new ways of information sharing within coopetitive supply

chains.

• Standardized Modular Containers (Key Physical Element): The paper fo-

cuses on the design and implementation of the standardized, smart and modular

PI-containers within the logistics system.

• PI-nodes (Key Physical Element): The paper focuses on the design and imple-

mentation of PI-nodes, which are the essential facilities for the receiving, storing,

picking, composing and decomposing PI-containers.

• Supply chain optimisation within the Physical Internet: The paper formu-

lates a supply chain optimisation problem within the Physical Internet and solves it
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by making use of simulation or mathematical optimisation, or proposes new methods

and clearly describes how to solve the problem.

• Adoption of the Physical Internet: The paper discusses the implementation of

the Physical Internet. It contains guidelines for a global Physical Internet adoption

or assesses the readiness of a region or a sector for the Physical Internet.

• Assessment of PI aspects: The paper compares PI with the conventional logistics

systems and assesses the changes.

• Other: The paper is not related to any of the topics above.

  
        Abstracts of    

        pilot set    
Keywording Classification

Scheme

Update
Scheme

     Selected 
    articles

Sort articles into
Scheme

Systematic
Map

Figure 3.2: Classification scheme building process (Adapted from Petersen et al. [3])

3.5.2 ALICE roadmaps

The European Technology Platform ALICE [2] recognizes the need for an overarching view

on logistics and supply chain planning and control, in which shippers and logistics service

providers closely collaborate to reach efficient logistics and supply chain operations. To

support this goal, ALICE developed 5 different research and innovation roadmaps towards

zero emission logistics. These roadmaps are often referred to in the literature and are

important guidelines towards a European adoption of the Physical Internet. In this study

each of the papers is, if possible, related to one of the roadmaps. This classification
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provides an overview of the current progress of the research towards a Physical Internet.

The roadmaps are listed and described below:

• Sustainable, safe and secure supply chains: The paper concerns logistics as

a key factor enabling a circular economy, measuring and minimizing emissions, im-

proving load unit standardization and modularization, or improving security.

• Information Systems for interconnected logistics: The paper concerns the

development of technologies and tools that facilitate the closure of existing gaps in

current ICT systems and data sharing capabilities in supply chains.

• Corridors, hubs and synchromodality: The paper concerns the synchronization

of the full range of services between modes, the exploitation of hub capacity and

flexibility, the alignment of equipment and services on corridors and hubs, or the

integration of these into resilient networks.

• Global Supply Network Coordination and Collaboration: The paper con-

cerns the realization of supply chain networks with full vertical and horizontal collab-

oration and coordination. This includes sales planning, order management, logistics

and transportation planning and strategic network design choices.

• Urban Logistics: The paper concerns the full integration of freight flows in cities,

operations and activities that efficiently allow citizens to access the goods and the

goods to access the citizens they require or sustainable development in cities.

• Not applicable: The paper cannot be related to any of the roadmaps above.

3.5.3 Type of Contribution

Given that the Physical Internet is a relatively new concept, the research contains various

types of knowledge contributions. In [29], Ulrich describes the different types of knowledge

contributions within Information Systems Research. The used classification of research

contributions is based on his work. Some of his proposed contribution types were left out

or adjusted to better suit the research. The types of contribution are listed and described

below:

• Conceptual framework: The paper contributes a framework that structures the

world we are investigating or designing. It provides the abstractions that serve to
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conceive or to structure the research subject. A conceptual framework is aimed at

guiding problem solving in practice.

• Conceptual model: A conceptual model is similar to a conceptual framework, as

it also provides an abstraction of a research subject. However, rather than guiding

research, a conceptual model is aimed at the construction of artefacts or possible

worlds.

• Evaluation: The paper contributes a critical examination of a topic. It determines

the merit of a subject, using criteria governed by a set of standards.

• Mathematical model: The paper contributes the description of a system using

mathematical concepts and language.

• Method: The paper contributes a technique or mode of procedure, in accordance

with a definitive plan. For example, a new way of arranging PI-containers in delivery

vehicles.

• Methodology: The paper contributes a new way of conducting research. It de-

scribes procedures and new manners to gain knowledge.

• Research agenda: The paper contributes a plan of action that summarizes issues

and ideas in a subset of the field of study.

• Tool: The paper contributes a design that can be used to perform an operation in

practice. For example, a new platform designed to exchange information between

PI-nodes.

• Other: The contribution of the paper is not related to any of the contribution types

mentioned above.

3.5.4 Type of research

To classify the literature according to research type, we use the classification scheme

proposed by Wieringa in [27]. This classification is widely used within systematic mapping

studies, as it is valid in most fields of research. The types of research are listed and

described below:
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• Evaluation research: The paper investigates a problem or the implementation of

the Physical Internet. The causal properties are studied empirically, such as by case

study, field study, field experiment, survey, etc.

• Proposal of solution: The paper proposes a solution technique and argues for

its relevance, without full blown validation. The technique is novel or a significant

improvement of an existing technique.

• Validation research: The paper investigates the properties of a solution proposal

that has not yet been implemented. The investigation uses a methodologically sound

research setup, such as simulation, mathematical analysis, prototyping, etc.

• Philosophical papers: The paper sketches a new way of looking at things, a new

conceptual framework, etc., or reports secondary studies, such as systematic reviews.

• Opinion papers: The paper contains the author’s opinion about what is wrong or

good about something, how we should do something else, etc.

• Personal experience papers: The paper contains a list of lessons learned by the

author from his or her experience. The experience is reported without a discussion

of the research methods.

3.5.5 Research method

The classification of research methods is the last classification scheme used in this thesis.

As many method related schemes have already been applied among researchers, it was

decided to base this classification on [30] by Schlichter and Kræmmergaard. However,

some categories, such as mathematical optimisation and simulation, were added to better

suit the field of research. The types of research methods are listed and described below:

• Case study: The paper conducts an in-depth investigation of a situation, group or

time period.

• Content analysis: The paper evaluates historical documents, newspaper stories,

political speeches, interviews, diplomatic messages, and official publications.

• Descriptive: The paper solely describes or argues for a phenomenon.
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• Literature review: The paper enumerates, describes, summarizes, objectively eval-

uates and clarifies previous work in the field of study.

• Mathematical optimisation: The paper uses an optimisation method, such as

linear programming, to achieve the best outcome for a problem.

• Quantitative analysis: The paper uses statistical models and tests to analyse

data.

• Simulation: The paper uses an approximate imitation of a process or system to

gain insight into its functioning. The simulation model is used to show eventual

effects of alternative conditions and courses of action.

• Survey/qualitative analysis: The paper gathers data by means of questionnaires

and analyses this data based on non-quantifiable information, such as expertise.

• Other: The paper’s research method is not mentioned above.

3.6 Threats to Validity

This systematic mapping study faces some possible threats to its validity that are common

for similar studies. During the automated search, studies could have been missed due to

the selected digital libraries. To limit this threat, the search was complemented with

backward and forward snowballing and manual search. Another threat to validity is the

creation of search queries. However, the mapping study concerns all articles on the Physical

Internet, thus the used search query “Physical Internet” should be sufficient to find all

relevant studies. The paper selection step is sensitive to researcher biases, as relevant

studies might be excluded during the screening phase. This study was conducted by a

single author, which is the main threat to validity. To mitigate this threat, the exclusion

criteria were clearly defined. No articles were excluded based on quality assessment, which

is particularly prone to researcher bias and not essential to systematic mapping studies.

Researcher bias is also a threat to the data extraction and classification step. Although

the validity of this step is always based on human judgement, biases could be reduced by

including other reviewers for the assessment of the extractions.
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4 Findings

The application of the exclusion criteria resulted in 270 papers. These 270 papers are

mapped according to the classifications described in the previous chapter. In the follow-

ing sections the mapping results are visualised and described according to the research

questions. The full list of selected articles is given in Appendix A.

4.1 Most active researchers in the field (RQ1)

The aim of the first research question was to identify the researchers with the most pub-

lished research papers on the Physical Internet. In Figure 4.1, the five most active re-

searchers and their amount of publications are shown. Benoit Montreuil has the most

published articles related to the Physical Internet. He is a professor in the H. Miltion

Stewart School of Industrial and Systems Engineering at Georgia Tech and leads the In-

ternational Physical Internet Center. Benoit Montreuil introduced a vision for the Physical

Internet to meet the Logistics Sustainability Grand Challenge and took part in 56 of the

selected studies.

Eric Ballot, professor at Mines ParisTech, contributed 29 articles regarding the Physi-

cal Internet. Together with Montreuil, he pioneered research on the Physical Internet

by initiating and leading multiple research projects. Ballot is head of the Physical In-

ternet Chair at Mines ParisTech along with Shenle Pan, with whom he conducted many

of his Physical Internet related studies. The University of Hong Kong has also launched

a Physical Internet Lab under the leadership of Professor George G.Q. Huang. The lab

seeks to establish strategic collaborations with industrial associations through collabora-

tive projects. Huang conducted multiple research projects together with Ray Y. Zhong

in the field of the Physical Internet, mainly focused on innovative technologies including

RFID and the Internet of Things.
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Figure 4.1: The most active researchers

4.2 Number of publications per year (RQ2)

The annual amount of published papers on the Physical Internet is shown in Figure 4.2.

This study includes all relevant papers after the year 2005 and before 2020. During the

period between 2006 and 2009 no papers were published. The first relevant research was

conducted by B. Montreuil, R. Meller and E. Ballot [9] in 2010. This paper titled “Towards

a Physical Internet: the Impact on Logistics Facilities and Material Handling Systems De-

sign and Innovation” was published in the proceedings of the 11th IMHRC. Before 2014,

most of the research regarding the Physical Internet was conducted by the same groups of

researchers. Researchers’ interest in the subject increased in 2014, mainly due to the orga-

nization of the first International Physical Internet Conference (IPIC), which was held in

Quebec, Canada. However, this increase in publications may also be due to the selection

of the IPIC for manual search. From then on, the IPIC was held yearly on a different

location and multiple new research groups were founded.

Another organization responsible for the attraction of new researchers is ALICE [2]. In

2013 the European Commission recognized ALICE as a European Technology Platform,
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to support and give advice on the implementation of the EU Horizon 2020 program in

the area of logistics. Funded by the European Commission, ALICE was able to set-up a

knowledge platform, constructed five different roadmaps to guide the implementation of

the Physical Internet, and supported multiple relevant projects. As the need for a more

sustainable supply chain system grows and innovative technologies that facilitate and en-

able the Physical Internet are being developed, the amount of publications is expected to

increase on a yearly basis.
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Figure 4.2: Selected publications per year
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4.3 Publication venues (RQ3)

Figure 4.3 shows the four venues in which most of the papers are published. As stated

in the previous section, it is suspected that the IPIC attracted many new researchers.

It currently is the only conference that solely focuses on research related to the Physical

Internet. In its six editions, the conference published 110 of the selected papers in its pro-

ceedings, which makes the IPIC the highest contributing venue by far. The International

Journal of Production Research (IJPR) is another popular research venue for Physical

Internet related research. The journal primarily concerns manufacturing strategy, policy

formulation and evaluation, and the contribution of technological innovation. The 21 se-

lected papers that were published by IJPR mostly are about supply chain optimisation

problems. The third and fourth most popular venues are the International Federation of

Automatic Control (IFAC) and the International Material Handlers Research Colloquium

(IMHRC) respectively. The IFAC and the IMHRC both published some of the early stage

articles on the design of the physical internet concept and its foundations, and cover a

wide variety of topics.

Figure 4.4 displays how many articles are published in each type of venue. 181 of the

selected papers were published in conference proceedings, mostly in the IPIC. As the

Physical Internet concept got more popular among academics, the frequency of publi-

cations in journals increased. Only 9 of the selected articles are published in workshop

proceedings. However, it is important to note that this may be due to the used search

strategy.
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4.4 Research Topic (RQ4)

To classify the papers according to their research topic, the classification proposed in Sec-

tion 3.5.1 was used. As the articles can concern multiple topics, each paper has been

classified into one or more topic-related clusters. Figure 4.5 shows the distribution of the

topic areas among the articles.

The optimisation of supply chains within the Physical Internet (80 articles) is the most

recurring topic in the selected papers, followed by digital interconnectivity within the

Physical Internet (54 articles) and PI-nodes (40 articles). The articles on the optimisation

of supply chains generally present supply chain problems as mathematical or simulation

models and optimise these proposed models by means of operations research methods,

such as linear programming (e.g. [A33]), transportation problems (e.g. [A267]) and in-

ventory control problems (e.g. [A174]). Various new heuristics and methods (e.g. [A143])

have also been proposed in these studies.

Most of the papers about digital interconnectivity within the Physical Internet describe

models, new technologies or tools that can be used for communication between different

Physical Internet systems. Some case studies have also been conducted to assess the im-

plementation of innovative technologies (e.g. [A54]) and communication platforms (e.g.

[A22]) within logistics systems. The research on PI-nodes mainly validates, assesses and

optimises their functionality. The facility location (e.g. [A58]) and the design of PI-nodes

(e.g. [A96], [A97] and [A98]) has also been discussed in several papers.

The number of articles dealing with innovative technologies (27 articles) is smaller than

expected. As the physical internet is enabled by and highly dependent on innovative

technologies including RFID, IoT, blockchain, AI, automatic vehicles and robotics, it is

important to assess and further develop these technologies in a Physical Internet context.

Interestingly, the articles mainly concern the application of RFID and IoT technologies,

technologies that enable the communication and sharing of information. Although being

equally important, hardly any innovative ways of transportation are proposed in the ar-

ticles. In [A62], the use of drones is evaluated for last mile logistics. Another example is
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[A52], in this article an underground network of electric freeways for autonomous trucks

is presented.

The proportion of articles on innovative business models is also relatively small (23 arti-

cles). Innovative business models are essential to assess the profitability and role of new

potential businesses in a PI context. These new business models can also convince or guide

existing businesses to adapt to the potential new business environment. Article [A42] is

an example of an article that gives future directions for innovative business models based

on data sharing. Various business models for PI-nodes (e.g. [A76]), as well as pricing

strategies (e.g. [A78]) have been proposed in the existing research. The articles on the

adoption of the Physical Internet (25 articles) are mostly studies that assess the readiness

of a country (e.g. [A44]) or industry (e.g. [A246]). Additionally, some guidelines and

roadmaps towards a Physical Internet implementation are proposed in these articles.
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Figure 4.5: Topics covered by the selected papers

Furthermore, 22 of the selected articles assess Physical Internet aspects. Most of these

articles use simulation to assess possible scenarios in a Physical Internet context, and

present their results by using Key Performance Indicators (KPIs). There are also various

articles that discuss and assess the possible outcomes of Physical Internet implementation

32



(e.g. [A198]). Finally, the least amount of articles are focused on standardized modular

PI-containers (20 articles). Considering the relatively small amount of research papers,

there has been a lot of research progress on this topic. This is mainly due to the MODU-

LUSHCA project [31]. During this project the first physical prototypes of the standardized

modular PI-containers have been developed. The other PI-container related papers mainly

discuss their implementation (e.g. [A228]) and design (e.g. [A35]). The remaining articles

that could not be classified were assigned to the “Other” category. In Appendix B, a list

of all the articles per topic-based cluster can be found.

4.5 ALICE roadmaps(RQ5)

In this section, the selected articles are related to the different ALICE roadmaps. Based

on its content, each article is assigned to the category to which it relates the most. If it

is unclear to which roadmap the article belongs, it was assigned to the “Not applicable”

category. The goal of this classification is to track the current research progress on the

roadmaps towards a Physical Internet. In section 3.5.2 a detailed description of the five

roadmaps can be found. Figure 4.6 depicts the distribution of articles per roadmap.

33

83

35

28

63

28

Corridors, Hubs and
Synchromodality

Global Supply Network
Coordination and Collaboration

Not Applicable

Sustainable, Safe and Secure
Supply Chains

Systems & Technologies for
interconnected logistics

Urban Logistics
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The biggest proportion of the selected papers is related to the Global Supply Network

Coordination and Collaboration roadmap (83 articles). The focus of these papers lies on

order management, logistics planning, decision making and inventory control in a PI con-

text. The majority concerns horizontal and vertical collaboration and the sharing of assets

within a logistics network. In these studies, various ways of collaboration are evaluated

and optimised by means of simulation and mathematical optimisation techniques. Only a

few of these proposed techniques are subsequently tested with real data (e.g. [A126] and

[A156]). The second largest part of articles is related to the Systems and Technologies

for Interconnected Logistics roadmap (63 articles). The papers belonging to this category

concern the development and implementation of innovative technologies (e.g. [A270]) and

the use of ICT systems and data sharing (e.g. [A73]) in supply chains.

33 of the selected articles are related to the Corridors, Hubs and synchromodality roadmap.

These articles mainly concern the design of PI-facilities (e.g. [A96]) and the processes

within the different types of PI-hubs (e.g. [A11]). Furthermore, to both the Urban Logis-

tics, and the Sustainable, Safe and Secure Supply Chains roadmap 28 articles are related.

The articles belonging to the Urban Logistics roadmap discuss the implementation of the

Physical Internet in cities. Numerous new ways of parcel delivery to reduce urban conges-

tion (e.g. [A29]) and greenhouse gas emissions are proposed in these articles. The articles

related to the Sustainable, Safe and Secure supply chains roadmap are articles that assess

the sustainability (e.g. [A233]) and safety (e.g. [A68]) of the proposed logistic web, as

well as articles on the standardization and modularization of load units. Lastly, 35 of the

articles could not be categorized and were assigned to the “Not applicable” category. In

Appendix C, the articles are listed per roadmap.

4.6 Research contributions (RQ6)

The analysis regarding RQ6 reveals a wide set of research contributions (see Figure 4.7).

As mentioned in the description of the data extraction phase, a single article can present

multiple types of contributions. The different types of contributions are described in

Section 3.5.3. Out of the 270 selected articles, 99 proposed a mathematical model, 89 con-

tributed an evaluation and 39 proposed a conceptual framework. Furthermore, 32 of the

articles designed a method, 14 designed a methodology and 16 designed a tool. Finally,
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28 conceptual models were proposed and 11 research agendas were created. In Appendix

D the articles are listed per type of contribution.
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The research on the Physical Internet takes a wide variety of topics into account. Since

the importance of the type of contributions differs depending on the topic, few conclusions

can be drawn from the global overview of research contributions (Figure 4.7). It seemed

more interesting to present the amount of articles per type of contribution according to

each research topic. The bubble chart in Figure 4.8 discloses all possible combinations of

contribution types with research topics.

Most of the studies with regard to Technological Innovations that enable the Physical

Internet contribute an evaluation (19 articles) or a conceptual framework (13 articles).

The articles that provide an evaluation of the innovative technologies are mostly descrip-

tive assessments of a single or multiple innovative technologies. Only a few of the studies

provide an in depth evaluation of a use case scenario (e.g. [A48] and [A194]). The con-

ceptual frameworks provide an abstraction to structure the “possible world” in which the

innovative technologies are implemented in the logistics system. Its aim is at guiding

problem solving in practice. Examples of articles on Technological Innovations proposing
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a conceptual framework are [A50] and [A31].
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Figure 4.8: Number of articles per type of research contribution combined with research

topic

The contributions by articles on Supply Chain Optimisation within the Physical Inter-

net consist mostly of new mathematical models (60 articles), used to optimise or simulate

essential processes including inventory management (e.g. [A15]), production scheduling

([A30] and [A33]), and distribution (e.g. [A37] and [A159]). Furthermore, numerous ar-

ticles propose new methods and research methodologies to optimise certain supply chain

optimisation problems (resp. 19 and 7 articles). A big part of these optimisation prob-

lems take place in PI-nodes and consider the use of standardized modular containers. This

explains the large number of articles on both supply chain optimisation and PI-nodes or

modular containers and the frequent contribution of mathematical models by articles on

these topics.

The number of articles on PI-nodes and on standard modular containers proposing a math-

ematical model is 26 and 8 respectively. The majority of the other articles on Standardized

Modular Containers contribute an evaluation (5 articles) or a conceptual framework (5 ar-
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ticles). For instance, an article that evaluates the impact of standardized containers on the

shipping volume is [A242]. Article [A89] is one of the articles contributing a conceptual

framework for smart containers. The remaining articles on PI-nodes primarily contribute

evaluations (12 articles) and conceptual models (6 articles). In article [A113] for example,

alternative designs of hyperconnected smart pickup-and-delivery locker bank networks are

evaluated. Examples of articles that present a conceptual model of a PI-node are [A96],

[A97] and [A98], these three articles describe the functional design of three different types

of Physical Internet facilities.

The articles on business model innovation contributed 9 conceptual models and 8 evalu-

ations. Although most of the contributions by articles on business model innovation are

conceptual models, a bigger number was expected. Only a few articles made use of the

business model canvas [17] or any other tool to present business models (e.g. [A17]). In

addition to the articles on business model innovation, the biggest contributors of con-

ceptual models are the articles on Digital Interconnectivity (14 articles). These articles

propose the architecture and main concepts of various information systems (e.g. [A22]).

Besides conceptual models, the articles on digital interconnectivity propose 13 conceptual

frameworks, 18 evaluations and 11 tools.

As expected, the articles on the assessment of PI aspects contribute the biggest proportion

of the evaluations (29 articles). Moreover, numerous articles also propose a mathematical

model (30 articles) that is used to assess PI aspects. Finally, the articles on the adoption

of the physical internet contribute 19 evaluations. For the most part, these papers assess

the readiness and evaluate ways on how to implement the Physical Internet. One of the

articles [A3] also proposes a methodology to create a roadmap towards a Physical Internet

for SME. It is noticed that only a few guidelines for Physical Internet implementation are

introduced in the articles (e.g. [A103] and [A107]).

4.7 Research methods and research types (RQ7)

To answer RQ7, first the type of research of the articles was analysed. The articles were

classified according to the Research Type Facet proposed by Wieringa et al.[27]. The

different types of research are described in section 3.5.4. Figure 4.9 shows the number
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of papers per research type. In appendix E a list of articles per type of research can be

found. Out of the 270 selected articles, 110 are Validation Research. Almost all of these

articles use mathematical optimisation and simulation to investigate the properties of a

proposed solution. In only four of the validation studies quantitative analysis techniques

are used, including variance analysis and regression ([A40], [A230], [A79] and [A237]).

Furthermore, there are 79 Philosophical papers. These papers sketch a new way of look-

ing at things, a new conceptual framework or conceptual model, or contribute a critical

examination of the existing research on a topic. An example of a philosophical paper is

[A89], which provides a conceptual framework for smart PI-containers. 62 of the selected

articles are solution proposals. In these articles solutions are described and some examples

of their possible use are given. As these articles don’t provide a full-blown validation, most

of them are descriptive. Surprisingly, there are only 19 Evaluation Research papers. This

indicates a lack of empirical studies, in which the properties of the Physical Internet are

tested.
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Figure 4.9: Number of articles per Research Type

To complete the analysis regarding RQ7, the applied research methods according to the

topic of the study are investigated. The bubble chart (see Figure 4.10) gives an overview

of the applied methods for the studies on each topic. In section 3.5.5 the applied research
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methods are described. It should be noted that for each study multiple methods can be

identified.
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Figure 4.10: Applied methods for the research on each topic

More than half of the articles on the adoption of the Physical Internet are descriptive

(14 articles), they propose guidelines (e.g. [A103] and [A107]) or examine potential road-

blocks to a PI implementation (e.g. [A100] and [A120]). Some descriptive case studies (6

articles) have also been conducted, for example to analyse the readiness of Brazil ([A51])

and Hungary ([A19]). To assess the readiness of Africa, two studies applied content anal-

ysis ([A44] and [A189]). Furthermore, two literature reviews ([A100] and [A106]) were

conducted in which various ways to overcome challenges when implementing the Physical

Internet are identified.

To assess the aspects of the Physical Internet, numerous scenarios in a PI context are

simulated (29 articles) or optimised using mathematical techniques (9 articles). [A221]

for example assesses the service capabilities of a hyperconnected mixing center, a spe-

cific type of PI-nodes. Multiple simulations also compare the conventional transportation

model with the Physical Internet model (e.g. [A61] and [A118]). In many of these simula-
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tion studies NetLogo is used to develop simulation models in a multi-agent environment.

The other articles on the assessment of PI aspects are mostly descriptive (20 articles).

Interestingly, only three surveys have been conducted to obtain the opinion of managers

on the sharing of resources in supply chains ([A214] and [A55]) and to gather the shippers’

perspectives on the realization of the Physical Internet ([A247]).

Mathematical optimisation methods are most frequently used for the optimisation of sup-

ply chains within the Physical Internet (36 articles). These studies first formulate an

optimisation problem as a mathematical model and subsequently find the best possible

solution by using an optimiser such as the IBM ILOG CPLEX optimisation studio. Be-

sides mathematical optimisation, 29 simulation studies have been conducted to find the

optimal conditions for Supply Chains within a Physical Internet. 9 of these optimisation

articles are case studies that used real input data of companies (e.g. [A156]) or regions (e.g.

[A108]). To analyse the functionality of PI-nodes researchers also mainly used simulation

(18 articles) and mathematical optimisation techniques (9 articles). These studies focus on

processes that take place within PI-nodes. Examples are articles [A199] and [A206] that

investigate the routing in a Physical Internet cross-docking hub and [A11] that proposes

a storage and transfer system for containers in a rail-to-rail hub.

A big part of the articles on digital interconnectivity also concern innovative technolo-

gies, this explains why their distributions of used methods are similar. The articles on

technological innovations and digital interconnectivity are mostly descriptive (resp. 30 and

36 articles). Furthermore, there have been multiple case studies (resp. 12 and 15 articles)

that test the implementation of innovative technologies related to digital interconnectivity

within a Physical Internet, including [A27], [A48] and [A53].

The articles on standardized modular containers mostly describe their implementation or

design (12 articles). To validate their impact on the shipping volume or to solve container

loading problems, mathematical optimisation techniques (7 articles) are used. Further-

more, 5 case studies have been conducted. For example, in [A181] a modularized furniture

container has been designed and implemented in a leading customized furniture company

in China. Another example is article [A263], in which the use of PI-containers is proposed
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for the transportation of blood by the French Blood Establishment.

Finally, most of the research on business model innovation is descriptive (14 articles). Be-

sides the descriptive methods, simulation techniques are used to validate the performance

of the proposed business models (7 articles). An example of an article that simulates a new

business model using realistic data is [A17]. The articles that used none of the methods

mentioned above were classified in the “Other” category.
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5 Discussion

In this chapter, a concise answer will be provided to each of the research questions. Fur-

thermore, recommendations for future research are proposed based on the identified re-

search gaps (RQ8).

5.1 Summary of study findings

RQ-1: By who were the studies conducted?

To answer this research question, the number of publications per researcher was counted.

Five researchers stood out in terms of publication frequency. Benoit Montreuil, professor

at Georgia Tech, and Eric Ballot, professor at Mines ParisTech, are often considered to

be the pioneers of Physical Internet research, they are respectively the first and second

biggest contributors of research. The third most active researcher in the field is Shenle

Pan, associate professor at Mines ParisTech, a lot of his work was conducted together with

Eric Ballot. Finally, both George G.Q. Huang and Ray Y. Zhong, professors at Hong Kong

University, contributed nine of the selected articles and are the fourth biggest contributors

of research articles.

RQ-2: When were the studies published?

In response to this research question, the annual amount of published articles on the

Physical Internet after 2005 and before 2020 was counted. Interestingly, none of the

selected articles were published during the period between 2006 and 2009. In 2010 the first

relevant article ([9]) was published in the proceedings of the 11th IMHRC. Until 2013, the

yearly number of published articles remained low. From 2014 on a conference focused on

Physical Internet research was held every year, namely the International Physical Internet

Conference. This conference attracted many new researchers, which possibly explains the

sudden increase in publications. Furthermore, multiple Physical Internet focused research

groups have been founded since then. As people are becoming more aware of the need for

a more sustainable logistics system, the number of publications is expected to increase on
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a yearly basis.

RQ-3: What are the main publication venues?

First, the four most popular publication venues in terms of published articles on the

Physical Internet were identified. The IPIC published by far the most articles on the

Physical Internet. However, it should be noted that this may be due to the selection of

the IPIC proceedings for manual search. Besides the IPIC, the top four publication venues

included two more conferences: IMHRC and IFAC. The second most popular publication

venue was a journal, namely the IJPR. When considering the types of venues, most of the

articles were published in conference proceedings. This is mainly due to the high amount

of publications by the IPIC. Most of the other articles were published in journals, and

only a few workshop articles were selected. Although, it is possible that this is the case

because of the used search strategy.

RQ-4: Which topics related to the physical internet are covered in the existing

literature?

To categorize articles based on their topic, a classification scheme was created using the

keywording technique. The results of the topic based classification indicated that the

most recurring topic in the selected articles was optimisation of supply chains within the

Physical Internet, followed by digital interconnectivity. Furthermore, multiple research

gaps were identified. It was noted that only a few articles concerned innovative ways

of transportation, such as drones and automated vehicles. Moreover, a relatively small

number of articles on business model innovation and standardized modular containers were

identified.

RQ-5: To which ALICE roadmaps are the papers related?

To answer this research question, the selected articles are classified based on the five

roadmaps created by ALICE. The biggest proportion of selected papers is related to the

Global Supply Network Coordination and Collaboration roadmap, followed by the number

of articles related to the Systems & Technologies for Interconnected Logistics roadmap.

The topics related to the other three roadmaps, Corridors, Hubs and Synchromodality,

Sustainable, Safe and Secure Supply Chains, and Urban Logistics, were almost equally

43



discussed in the literature. No glaring research gaps were identified by the classification

of articles based on the roadmaps.

RQ-6: What type of contributions do the studies constitute?

The used classification of knowledge contributions is based on the different types of research

contributions proposed by Ulrich [29]. First, the frequency of each type of contribution was

counted. The results showed that most of the articles contributed a mathematical model

or an evaluation. However, the importance of the type of contribution depends on the

topic. Thus, to identify research gaps, the number of articles per type of contribution was

counted for each topic category. Regarding the contributions of articles on technological

innovation, only a few studies provided an in-depth evaluation of a use case scenario.

Finally, when considering business model innovation, a low amount of conceptual models

was identified. This indicates a lack of new business models that are presented by a canvas

model or any other tool to visualize business models.

RQ-7: What are the most common research methods applied and which were

the research types reported?

To answer this question, the articles were first classified according to the research type facet

by Wieringa et al [27]. The biggest proportion of articles was categorized as validation

research, followed by philosophical papers and solution proposals respectively. Interest-

ingly, only 19 of the selected articles were evaluation research papers, indicating a lack

of empirical research. After the classification according to research type, the applied re-

search methods were investigated according to the topic of the study. For most of the topic

categories, a big part of the articles was descriptive. As expected, the studies regarding

supply chain optimisation mainly used mathematical optimisation or simulation methods.

However, simulation methods were also frequently used to assess PI aspects or to analyze

PI-nodes. Finally, only a few case studies that use real data of companies or regions were

identified, as well as a lack of surveys to collect relevant data.
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5.2 Recommendations for future research (RQ-8)

5.2.1 Topics

Standardized and modularized containers are essential to the Physical Internet. These

containers have to be easily handled, stored, loaded, and transported within the PI sys-

tem. To optimize the Physical Internet, all transportation, handling, and storage devices,

means and systems have to be designed to exploit the properties of the containers. In

other words, the design of the different PI-nodes and the modes of transportation highly

depends on the design of the PI-containers. Moreover, it drives product design for en-

capsulation. Considering the importance of standardized and modularized containers, the

number of articles on the topic is very low. Although multiple prototypes have already

been proposed, there is a need for a general conclusion on the optimal design of the con-

tainers. To reach a general conclusion more research on new designs of PI-containers is

required, as well as studies in which the functionality of the already proposed container

designs is tested.

When looking at the current research on innovative technologies enabling a Physical Inter-

net, another research gap was identified. Since articles could be categorized into multiple

topic clusters, it was noticed that most of the articles on innovative technologies concern

new ways of communication and data sharing that enable digital interconnectivity. Only

a few articles consider innovative modes of transportation. In recent years, many new

modes of transport have been introduced, including automated vehicles, drones, as well

as underground tubes for parcel deliveries in urban areas. These new modes were merely

described in the literature. More research on these new modes of transportation in a

Physical Internet context and their impact on the sustainability and efficiency of logistics

systems is recommended.

Furthermore, a lack of articles on business model innovation was observed. The physical

Internet is reliant on horizontal and vertical collaboration. All stakeholders are expected

to share their resources and infrastructure to enable a more efficient and sustainable lo-

gistics system. The conventional logistics system is very different, companies hardly share

any resources as these are seen as a competitive advantage. Since the way of doing busi-

45



ness is expected to radically change, not only existing companies will be influenced, also

new businesses will be founded upon innovative ways of creating value. To evaluate new

business ideas and to prepare companies for the new business environment, more research

should be conducted on innovative business models.

Finally, it is important to note that almost no articles mention the importance of a legal

framework, which is necessary for PI adoption on a bigger scale. This lack of research

on the legal aspects of the Physical Internet is most likely due to the interests of the re-

searchers, most of whom have an operations management background. To further develop

this aspect, more legal research on the Physical Internet is required.

5.2.2 Research Contributions and Methods

The results of the classification based on applied research methods indicate that descriptive

research methods are most frequently used in the literature. Besides the descriptive meth-

ods, numerous articles use simulation and mathematical optimisation techniques. Only

a few of these techniques were applied to real company or regional data, these studies

were also classified as case studies. To validate the proposed simulation and mathematical

models in a real life environment, it is recommended to conduct more studies with data

from existing logistics companies or regional data provided by government institutions.

Furthermore, a lack of empirical studies is identified. In the existing research, only a few

case studies have been conducted in which aspects of the physical internet are implemented

in practice and its effects are evaluated. A small number of survey studies have also been

conducted to gather the opinions of stakeholders of the logistics system. To demonstrate

the potential benefits of the Physical Internet it is recommended to conduct more research

in which the already described methods, tools, and systems are implemented in practice.

As mentioned in the previous section, hardly any new business models have been pro-

posed in the literature. To present new business models, it is recommended to make use

of the business model canvas. The business model canvas is used to give a clear overview

of a business and its key building blocks. Moreover, the method is frequently used by

academics and in practice. A business model canvas helps to communicate new business

ideas in an easily understandable way to people who are new to the Physical Internet
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concept. In other words, it could be a crucial way to create more awareness amongst

potential stakeholders and to facilitate the adoption of the Physical Internet.

Finally, the existing literature suggests that the complete package of benefits of a Physical

Internet can only be achieved when all the foundations of the Physical Internet concept

are exploited in an integrated manner. Taking this under consideration, the analysis of a

single company and pilot studies that only consider horizontal or vertical collaboration are

not sufficient. Essential to a transition towards a Physical Internet are pilot studies that

involve multiple companies covering the whole value chain in the same region, as these

pilot studies would uncover the real benefits of a Physical Internet.
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6 Conclusion

The systematic mapping study presented in this thesis analysed the existing research on

the Physical Internet. To allow a systematic and reproducible mapping of the research,

the guidelines by Petersen et al [3] were followed throughout this study. Out of the initial

3923 search results, 270 articles, published after 2005 and before 2020, were selected for

data extraction. First, multiple classifications were developed, to categorize these selected

articles. The classifications for research type, methods and contributions were based on

existing classifications. For the categorization according to the topic, first a start set of

topic categories was identified. During the mapping process, this topic based classification

was frequently adjusted and updated to better suit the research. Furthermore, the articles

were also related to the roadmaps proposed by ALICE.

Based on the results of the mapping, eight research questions were answered. First, the

most active researchers, trends in the number of publications and the main publication

venues were identified. Secondly, the research questions concerning the content of the arti-

cles were answered. Multiple research gaps were identified based on the frequencies of the

applied methods, the research types, the topics and the contributions in the articles. The

most interesting findings were the lack of studies on innovative ways of transportation,

as well as the relatively small number of articles on business model innovation and stan-

dardized modular containers. Moreover, a big proportion of the applied research methods

were descriptive and only a few empirical studies were found.

Finally, recommendations for future research were suggested based on the identified re-

search gaps. Main implications for future research include a need for more work on stan-

dardized modular containers, as the designs of PI-nodes and the modes of transportation

highly depend on the final design of the PI-containers. Secondly, more research on innova-

tive ways of transportation and business model innovation in a Physical Internet context

is recommended. Furthermore, a legal framework is also necessary to make PI adoption

possible on a bigger scale. At last, it is recommended to conduct more research in which
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the already described methods, tools, and systems are implemented in practice.
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[A140] HAO, Y., OUNNAR, F., & PACHÉ, G. (2019, July). LSP Selection in the Context

of Physical Internet: A Comprehensive Analysis of the Literature. In Symposium

on Logistics (p. 316).

[A141] Dalmolen, S., Bastiaansen, H., Somers, E., Djafari, S., Kollenstart, M., &

Punter, M. (2019). Maintaining control over sensitive data in the Physical In-

ternet: Towards an open, service oriented, network-model for infrastructural data

sovereignty. In 6th International Physical Internet Conference.

68



[A142] Colin, J. Y., Nakechbandi, M., & Mathieu, H. (2015, May). Management of mobile

resources in Physical Internet logistic models. In 4th International Conference on

Advanced Logistics and Transport (ICALT) (pp. 323-326). IEEE.

[A143] MSc, B. S., & Cruijssen, F. (2017). Microzoning: A grid based approach to facili-

tate last-mile delivery. In 4th International Physical Internet Conference.

[A144] Yang, Y., Pan, S., & Ballot, E. (2017). Mitigating supply chain disruptions through

interconnected logistics services in the Physical Internet. International Journal of

Production Research, 55(14), 3970-3983.

[A145] Saoud, A., & Bellabdaoui, A. (2017, April). Model of distributed hierarchical

framework for carrier collaboration. In 2017 International Colloquium on Logis-

tics and Supply Chain Management (LOGISTIQUA) (pp. 160-165). IEEE.

[A146] Jiang, H., Ballot, E., & Pan, S. (2019). Modeling and analysis of alternative dis-

tribution and Physical Internet schemes in urban area. CoRR.

[A147] Sohrabi, H., Klibi, W., & Montreuil, B. (2012). Modeling scenario-based distribu-

tion network design in a Physical Internet-enabled open Logistics Web. In Inter-

national conference on information systems, logistics and supply chain.

[A148] Karakostas, B. (2019). Modelling and Simulation of a Physical Internet of Trans-

portation Hubs. Procedia Computer Science, 151, 17-22.

[A149] Ben Mohamed, I., Klibi, W., Labarthe, O., Deschamps, J. C., & Babai, M. Z.

(2017). Modelling and solution approaches for the interconnected city logistics.

International Journal of Production Research, 55(9), 2664-2684.

[A150] Montreuil, B., Ballot, E., & Tremblay, W. (2015). Modular design of physical in-

ternet transport, handling and packaging containers. In Progress in Material Han-

dling Research: 2014, 13, MHI, 2015, International Material Handling Research

Colloquium, 978-1-882780-18-3.

[A151] Zdziarska, M. (2019). Modular logistics: effective distribution. Autobusy: technika,

eksploatacja, systemy transportowe, 20.

69



[A152] Gerschberger, M., Treiblmaier, H., & Montreuil, B. (2015). More Than Commerce:

Harnessing the Power of the Physical Internet to Create Resilient Regions. In

Proceedings of the 2nd Physical Internet Conference.

[A153] Quak, H., van Kempen, E., & Hopman, M. Moving towards practical implemen-

tation of self-organizing logistics–making small steps in realizing the PI vision by

raising awareness. In 6th International Physical Internet Conference.

[A154] Sun, Y., Zhang, C., Dong, K., & Lang, M. (2018). Multiagent modelling and

simulation of a physical internet enabled rail-road intermodal transport system.

Urban Rail Transit, 4(3), 141-154.

[A155] Chargui, T., Bekrar, A., Reghioui, M., & Trentesaux, D. (2019). Multi-Objective

Sustainable Truck Scheduling in a Rail–Road Physical Internet Cross-Docking Hub

Considering Energy Consumption. Sustainability, 11(11), 3127.

[A156] Raggl, S., Affenzeller, M., Lengauer, E., & Hübl, A. (2016). Network on de-
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