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Abstract

Purpose — The physical internet (PI) is an emerging logistics and supply chain management (SCM) concept
that draws on different technologies and areas of research, such as the Internet of Things (IoT) and key
performance indicators, with the purpose of revolutionizing existing logistics and SCM practices. The growing
literature on the PI and its noteworthy potential to be a disruptive innovation in the logistics industry call for a
systematic literature review (SLR), which we conducted that defines the current state of the literature and
outlines future research directions and approaches.

Design/methodology/approach — The SLR that was undertaken included journal publications, conference
papers and proceedings, book excerpts, industry reports and white papers. We conducted descriptive, citation,
thematic and methodological analyses to understand the evolution of PI literature.

Findings — Based on the literature review and analyses, we proposed a comprehensive framework that
structures the PI domain and outlines future directions for logistics and SCM researchers.

Research limitations/implications — Our research findings are limited by the relatively low number of
journal publications, as the PI is a new field of inquiry that is composed primarily of conference papers and
proceedings.

Originality/value — The proposed Pl-based framework identifies seven PI themes, including the respective
facilitators and barriers, which can inform researchers and practitioners on future potentially disruptive SC
strategies.

Keywords Physical Internet (PI), Systematic literature review (SLR), Citation analysis, Thematic analysis,
Methodological analysis, Logistics, Supply chain management (SCM)
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Introduction

The current global logistics and supply chain management (SCM) practices of transporting,
storing and handling physical freight are unsustainable in the long run from economic,
environmental and societal perspectives. Montreuil (2011, p. 71) identified 13 specific
symptoms of the unsustainable global logistics and SCM practices that constitute the
“worldwide global logistics sustainability grand challenge.” However, using the latest
improvements in information sharing, interconnectivity, information technology, data
mining, big data and data analytics, it is possible to develop new logistics and SCM practices
that are sustainable in the long run. The Physical Internet (PI) is a new boundary-spanning
area of research and practice that seeks to address this grand challenge. The aim of the PIis to
optimize logistics and SCM processes so as to create more efficient, effective and sustainable
supply chains (SCs), which may lead to innovation of SC models and strategies (Kache and
Seuring, 2017).

The PI is described as “a global logistics system based on the interconnection of
logistics networks by a standardized set of collaboration protocols, modular containers,
and smart interfaces for increased efficiency and sustainability” (Ballot et al, 2014, p. 23).
Treiblmaier (2019, p. 3) defined the PI as “a comprehensive and measurable supply chain
framework which is based on a network of physical components. These components are
standardized as well as optimized and exchange information to improve the effectiveness,
efficiency, and sustainability of supply chain management operations.” The PI is a holistic
concept that merges numerous relevant areas of logistics and SCM research with the
promise of disrupting current logistics and SCM practices. These areas include
sustainability, effectiveness and efficiency of global value chains and information flows,
as well as horizontal and vertical collaboration. For example, the PI modular containers are
“world-standard, smart, ecofriendly, and modular” aiming to transform the existing
transport, handling and storage of cargo containers through “smart, sustainable, and
seamless automation and human handling” (Montreuil ef al, 2013a, p. 156). Similarly, PI
hubs enable efficient unimodal and multimodal dispatching and routing of modular
containers in an open logistics network via consolidation of loads, which in turn lowers
mventory and logistics systems costs (Venkatadri ef al, 2016).

Considering the growing number of PI publications and the globally increasing
investments in Plrelated projects, the PI is rapidly gaining relevance in both academic
and practitioner circles. For example, the European Union has launched (1) the Modular
Logistics Units in Shared Co-Modal Networks (MODULUSHCA) project (Huschebeck, 2012)
and (2) the Alliance for Logistics Innovation through Collaboration in Europe (ALICE)
platform (ALICE, 2014a). ALICE has set the following Pl-related goals: (1) establish the
landscape by elaborating, developing and demonstrating a Pl-enabled interconnected
logistics vision and its characteristics; (2) provide simulation- and field-based proof of concept
by gradually implementing and testing key functions of Pl-enabled interconnected logistics;
and (3) develop a comprehensive strategy for research, innovation, and market deployment of
logistics and SCM innovation in Europe (ALICE, 2014a).

The PI draws on concepts from numerous different technologies and areas of research,
including the Internet of Things (IoT) for interconnectedness of logistics networks and the
key performance indicators for continuous measurement and improvement. The PI has the
potential to become a disruptive innovation that inspires vast multidisciplinary collaboration
to solve several pressing social and business problems by revolutionizing extant logistics and
SCM practices (Kache and Seuring, 2017). Christensen (2013) defined a disruptive innovation
as a product or service that initially underperforms relative to the established products or
services but eventually replaces them. According to Danneels (2004), disruptive innovation
changes the basis of competition by changing the metrics along which organizations
compete. Following the same line of reasoning, the PI is an emerging concept that currently



underperforms in comparison to existing logistics and SCM practices but has the potential to
radically transform the way physical products are being handled, transported and stored.
These changes could greatly influence the environment, economy and society.

The PI is still a relatively new idea that is poorly understood. The current PI literature is
largely unstructured and scattered across various academic disciplines. We suggest three
reasons for the largely disjointed nature of the PI literature. First, the PI is a novel concept
with articles published in various disciplines, including logistics, SCM and operations/
production management. Second, a substantial number of publications, including white
papers, project deliverables and reports, have been published in industry-focused outlets.
Third, numerous PI publications are “spin-offs” from industry projects and thus lack
theoretical contributions. More importantly, given the emerging nature of the PI concept,
there is a limited number of literature reviews. Using the technology adoption of firms as a
theoretical framework, Sternberg and Norrman (2017) conducted a critical literature review of
the PI in which they showed how (1) the perceived benefits in term of the novel PI business
models, (2) the organizational readiness in terms of the PI technological blueprints, and (3) the
external pressure in terms of the expected PI effects contribute to the adoption of the PL
Treiblmaier et al. (2016) provided a brief overview of the current PI literature in which they
highlighted important opportunities in four main research areas: (1) the implementation of the
PI in Europe and the United States, (2) the optimization of operations in PI hubs,
(3) centralized reputation-based transportation auction, and (4) the impacts and challenges
related to the shifts to the open logistics networks.

However, the existing literature review attempts are incomplete for two reasons. First,
many PI publications in journals, books, conferences and reports have been omitted, which
are important for providing a comprehensive analysis of the PI literature. Second, the
evolution of the PI literature, including the under-researched themes and under-utilized
methods, has not been addressed, which is necessary for laying down the directions of future
Plresearch. Thus, a need exists for a holistic and inclusive review of the PI literature. Without
a systematic literature review (SLR) of the existing PI literature to identify future research
areas and methods, the PI research is unlikely to grow, possibly reducing research
opportunities related to the exploration of new, innovative SC models and strategies. In line
with Kache and Seuring’s (2017) call for research on emerging concepts in SCM, our SLR
makes three major contributions to the logistics and SCM research: (1) identification of major
Pl literature themes and methods, (2) creation of a comprehensive PI-themed framework, and
(3) suggestions for future research directions and approaches regarding the PI. We also
provide supplementary figures and tables in Appendix 1 and a comprehensive summary of
the reviewed PI literature in Appendix 2.

In the following section, we describe the PI and its relevance to the logistics and SCM
research. Next, we outline our review methodology. In the results section, we then provide
descriptive, citation, thematic and methodological analyses. We then present our PI-themed
framework, outline the future research directions and approaches and discuss contributions
to the Pl literature, as well as managerial implications. We conclude with the limitations of our
literature review.

The Physical Internet

The term “Physical Internet” (PI) was first used in a 2006 headline of the British popular press
magazine The Economist, which contained a survey of logistics and a variety of mainstream
SC articles (Markillie, 2006). In the subsequent years, this publication inspired a team of
researchers to explore the possibility of organizing the flow of physical goods in a manner
similar to the organization of data flow on the digital Internet (Montreuil, 2011), leading to the
emergence of the PI.
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The PI foundations

The PI was conceptualized as a response to the inefficiencies and unsustainability of current
logistics and SCM practices. Montreuil (2011, p. 74) described 13 issues that make the current
logistics practices unsustainable: (1) limited space utilization for road, rail, sea and air
transport; (2) empty travel being the norm rather than the exception; (3) poor working
conditions for truck drivers; (4) products sitting idle; (5) inefficiency of product distribution;
(6) inefficient use of production and storage facilities; (7) mediocre coordination within
distribution networks; (8) high inefficiency of multimodal transportation; (9) dysfunctional
city logistics; (10) inefficient cross-docking operations; (11) low network security and
robustness; (12) difficulty justifying the use of IT in SCs; and (13) limited innovation
opportunities. In light of these issues, Montreuil (2010) proposed 13 PI principles to address
the “global logistics sustainability grand challenge”: instrumentality, responsibility,
metasystematization, openness, universality, interconnectivity, uniformity, accessibility,
uniqueness, encapsulation, agentification, contracting and certification. He illustrated how to
apply each of these principles, respectively, to achieve more sustainable supply chains.
Accordingly, the PI is “an open global logistics system founded on physical, digital and
operational interconnectivity through encapsulation, interfaces, and protocols [and] a
perpetually evolving system driven by technological, infrastructural, and business
innovation” (Montreuil ef al., 2013a, p. 151).

The PI objectives and constituents

The main PI objective is to transform “the way physical objects are handled, moved, stored,
realized, supplied, and used, aiming towards global logistics efficiency and sustainability”
(Hakimi et al., 2012, p. 1). The PI aims to organize the transportation of physical goods in a
manner similar to the way in which data packages are moved on the digital Internet. By
sharing resources, such as vehicles and data, and designing transit centers, which enable
seamless interoperability, the transportation of goods will be optimized with regard to cost,
speed, efficiency and sustainability. To achieve this optimization, the PI sets common and
universally agreed-upon standards and protocols to facilitate horizontal and vertical
cooperation between organizations.

Itis crucial to distinguish clearly between the Pl and its constituents. The PI can be seen as
an application of the IoT (Gubbi et al, 2013) that describes a network of physical objects
embedded with technology to collect and exchange data. Similarly, the PI drives the creation
of innovative delivery channels for services, whether in the area of data exchange or logistics,
both of which are commonly subsumed under the term Internet of Services (Schroth and
Janner, 2007). Additionally, the Pl is an application of cloud computing (Armbrust et al., 2010)
that is the practice of using a network of remote Internet servers, rather than a local server or
personal computer, to store, manage and process data. Accordingly, the PIis an open concept
that embraces novel technologies with the aim of disrupting the current logistics and SCM
practices to design more efficient and effective SCs.

The PI functionality and applications

As noted, the PI does not directly manipulate physical goods but rather manipulates and
manages the shipping containers that store goods, just like digital Internet packets store
embedded data (Montreuil, 2011). For the PI to become full-fledged, numerous elements need
to be coordinated, including physical objects, such as PI modular containers or PI transit
centers, and more abstract concepts, such as legislation and business models. However,
previous studies, which focused running simulations with a small number of actors in
dedicated industries, have shown that considerable gains can be achieved through the
application of the PI, even if it is incomplete. For example, Sarraj et al. (2014a) who used data
representing the flow of goods from the fast-moving consumer goods (FMCG) industry in



France to test various transportation protocols and scenarios, concluded that the “PI is very
efficient within the FMCG supply networks of two large retailers” (p. 3206) and reported
positive effects on greenhouse gas emissions, cost, lead time and travel delivery time.
Similarly, Ballot et al (2014) reported the findings of an exploration project in Canada in
which simulations revealed various positive effects of the PI, including increased fill rates,
energy savings, decreased transportation costs and reductions in the total logistics costs.

Methodology

The purpose of this SLR is to organize and categorize the state-of-the-art PI literature
published in peer-reviewed journals, books, conference papers and proceedings, industry
reports and white papers. Generally, the purpose of literature reviews is to map, consolidate
and evaluate the intellectual territory of a certain field and to identify gaps to be filled with a
view to further develop the existing body of knowledge (Tranfield ef al,, 2003). The current
state of the PI literature can be characterized as dispersed because the literature appears in
outlets from several different disciplines (e.g. logistics, SCM and operations/production
management) and in outlets with a strong focus on practice rather than theory; thus, an SRL of
the PI's current state is highly valuable. Such a review can provide better conceptualizations
through an improved, common nomenclature and help identify compelling and clear
directions for new applications in practice and for future PI research. In turn, this can inspire
and support research efforts to improve existing SC models and strategies.

For this SLR, we followed the guidelines provided by Tranfield e al (2003), Rousseau et al.
(2008), Watson (2015), and Durach ef al. (2017) to: (1) identify existing publications, (2) select
and evaluate their contributions, (3) analyze and synthesize the data, (4) report on the findings
and (5) propose a research agenda. We followed a systematic review process by (1) searching
publications for potential inclusion; (2) selecting publications for inclusion or exclusion; (3)
synthesizing selected publications in textual, tabular, or graphical form; and (4) critically
analyzing contributions in terms of PI themes and methods (Watson, 2015). Next, we explain
the search-and-selection and analytical processes used in this SLR.

Search and selection process

We produced a systematic review protocol that provides an overview of the four stages of the
search-and-selection process (see Figure Al in Appendix 1). In Stage 0, we undertook a
preliminary informal search of a dedicated PI conference (i.e. the International PI Conference
[IPIC)) from 2014 to 2018, aiming to identify whether a sufficient number of publications
existed to enable us to conduct a SLR). This conference was a pertinent starting point because
it is an open forum for academics and practitioners to explore, discuss and introduce cutting-
edge concepts, methodologies, recent projects, technological advancements and start-up
initiatives for current and future PI implementation (IPIC, 2018). We identified 62
publications—a sufficient number for the study—and our preliminary informal research
informed the initial search process used in the next stage.

In Stage 1, we used several academic databases and search engines, such as ProQuest™,
EBSCO™, Emerald™ and Google Scholar™, to conduct the initial search. We also considered
dedicated PI interest groups (e.g. the PI Initiative, ALICE and MODULUSHCA) and other
relevant conferences (e.g. the International Conference on Industrial Engineering and
Systems Management and the IFAC Symposium on Information Control in Manufacturing).
We searched for the term “Physical Internet” in the titles, abstracts and introductions of the
publications. Given the specificity of the subject, this was the only term that was needed to
conduct a thorough search. The search process related to publications was limited to 2006—
2019. We selected 2006 as the base year because the first article that ever mentioned the term
PI was published in this year.

Pl as a new
supply chain
paradigm

243




JLM
31,2

244

The main objective of the initial selection process was to include relevant publications
based on a review of their titles, abstracts and introductions. We included publications
dealing specifically with the PI concept and excluded those dealing with the physical
infrastructure or computer hardware of the digital Internet. To further support the initial
search process, we checked the references of the selected publications to identify additional
publications for inclusion. We then combined the results of the two searches and removed
duplicates. Whenever there was disagreement among the authors regarding the inclusion/
exclusion assessment, the publication in question was read and discussed until agreement
was reached. Alternatively, publications were included provisionally and then assessed later
in the selection process.

Stage 2 comprised the selection process, which entailed reading the included publications
and making the final inclusion/exclusion decisions while applying a set of inclusion and
exclusion criteria and extracting data for analysis. First, we read all the included publications
in detail and carefully applied the inclusion and exclusion criteria. When dealing with a
publication whose relevance was questionable, we notified each other and explained why it
was unsuitable for inclusion. We either agreed to exclude the publication or engaged in
further discussion until an agreement was reached. The inclusion criteria used in the selection
process were the following:

(1) Publications whose main objective was to investigate the PI concept by conducting
conceptual research (ie. defining and refining the fundamental PI concepts),
assessment research (i.e. assessing the PI's economic, environmental and societal
impacts and sustainability improvements), solution design research (i.e. designing,
engineering and testing methodologies and technologies for PI implementation),
validation research (i.e. validating the implementation of the PI in real-world projects)
or literature research (i.e. reviewed the existing PI literature). This inclusion criterion
defines the primary scope of our study.

(2) Publications that had logistics or SCM as the core context. We included publications
that address logistics and SCM issues related to the PL This inclusion criterion was
justified because the main contributions of this study are to the logistics and SCM
literature.

(3) Publications that were written in English. The majority of the publications on the PI
are written in English; however, a few have been written in French. This inclusion
criterion was justified because most of the publications on the PI are written in
English and we did not have French expertise on our team.

The exclusion criteria for the selection process were the following:

(1) Publications that discussed the unsustainable global logistics and SCs challenges
(e.g. excessive carbon dioxide, resource wastage, inefficient business models) that led
to the emergence of the PI. These publications were considered peripheral to the PI
concept and were, therefore, excluded.

(2) Publications that addressed problems related to the interconnected logistics
networks without making direct reference to the PI or drawing from its
foundations and concepts. These publications were not directly linked to the PI
and were, therefore, excluded.

(3) Publications for which only extended abstracts or PowerPoint presentations were
available. These publications would not provide a sufficiently high level of detail for
analysis in this study.



(4) Publications that were found in the popular media that are descriptive in nature and
whose main objective is to inform the public about the PI concept and its
implementation. We excluded these publications because of their insignificant
contributions to the PI literature and their lack of sufficient details for analysis.

Second, we extracted data from the included publications and organized the information in a
tabular format (see Appendix 2). We extracted and organized data on each publication’s
author(s) and year, outlet, research methodology, research objective, research findings and
conclusion and successive journal publication (for conference papers and proceedings only).
Data extraction was conducted by two of the authors and then checked for completeness by
the other two. Whenever there was disagreement regarding the correct classification of the
papers, this was discussed among the authors until consensus was reached.

In Stage 3, we conducted a search validation to ensure that all the relevant publications
were included in the systematic review. First, we double-checked the references of both the
included and excluded publications and added any that had been missed. Second, we
searched academic databases, search engines and dedicated interest groups and conferences
again for the term “Physical Internet” and added any new publications. After completing the
validation, we ended the search-and-selection process. The final dataset resulted in 192 PI
publications—54 journal articles, 14 book sections, 97 conference proceedings and 27 reports
and white papers—as outlined in Figure 1.

Analysis process

During the analysis process, we conducted descriptive, citation, thematic and methodological
analyses of the 192 selected PI publications. First, we conducted a descriptive analysis to
develop an overall understanding of the current state of the Pl literature. We found that many
PI publications employed multiple research methodologies (e.g. quantitative modeling
combined with a simulation experiment) and therefore were assigned to a category and
subcategory, depending solely on the contribution of each methodology. For example, a
publication was categorized as “conceptual with simulation modeling” when its
conceptualizations constituted a major contribution relative to the mathematical
measurements and calculations within it. Moreover, when a simulation modeling was
perceived as a “means to an end” to develop new or improved conceptualizations, then the
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researchers determined that “conceptual development” was the major contribution of the
publication. The categorization process was conducted independently by two researchers,
who discussed any disagreements until full consensus was achieved, ensuring 100 percent
interrater reliability.

Second, we conducted citation analysis using data from two databases: Scopus™ and
Web of Science™. Scopus with 27 million citations and Web of Science with 36.1 million
citations have long been identified as the two most extensive databases for citation analysis.
Citation occurs when one publication refers to another as a source publication (Garfield, 1979).
Out of the 192 selected publications, 31 publications with citations underwent citation
analysis to identify influential publications and the inherent relationships existing among
these publications. To achieve these objectives, we employed citation count and out-degree
centrality measures. Degree centrality is measured by the number of direct links that a node
has in a citation network. The more links it has, the more active or central it is. Nodes that are
peripheral to the citation network are disadvantaged because they have fewer links relative to
the central nodes. Out-degree centrality measures the number of publications that the focal
publication cites (Freeman, 1978). After generating the citation network using the software
package VOSviewer, we excluded the nodes without links, leaving us with a citation network
of 22 publications from the period of 2014 to 2017.

Third, we classified each publication according to themes (Wilding ef al, 2012; Belién and
Forcé, 2012; Olhager et al.,, 2015). First, we grouped the selected publications into seven PI
themes: business models; cooperation models; legal models; seamless, secure and confidential
data exchange; transit centers (hubs); vehicle usage optimization; and modular PI containers.
We assigned one or more themes to each publication, depending on the coverage of each
theme. For example, when a publication focused largely on solutions for PI transit centers and
discussed modular containers as a part of the solution, the publication was assigned two
themes: PI transit centers and modular containers. As researchers we independently assigned
themes to publications, and whenever disagreements arose, we discussed the publication in
question and arrived at a final decision. Using an iterative process, we synthesized the results
by categorizing all PI publications into seven key themes as depicted in Figure 2.

Fourth, for our methodological analysis, we used a modified version of the PI classification
scheme proposed by Pan ef al (2017). We selected this classification scheme because it
provided a holistic perspective, which coincided with our objective to examine the evolution
of the PI literature. We modified this classification scheme to include a “literature research”
category to enable a more accurate categorization of the PI literature. Thus, we organized the
selected publications into five categories: conceptual research, assessment research, solution
design research, validation research and literature research. The categorization process was
first conducted independently and then we discussed any areas of disagreement until a final
decision was reached. Each publication was assigned to at least one method category. To
make the categorization parsimonious and useful, we categorized some of the multiple-
method publications as single-method, depending on the significance of their contribution.
For example, some assessment and solution design publications were categorized as solely
solution design publications because their contributions were more significant than those
related to their assessments. That is, when assessments were perceived as a “means to an
end” for new or improved solution designs, then we determined that “solution designs” had a
more significant contribution relative to “assessment.”

Fifth, we further analyzed the content of the publications to understand the depth of
knowledge contained in the PI literature. Based on this analysis, together with the identified
themes and methods, we described the three stages of the PI literature evolution: incubation,
exploration and expansion. More specifically, we independently analyzed the selected PI
publications to determine their depth and complexity of analysis in relation to a theme or set
of themes. Then, we categorized publications based on their similarity in terms of the depth
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and complexity of analysis. For example, purely conceptual publications, largely dealing with
envisioning the PI concept, were grouped together. Similarly, publications that established
the foundations of PI concepts, such as PI transit centers and modular containers, were
classified into the same group. When there was a disagreement about how to classify a
particular publication, we discussed the classification further until we came to a consensus.
After the grouping of publications, we distilled the key characteristics of each group and
name each according to a phase related to the evolution of the PI literature. Furthermore, we
summarized the key elements—themes, facilitators and barriers—of the PI discussed in the
literature and created a Pl-based framework that guides future research. This process
included techniques such as content and context analysis (Mayring, 2014; Glaser and
Strauss, 1967).

Results

We now discuss the results of our literature review. We first discuss the descriptive analysis,
which provides an overview of the PI literature. In the second section, we discuss the thematic
analysis, which provides an overview of the main themes in the PI literature. In the third
section, we discuss the methodological analysis, providing an overview of the main research
methods used in the PI literature.

Descriptive analysis
The PI literature is continually growing. In total, we reviewed 148 articles, including
academic, conference and commercial publications. The first publication on the PI dates back
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Table I.
Types of PI
publications

to0 2008 (see Figure A2 in Appendix 1). The number of conference and journal publications on
the PI has been steadily increasing over the years—2014 (31), 2015 (29) and 2016 (37)—
especially since the launch of a dedicated PI conference (i.e. IPIC). The rising number of PI
publications over the years can also be attributed to the increased interest in this new concept
in the corresponding academic and practitioner circles. However, this upward trend was
interrupted in 2017, 2018 and 2019, from which there were 23, 21 and 23 publications,
respectively. This partially suggests low conference-to-paper conversion rates as the
research area matures.

Table I summarizes the types of PI publications. To date, the majority (51%) have been
conference papers and proceedings, with the number of journal articles (28%) and bhook
sections (7%) being comparatively lower; however, these figures will likely increase, given
the high number (89) conference publications from 2014 to 2019. More peer-reviewed journal
publications on the PI have been published from 2016 to 2019 (51) than in all previous years
(i.e. 2008-2015) combined (17). We also observed that only 14 (7%) of the conference
publications were later developed into journal publications. The remaining proportion of PI
publications (14%) take the form of reports for project deliverables and white papers
targeting practitioner and government audiences.

Table II shows the research methodologies used in the reviewed PI publications. A large
percentage of the publications are conceptual (49.5%). Similarly, a large number of studies
use quantitative modeling (35%), including simulation experiments, computational
experiments, Monte Carlo simulations and multi-agent-based simulations. A smaller
percentage of the publications are descriptive (1%), literature reviews (5%) and simulation
experiments without quantitative modeling (8 %). Furthermore, the Pl literature currently has
arelatively small number of publications that use case study (2) and critical analysis (1) as the
sole research methodology.

Table III summarizes the academic outlets of PI publications. The International Journal of
Production Research (17) has been the main outlet for PI journal publications, while the
International PI Conference (72) has been the main outlet for PI conference publications.
Moreover, Service Orientation in Holonic and Multi-Agent Manufacturing is the most
significant peer-reviewed book for PI publications. Other peer-reviewed journals and
conferences, such as Logistics Research (2), IEEE Access (2) Journal of Intelligent
Manufacturing (2), the International Conference on Industrial Engineering and Systems
Management (3) and the IFAC Symposium on Information Control Problems in
Manufacturing (3), have published only a small number of PI publications.

Citation analysis
Of the 31 publications cited, 8 have at least 10 citations and 24 have fewer than 10 (see
Table Al in Appendix 1). The most highly cited publications are Sarraj et al (2014a), Sarraj

Publication types No. of publications Percentage
Commercial Publications 27 14
Reports 25 13
White papers 2 1
Conference Publications 97 51
Conference papers and proceedings 97 51
Academic Publications 68 35
Journal articles 54 28
Book sections 14 7
Total 192 100




Research methodologies

No. of publications (%)

Pl as a new

supply chain
Quantitative Modeling 68 (35%) paradigm
Simulation experiment 36
Computational experiment 19
Case study 3
Monte Carlo simulation 3
Multi-agent based simulation 2 249
Regression analysis 1
Simple continuous-based model 1
Color Petri Nets 1
Querying analysis and regression model 1
Only quantitative modeling 1
Conceptual 95 (49.5%)
Only conceptual 48
Simulation experiment 15
Case study 16
Functional design 3
Survey 3
Proof-of concept 2
Conceptual design 2
Structure analysis 1
Content analysis 1
Literature review 4
Simulation experiment 15 (8%)
Only simulation experiment 12
Case study 3
Literature review 9 (5%)
Only literature review 6
Case study 1
Survey 1
Field investigation and focus group 1
Descriptive 2(1%)
Only descriptive 1
Case study 1 Table IL
Case study 2(1%) Research
Critical analysis 1(0.5%) methodologies of PI
Total 192 (100%) publications
Academic outlets No. of publications ~ Year(s) of publication
Peer-reviewed International Journal of Production 17 20142017, 2019
journals Research
Logistics Research 2 2011, 2015
IEEE Access 2 2018-2019
Journal of Intelligent Manufacturing 2 2014, 2016
Peer-reviewed Service Orientation in Holonic and Multi- 8 2015-2016, 2018-2019
books Agent Manufacturing
Progress in Material Handling Research 2 2010, 2014
Peer-reviewed International Physical Internet 72 2014-2019
conferences Conference
International Conference on Industrial 3 2011, 2013 Table IIL.
Engineering and Systems Management Academic outlets with
IFAC Symposium on Information 3 2015 more than one PI

Control Problem in Manufacturing

publication
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et al (2014b), Montreuil et al (2013a), with 25, 21 and 19 citations, respectively, indicating that
they are major PI knowledge sources. Noticeably, in the past five years, the total number of
citations has increased significantly from 42 in 2016 to 104 in 2017 and then to 60 halfway
through 2018, suggesting that the PI literature is starting to establish a research community
with sufficient critical mass in terms of researchers and practitioners willing to contribute to
this phenomenon. The publications with the highest out-degree were Sternberg and Norrman
(2017) and Sarraj et al. (2014a), with 14 and 10 links, respectively. Thus, by expanding the
knowledge base to other publications, these two publications are vital to the dissemination of
PI knowledge (see Figure A3 in Appendix 1).

With 93 citations, the International Journal of Production Research contains some of the
most-cited publications, suggesting that this is the most important academic outlet for PI
knowledge to date. We observed that seven (26%) of the cited publications were non-
empirical (i.e. conceptual, literature review and case study), suggesting that scholars are still
attempting to make sense of the PI by elaborating on the basic concepts related to this new
mitiative. Conversely, there were 24 (77%) empirical publications with citations (i.e.
simulation experiments, computational experiments and Monte Carlo simulation),
suggesting that researchers are making efforts to quantitatively investigate Pl-related
problems to enable in-depth understanding, theoretical definition and emphatic measurement
of PI concepts.

Thematic analysis

Asillustrated in Figure 3, the largest proportion of the PI literature constitutes themes related
to business models (BM); transit centers (TC); seamless, secure, and confidential data
exchange (DE); and cooperation models (CM). The vehicle usage optimization (VO), modular
containers (MC), and legal models (LF) themes account for a much smaller percentage of the
PI literature. Although other themes emerged, their percentages were negligible (see
Figure A4 in Appendix 1).

Business models were the most prominent theme—with 43 publications, representing
22 percent of the PI literature—and provide a well-grounded basis for future PI
contributions. The first publication discussing the PI and potential business models
dates back to 2010, and the numbers have subsequently increased, peaking with 10
publications in 2016. One stream of publications on this theme laid the foundation for the
development of PI concepts. Ballot et al (2010) proposed the concept of interconnected
logistics networks, which Montreuil ef al. (2012) built upon to conceptualize the main PI
components (e.g. hubs, containers and vehicles) and develop a framework for business
model innovations enabled by the PI. Montreuil ef al (2013a) also conceptualized
additional aspects of the PI, such as the open global logistics system, universal
interconnectivity, encapsulation, standard smart interfaces, standard collaborative
protocols and innovation-driven SC models. Oktaei et al (2014) developed a business
model for PI hubs that defines customer segments, value propositions, channels,
customer relationships, revenue streams, cost structures, key resources, partners and
activities, which could all be used to transform existing SCs.

With the increase in the number of publications on this theme, the contributions have
become more focused. Hambleton and Mannix (2015) and Chakroun et al (2016) envisioned
the implementation of the PI in Mozambique and Casablanca, respectively, by
contextualizing the existing business models for PI hubs. Schoen ef al. (2016) proposed a
Pl-enabled automation of the blood SC in France through a process-mining approach. Zhong
et al. (2015) developed a Pl-enabled building information-modeling platform for the
construction of prefabricated housing in Hong Kong. Treiblmaier (2019) attempted to
integrate the PI with Blockchain into a theory-driven framework that aims to maximize PI's
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triple bottom-line sustainability—namely, its simultaneous focus on economic,
environmental and social goals.

The transit centers theme, which is addressed next in the PI literature, accounts for 14
percent of the literature, with 26 publications. Its contributions commenced in 2013 and
increased in the subsequent years. Early research on this theme, namely by Ballot et al. (2013)
and Montreuil et al (2013b), proposed proofs of concept for the functional designs of unimodal
(road-based) and multimodal (road-to-rail) PT hubs. Pan ef /. (2013) measured the impact of PI
hub operations on stock and inventory levels to highlight the benefits associated with the
implementation of Pl-enabled open logistics networks. Further contributions to this theme
evaluate and optimize certain aspects of the early conceptualization of PI hubs and optimized
PI container allocation for the functional design of the multimodal (road-to-rail) PI hub
proposed by Ballot et al (2013). Pach et al. (2014) assessed and optimized PI container routing
for the functional design of the unimodal (road-based) PI hub proposed by Montreuil
et al (2013b).

Contributions to this theme have become less general and more context-specific, and now
include fewer references to prior conceptualizations of PI hubs. Qiao et al. (2016a, b) proposed
a dynamic pricing model to the bid prices and profits of carriers in PI hubs. Hao and Gue
(2016) designed and assessed a control scheme for a two-sided, grid-based rail-to-rail PI hub.
Cheng et al (2016) developed a multi-attribute double auction system for perishable SC
trading in PI hubs. Kong et al. (2016) proposed a scheduling solution for the trolley loading
and auction trading of perishable goods in PI hubs. Chargui et @l (2019) developed a multi-
agent-based model for the truck scheduling and container assignment and grouping in a
road-to-rail PI hub.

With 21 publications, the seamless, secure and confidential data exchange theme covers 11
percent of the PI literature. The early contributions regarding this theme conceptualize the
data exchange foundations for the PI. Hakimi et /. (2009) conceptualized the basic elements
for supply web technology, including (1) a supply web database system that standardizes and
unifies web members’ supply data and (2) a set of business intelligence tools. Building on this
conceptualization, Hakimi ef al (2010) proposed a multi-agent, distributed and modular
supply web simulation platform for visualizing, monitoring, mining and assessing data
exchanges.

As the number of contributions regarding this theme increased, one stream of research
began to address the data exchange in PI components such as hubs and containers. Tretola
and Verdino (2014) proposed a conceptual approach with the description of a data model for
the modular logistics and a processes overview for a Pl-enabled interconnected logistics
network. Further building on their study, Tretola and Verdino (2015) introduced high-level
ICT (Information and Communication Technologies) architecture for Pl-enabled IT systems
for an intelligent network management system at PI hubs. Correspondingly, Tretola et al.
(2015) proposed an approach for handling information about modular boxes in an
interconnected logistics scenario using a canonical data model, which is an enterprise
application integration pattern based on the MODULUSHCA common data model for the
encapsulation of data in PI containers.

Another research stream focuses on the application of data exchange standards to
different contexts. Le Roch et al. (2015) contextualized the EPC global standards and related
technologies to the management of reusable pallets in Pl-enabled interconnected logistics
networks. Zhong et al. (2016) proposed a Pl-enabled manufacturing system for intelligent
workshop production, which uses RFID and wireless communication networks for the
collection and synchronization of real-time data. Some contributions to this theme further
improve Pl-related data exchange practices and standards. Zhang et al (2016) developed a
design for a PI-based recyclable, world-standard smart green box for encapsulating customer
orders. Chen ef al (2018) proposed and assessed a Pl-enabled building information modeling



system (PI-BIMS) that integrates Auto-ID technologies, BIM and cloud computing. PI-BIMS
enables collecting, transmitting, processing and visualizing the real-time project information
across the project processes.

With 18 publications, the cooperation models theme accounts for 9 percent of the PI
literature. The majority of the contributions regarding this theme address the
conceptualization and assessment of cooperation rules, practices and tools for horizontal
collaboration in Pl-enabled interconnected logistics networks. Verstrepen and Jacobs (2012)
conceptualized and assessed an orchestrated horizontal collaboration for road bundling
between multiple shippers (ie. JSP and Hammerwerk) to determine its efficiency,
sustainability and effectiveness. Using data from consumer-packed-goods SCs, Meller and
Ellis (2012) measured the impact of Pl-enabled shared-asset logistics network on the
distances that foods travel as they flow through the SC, as well as the inventory held at
various points along the SC. Jacobs et al (2013, 2014) conceptualized the development and
management of a horizontal collaboration community for fresh and chilled retail distribution
between two fast-moving consumer goods shippers (i.e. Nestlé and PepsiCo), a logistics
service provider (ie. STEF) and a neutral trustee (i.e. TRI-VIZOR). Cruijssen et al (2014)
developed and piloted a toolbox and business models for horizontal collaboration within the
PT’s open logistics networks.

With 15 publications, the velicle usage optimization theme represents 8 percent of the PI
literature. Contributions to this theme focus on the design and assessment of Pl-enabled
solutions for the optimization of vehicle usage. Othmane et al (2014) modeled a centralized
transportation auction mechanism for PI networks to address the problem of determining
winning PI carriers (known as the Winner Determination Problem) based not only on bid
prices but also on the reputation of PI carriers in open logistics networks. Hofman (2016)
proposed an alternative solution based on a resource paradigm for the optimization of PI
carriers’ capacity utilization. Ji et al (2019) proposed of a mixed-integer linear programming
formulation for addressing the problem that combines an integrated production-inventory-
distribution decision with PL

With 12 publications, the modular container theme accounts for 6 percent of the PI
literature and primarily addresses the conceptualization, assessment and optimization of PI
containers. Montreuil et al (2014) proposed a three-tier modular design for PI containers: T
containers, H containers and P containers. Landschiitzer et al (2015) developed a
methodological engineering process for the first approach used to develop modular and
multifunctional PI containers. Tran-Dang et al (2015, 2016) introduced a system to
automatically generate and maintain a virtual 3D layout reflecting the spatial distribution of
PI containers. Krogsgaard et al (2018) developed a new approach for solving the “liner
shipping network” design problem that is based on the Pl-enabled distributed multi-
segment flow.

The legal system for the PI theme is in the early development stages, with one publication,
accounting for only 0.5 percent of the PI literature. Biermasz and Louws (2014) discussed the
necessary changes made to the legal framework to support horizontal collaboration
initiatives in Europe, such as the CO3 Project. Figure 4 illustrates the trends of the main PI
themes over the years.

Methodological analysis

As shown in Figure 5, solution design research (AS+S), conceptual research (C) and
assessment research (A) constitute the largest percentage of the PI literature, while valuation
research (V) and literature research (L) represent only a small percentage. There are other
methods in the PI literature; however, they do not account for a significant percentage (see
Figure A5 in Appendix 1).
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With 60 publications, the conceptual research category accounts for 31 percent of the PI
literature. Contributions on the conceptualization of the PI started as early as 2009 and
steadily increased in number over the years before reaching its peak at 2014 with 10
publications. This research stream focuses on defining and refining fundamental PC
concepts, such as business models, hubs, containers, vehicles and carriers. This research
category also conceptualizes the PI implementation in specific industries (e.g. FMCQG),
countries (e.g. France) and regions (e.g. European Union). The PI concept was initially
introduced by Montreuil ef al. (2010), Ballot ef al (2010), Lounes and Montreuil (2011), and
Montreuil (2011, 2012). After establishing the foundations of the PI, Montreuil et al. (2013a),
Ballot et al. (2014) and Sarraj et al. (2014b) further conceptualized and refined certain PI
concepts and foundations, such as the benefits and challenges associated with its
implementation.

Over time, the conceptual research has become more focused, addressing specific contexts
that are relevant to the PI. Montreuil ef al (2012) proposed a model for open logistics
interconnection, which is based on the open system interconnection model. Crainic and
Montreuil (2015) applied the PI concept to the context of city logistics by proposing
hyperconnected city logistics. Lin and Cheng (2016) conceptualized and implemented a PI-
enabled platform for an automatic product identification system, product-production
tracking system, finished product scan-and-pack system and electronic shelf system in the
solar cell industry. Wang et al (2016) conceptualized decentralized production scheduling (i.e.
initiative production scheduling) for a PI manufacturing system. Puskas and Bohacs (2019)
examined the applicability of Industry 4.0 tools—such as cloud, mobile technology, Big Data
and analytics, decentralization, and simulation—to improve the PI components including PI
container, PI hub, PI sorter, hub-and-spoke transport and others.

With 75 publications, the solution design research category represents 39 percent of the PI
literature. This research preceded the conceptual research and generated notable
contributions from 2014 onwards. The solution design research category focuses first on
designing and engineering and then on testing methodologies and technologies for the
implementation of the PI in certain industries, countries or regions. This category also
identifies the barriers which prevent an industry, country or region from adopting the PI, and
then designs and develops solutions to facilitate the implementation of the PL.

This research category has two streams focusing on the following areas: 1) designing the
key PI components and 2) developing methodologies and models for PI-enabled planning and
operational decisions in interconnected logistics and SC networks. In the first research
stream, a decomposition-based approach was developed for selecting standardized modular
containers, which addresses PI container sizes and dimensions. Gazzard and Montreuil (2015)
developed a functional design for PI handing modular containers. Landschiitzer et al (2015)
addressed PI container requirements and engineering design in terms of sizing (i.e. methods
of selecting container sizes depending on the dimensions of goods), design (ie. key
functionality of PI containers) and loading (i.e. conditions for loading). Sallez et al. (2015b,
2016) developed a descriptive framework for the multilayered activeness that enables
embedded static or dynamic data, measurement via sensors on shells and skeletons,
interaction with other PI containers, measurement of external conditions via sensors and PI
management system interaction and intelligence that provides identification, traceability/
tracking, integrity and confidentiality of PI containers. Montreuil ef al. (2014) proposed a
three-tiered modular design for three types of PI containers, namely transport (T), handling
(H) and packaging (P) containers. Ballot et al. (2012, 2013), Meller et al. (2012), Montreuil ef al.
(2013b), and Oktaei et al (2014) developed functional designs for road-to-rail bimodal hubs,
road-based unimodal cross-docking hubs and business models for transit centers.

In the second research stream, the focus is on developing Pl-enabled planning models. Xu
et al. (2013) designed a contribution-and-power weighted value (CPWYV) sharing mechanism



based on game theoretic solutions for transportation service procurement in Pl-enabled
horizontal collaborations. Sallez et al. (2015a) proposed a hybrid PI hub control architecture
with an efficient reactive PI container routing approach to accommodate the short-term
external or internal perturbations in a PI cross-docking hub. Qiao ef al (2016a, b) developed a
dynamic pricing model based on an auction mechanism for optimizing transport service
providers’ bid prices in P hubs. Chen ef al. (2017) and Pan et al. (2015a) developed a Pl-enabled
solution for collecting e-commerce goods from final consumption points and returning them
to retailers, which delivers the returned goods and passengers in an integrated way by
leveraging the extra loading capacity and constant mobility of citywide taxis. Pan et al
(2015b) designed and assessed an inventory-control model for Pl-enabled interconnected
logistics networks to reduce the system’s inventory level and the total logistics costs. Yang
et al. (2015a, b) proposed an inventory-control model based on a Pl-enabled interconnected
logistics services for the FMCG sector. This model was then further assessed, in terms of
resilience, by Yang et al (2016). Naccache et al. (2014) conducted a multi-agent simulation-
based assessment of Pl-enabled interconnected e-commerce distribution and its implication
for inventory levels.

With 20 publications, the assessment research category accounts for 11 percent of the PI
literature. After addressing the conceptualization of the PI, the literature assessed the
proposed PI concepts. This research stream focuses on measuring the PI's economic,
environmental and societal impacts and its sustainability improvements using analytical,
optimization or simulation modeling experiments. Hakimi et al (2012) presented the first
comprehensive simulation experiment that assessed the PI's impact in terms of performance
and economic, environmental and social efficiency in France. Using a simulation experiment,
Sarraj et al. (2014a) conducted a study that measured the transportation efficiency and
sustainability improvements of Pl-enabled path routing for containers and the minimization
of transportation means in the FMCG sector in France. Using analytical modeling, Meller et al.
(2012) assessed the impacts of the PI in terms of increased profit margin and reduced
environmental footprints in SCs in the United States. Sohrabi and Montreuil (2011) conducted
an optimization-based assessment to evaluate the potential economic gain from a Pl-enabled
interconnected distribution system.

With only eight publications, the validation research category accounts for 4.2 percent of
the PI literature; it is, thus, likely in its nascent stage. This research focuses on conducting
case studies, field pilot studies, virtual pilot studies and living labs for the implementation of
the PI in real-world projects, which informs the PI implementation roadmap. Hambleton and
Mannix (2014) drew parallels between the PI initiative and the 3D supply networks project,
which both aim to 1) reduce the economic order quantities from a pallet to a case, 2) move the
inventory closer to customers, 3) reduce the highway miles traveled, and 4) improve truck
utilization. Hambleton and Mannix (2015) presented the case study of the Sunshine Nut
Company, which aims to transform the lives of Mozambicans, much as the PI will likely
transform global logistics. Through a partnership with ES3, Sunshine Nut is leveraging
ES3’s PI hub facility for warehousing and distribution, which in turn is driving financial,
environmental, societal and transformational change. ALICE (2014a, 2014b, 2014c, 2015a,
2015b, 2015c¢) reported on the PI implementation roadmap for the 2016-2017 period in terms
of urban freight, SC coordination and collaboration, corridors and hubs, IS for interconnected
logistics and the sustainability, safety, and security of SCs.

The Lterature research category accounts for 4.2 percent of the PI literature (eight
publications). It focuses on reviewing and summarizing the extant PI literature and outlining
future research directions. Treiblmaier et al. (2016) reviewed the existing PI literature in the
form of conference proceedings, reports, books and journals, and then called on researchers to
explore the synergies between SCM and the PI. Sternberg and Norrman (2017) reviewed and
analyzed the existing literature on the PI using lacovou et al. (1995) theoretical framework for
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the technology adoption of firms in an interorganizational context. Figure 6 illustrates the
trends of the main PI methods over the years.

Discussion

The Pl is receiving increasing attention from academics and practitioners, who view this new
paradigm as being a disruptive innovation having the potential to significantly disrupt
existing logistics and SC practices. This has resulted in a steadily growing number of
publications, dedicated conferences and substantial funding opportunities. Consequently, it
is important to better understand the emerging themes and methods in the PI literature,
which should help logistics and SCM researchers identify future directions for PI research
regarding innovation in SC models and strategies. Accordingly, we conducted a SLR to
examine the evolution of the PI literature by identifying its main themes and methods.

The evolution of the PI literature

Based on an analysis of the underlying literature and the change in research focus over time,
we labeled the three stages that describe the evolution of the PI literature as “incubation,”
“exploration” and “expansion.” In the incubation stage (2008-2011), the PI was not explicitly
defined, except in a few conceptual publications. This stage includes eight publications that
attempt to envision the PI concept and its impact logistics and SCM. Most of the publications
in this stage are purely conceptual and attempt to conceptualize the PI without any
significant contributions to the PI concepts. The exploration stage (2012-2014), which
includes 51 publications, focuses primarily on defining PI principles and its fundamental
concepts, such as business models, hubs, containers, vehicles and carriers. The majority of
the publications in this stage focus on conceptualizing and assessing the proof-of-concepts for
the PI concepts. In the expansion stage (2015-2019) with 133 publications, researchers’ efforts
have switched from pure conceptualization to the investigation of specific aspects of the PI or
the assessment of its proposed concepts. The majority of the publications in this stage focus
on designing, engineering and testing methodologies and technologies for the
implementation of the PI in certain industries, countries or regions.

A PI-Based framework

Based on our thematic analysis, we developed a framework that outlines the main PI themes,
including the facilitators and barriers, emerging from the literature (see Table All in
Appendix 1). Overall, these themes present different layers of potentially disruptive
developments, ranging from creating basic components such as standardized containers to
overarching business models, all of which lead to greater innovation in logistics and SC
strategies. In the extant literature, considerable effort seems to have been invested in
establishing these themes as central components of the PI around which practical solutions
can be developed. Figure 7 shows the themes in a hierarchical order in which similar to the
Internet protocol TCP/IP, each layer builds on its previous one. To retain the abstract nature
of this framework, we did not include specific technologies. The themes in our PI-based
framework fit each other and together they can exert their full potential. This does not mean,
however, that these potentially disruptive developments cannot function independent of each
other. It rather suggests that innovation can happen at different layers simultaneously,
subsequently combining into a one holistic and comprehensive concept that drives disruptive
SC strategies.

First, modular containers research conceptualizes shared, modular, sustainable, robust,
lightweight and scalable PI containers. Using smart tags, including RFID and GPS
technologies, PI containers collect and store logistics and SC information, which ensures
container identification, integrity, routing, conditioning, traceability and security in
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interconnected logistics network. Thus, PI containers provide the foundation for
sophisticated SCM that is characterized by real-time logistics and SC data flow and analysis.

Second, vehicle usage optimization research proposes the idea of using shared, fully
loaded, energy-efficient PI vehicles with relays, which reduces transportation costs and
carbon footprints. Such research attempts to solve the problem of groupage transportation,
including consolidation and deconsolidation centers in open-logistics network nodes in which
goods are loaded/unloaded in/out of PI containers. Using mixed-integer linear programming
models, the objective is to meet the demand of shipment orders belonging to different areas
with the final goal of minimizing total costs, exploiting trucks capacity and reducing
empty trips.

Third, transit centers research encourages the move from non-standardized proprietary
transit centers to modern and open PI transit centers for efficient and effective cargo
handling. Using coordination algorithms for matching demand and supply, the mission of PI
transit centers is to efficiently and sustainably transfer Pl-trailers from one truck to another.
This is done specifically for two purposes: (1) to enable PI containers to move from their origin
to its destination, facilitating delivery within the delivery time window and (2) to enable
trucks to pick-up a PI container that will put the driver closer to the target destination at the
end of a workday.

Fourth, the seamless, secure and confidential data exchange research defines a set of open,
shared and secure protocols for data exchange in Pl-enabled open logistics networks, which
restrict access to data on goods and information about delivery status. Such research
leverages multiple data models, including canonical data and enterprise application
integrations, to define a common set of data and information for information exchange
and interoperability between participants in open logistics network.

Fifth, legal framework research aims to synchronize the incompatible legal environments
associated with different countries to provide legal security and seamless international
transport. This, legal framework is especially useful for synchronizing the legal environment
amongst the 28 European Union counties that have relatively disparate legal systems.

Sixth, the cooperation models research attempts to redefine the existing practices for
revenue sharing among different stakeholders in the new Pl-enabled business models, such
as PI hub holders and PI movers. This breakthrough in the cooperation practices should
facilitate openness among logistics and SC partners.

Seventh, business model research strives to foster innovation in logistics practices and SCs
by using the 13 principles of the PI. SC innovation is critical for companies to survive global
competition and the PI can be fundamental to this innovation. The PI provides a new
paradigm to encourage the development of innovative ideas that are based on PI to directly
impact and improve the effectiveness and efficiency of current logistics and supply chain
practices both in domestic and in global applications.

Future research divections and approaches

We further analyzed the main PI themes in relation to the methods to provide directions for
future research and theory development. We sought additional research opportunities within
the context of the existing PI publications in terms of themes and methods. A growing and
relatively new research area can become more robust as the variety of research methods and
areas increases over time. Figure 8 illustrates the main PI themes and their corresponding
methods.

It is important to emphasize that some areas are under-researched, and some methods are
underutilized for numerous reasons. There may be a lack of data, the research questions may
be uninteresting or the research methods may be imprecise. However, by identifying the
research areas with a high number of contributions and commonly used methods, we showed
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the potential gaps in Pl research. Following the same logic, research areas with a low number
of contributions and underutilized research methods might help researchers identify new
areas to research. Based on our analysis of the PI literature, there are five major takeaways
that can be considered for future PI research.

First, business models, transit centers, seamless data exchange and cooperation models
are the most researched PI themes. Based on our analysis, conceptual, solution design and
assessment are the most commonly used methods in the main PI themes. Hence, there is an
opportunity for future PI research to be conducted on the outlined main themes using the
following research methods:

(1) Conceptualization of multimodal road-to-sea- and rail-to-sea PI hubs.

(2) Validation of unimodal (road-based) and multimodal (road-to-rail) PI hubs within a
real-life case study.

(3) Validation of the proposed protocols and systems for data exchange in Pl-enabled
open logistics networks.

Second, vehicle usage optimization, modular containers and legal models are the least
researched themes, and within these, solution design is the most commonly deployed method.
Hence, there is an opportunity for future PI research on these under-researched themes using
the following research methods:

(1) Validation of the proposed design and types of PI containers within a real-life case
study.

(2) Validation of the proposed auction mechanism and optimization of capacity
utilization for PI carriers in PI hubs within a real-life case study.

(3) Conceptualization of a legal framework for trans-Atlantic horizontal collaborations
such as between the United States and the European Union.

(4) Assessment, optimization and validation of the proposed legal frameworks for
horizontal collaboration within a real-life case study.

Third, one major question arising from our literature review pertains to the right approach to
fully realizing the vision of the PI, in which a comparison with the digital Internet might be
helpful. Due to its layered nature, it is possible to improve specific aspects of the Internet
without disrupting the functioning of the whole system, which has been done by individual
researchers or organizations. For example, the TCP/IP protocol was developed in 1982,
HyperText Markup Language (HTML) in 1990 and Mosaic (First Web Browser) in 1993 all by
independent researchers and all improved specific aspects of the Internet that are critical to
its current operations. Likewise, researchers can improve specific aspects or themes within
the PI without disrupting the functioning of the overall system, assuming that the interfaces
remain operable. For example, modular containers need to be designed to optimize their use,
to efficiently and effectively use cargo handling in transit centers and hubs. Similarly,
seamless, secure and confidential data exchange supports the physical flow of goods, and
legal frameworks that are needed to create trust between the parties involved.

Fourth, most PI technologies have not fully matured and thus are under continual
development. More research is needed to develop, test and assess the influence of these
technologies on Pl-enabled open-logistics networks. Academics that tend to focus on the
theoretical level of the PI can learn from practitioners who can test the theoretical models in
real-world applications. Likewise, practitioners who mainly focus on the development of the
PI to either reduce costs or increase revenue can learn from academics to find new theoretical
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tools to implement the PI successfully. Close collaboration between practitioners and
academics thus can help to yield valuable insights on how to best achieve the goals of the PL

The fifth insight we gained from the literature review is the many opportunities for further
theory development related to PI research. Few of the many PI publications explicitly
incorporated theory. For those papers that did include theories we found the theories were
only slightly modified for the unique PI context. Many of the theories used (e.g. agency theory,
auction theory, game theory) were not well-contextualized to the PI assumptions and
outcomes. For example, game theory and agency theory focus on well-researched outcomes
(e.g. reduction in costs, increased in efficacy, increases in profits); however, they do not
consider some of the outcomes that make the PI compelling (e.g. sustainability,
interconnectedness, standardization, encapsulation). Such a lack of PI contextualization
impedes meaningful PI empirical research. Hence, there is an urgent need for a carefully
contextualized theoretical foundation that will accommodate the unique characteristics of the
PIand lead to greater insight and even more successful outcomes. The application of theory-
based research to gain further insights is not bound to a specific layer of our framework and it
is therefore up to future researchers to identify and develop existing and new theories that are
suitable to explore, explain and predict phenomena at different levels and between them.

As an initial start to developing theories that are more contextualized for the PL, we
recommend the model we developed in Figure 7. This model can be viewed as a
comprehensive framework that covers many of the relevant themes of SCM in a layered
manner; thus, it can also help researchers identify relevant theories at each layer. As an
illustration, interconnectivity, openness, and secure data exchange incorporate information-
processing theory. From an economic perspective principal-agent theory, transaction cost
analysis, resource-based view and network theory can help researchers better understand
how the PI influences structural and managerial aspects of SCs. Practical suggestions on how
to derive specific research questions based on theory can be found in Halldérsson ef al. (2007)
for third-party logistics and new-product development as well as in Treiblmaier (2018) for
Blockchain. These studies apply the aforementioned managerial and structural theories to
answer the questions of how to structure a SC. It is our hope that future research would
consider this framework to either develop new theories specifically for the PI or take existing
theory and incorporate PI context factors such as sustainability, interconnectedness,
standardization and encapsulation.

Contributions to the PI hiterature

The contribution of our SLR to the progress of the PI research is threefold. First, we
demonstrate the evolution of the PI literature by analyzing its key themes and methods. By
doing this, we illustrate how this concept strongly relates to logistics and SCM research and
connects academia with industry. This SLR not only includes many conference papers and
industry reports but also a steadily growing number of quality journal papers, thereby
illustrating the rapidly increasing interest in the PI concept. We show that a multitude of
interesting ideas and applications exist to create more effective, efficient and sustainable
procedures for logistics and SCM, all of which may lead to a radical shift in existing SC models
and strategies.

Second, we identify the main themes of the PI that help us to outline unanswered questions.
These themes also serve as a roadmap for future research and, more specifically, meaningful
research that is contextualized to the PI. The proposed Pl-themed framework should help PI
researchers find relevant under-researched topics and under-utilized research methods. This
will directly improve research on the PI and has the potential to transform logistics and SCM
research and practice. Furthermore, categorizing the literature according to the themes and
methods allows for a structured comparison between what has already been achieved in PI
literature and where research gaps exist. This natural evolution of the PI literature is likely to be



more effective just like how the digital Internet evolved than using a top-down approach to
define how the respective characteristics of a full-fledged PI should look. However, a top-down
approach can be another avenue to pursue in future Pl-related research.

Third, our PI-themed framework is based on the extant literature and introduces PI
facilitators and barriers. It can thus help researchers to identify the relationships between the
drivers, processes and outcomes to enhance our understanding of the PI phenomenon. There
is also a possibility that the PI can be viewed as more than just a disruptive innovation or
radical shift for existing logistics and SC processes. Rather, the PI can be regarded as an
innovation platform like the digital Internet that provided a foundation for many new
disruptive innovations. In the same way, the PI has the potential to become an innovation
platform that provides an opportunity for the development of radically new products or
services for the logistics and SC industry, leading to significant improvements in the
environment, economy and society.

Managerial implications

The implications for managers are fourfold. First, despite academics’ steadily growing
interest in the PI, we have shown that the vast majority of the existing literature is still
directed toward practitioners and academics who work in close cooperation with the
industry. PI business models, PI hubs and interorganizational data exchange are areas of
utmost importance for organizations that are seeking to improve their current logistics and
SCM practices. Thus, a clear structure, which includes the categorization of the relevant
themes and methods, as provided in this PI literature review, should help guide research
activities in the industry. This enables managers to better understand the full scope of the PI
and the respective contributions of technological advancements.

Second, the widespread diffusion of the PI necessitates that managers fully understand
the subtleties of this comprehensive and complex concept. In this SLR, we have, therefore,
broken down the PI into its main themes and methods. This will enable managers to better
understand the “big picture” as well as the various research streams that can be derived
directly from it. A shared understanding of the PI will, thus, help managers to launch their
own future research endeavors and engage in interorganizational cooperation when
undertaking Pl-related projects. Ideally, this will result in increased SC efficiencies and
substantial cost savings.

Third, various funding opportunities and international networks are available that foster
interorganizational cooperation to achieve synergies that benefit all network participants. By
the same token the PI is a concept that necessitates cooperation beyond organizational
boundaries and is dependent on the support of funding agencies and supranational entities.
Funding at the national and international levels should be dedicated to those PI projects that
can emphasize the practical impact of their project goals. These opportunities allow
organizations to participate in research projects and benefit from knowledge sharing.

Fourth, our Pl-based framework outlines the key facilitators and barriers that have direct
influence on the adoption of the PI. These facilitators and barriers can serve as valuable
implication for policymakers and practitioners who have interest in a partial or full adoption
some PI concepts. For example, policymakers should consider supporting projects on the
public administration and policy side, which encourage logistics and SCM practitioners to
change their existing behaviors and move to more interconnected logistics services in urban
areas. More specifically, municipalities can contribute to this transition by setting explicit
sustainable urban logistics practices, including zero-emissions logistics and limitations on
the presence and frequency of delivery trucks in large urban areas, which aim to reduce the
impact of logistics activities on city inhabitants by encouraging Pl-enabled collaborative city
logistics. City municipalities can also amend the policies for public procurements to favor
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zero-emissions and energy neutral suppliers, which can help trigger change in current
logistics practices.

Limitations and conclusions

Several limitations exist with our SLR, many of which can lead to further research
opportunities. First, although we did our best to make the search, selection and validation
processes as transparent as possible, a certain amount of subjectivity exists when it comes to
the publications’ classifications. Several publications, for example, used a mixed-method
approach and thus we needed to identify the predominant method. Although this was done in
a research team for increased validity, we acknowledge the subjectivity of this approach.

Second, this SLR reflects the state-of-the—art of Pl research and does not attempt to specify
any priority of specific research topics, whose importance should be determined by the
several research groups in academia and practice groups in industry. Examples for the latter
include several working groups of the European Union which influence the relative attention
given to specific topics by allocating funding. Given the innovative and dynamic changes
that are rapidly occurring with PI practice and research, we expect these preferences to
change and evolve over time.

Third, the PI is a comprehensive framework that is used by practitioners to improve
logistics or SCM as a whole. Most research activities focus on specific parts of the framework.
However, the increasing popularity of this concept, as is evidenced by a growing number of
scholarly publications as well as funding opportunities, makes it necessary to clearly define
and operationalize the respective constituents. Presently, no comprehensive theory of the PI
exists but this is not very surprising at this relatively early stage of development. Just like
there are many theories of SCM that are used to explain specific components of SCM, the PI
will also have multiple theories to explain specific components. It is beyond of the scope of
this paper to provide a comprehensive theory of the PI but our SLR is an important first step
and we believe that a more comprehensive PI theory will constitute a valuable future research
contribution.

Finally, the inclusion of large number of publications outside of top-tier logistics and SCM
journals could introduce potential topic biases. However, we felt this inclusion criterion was
necessary because of the novelty and emerging nature of the PI. Namely, we decided to
include such a broad scope to capture emerging and innovative research that has not had time
to be published in elite logistics and SCM journals.

This SLR has demonstrated that the PI is a holistic logistics and SCM concept that
addresses many challenges associated with existing logistics and SC models. The growing
literature on the PI and its potential to disrupt existing SC and logistics strategies suggests
the need for a SLR that assesses the current state of the literature with a view to identifying
future research directions and approaches. Accordingly, our SLR categorizes existing PI
publications according to themes and methods, depicting the evolution of the PI literature
through three stages. Based on the literature analysis, this research proposes a
comprehensive framework that structures the PI domain and outlines the future research
directions for logistics and SCM researchers. As more PI research is conducted, there are
likely to be more applications of the PI, more developments of disruptive innovations that will
lead to improvements in productivity, efficiency and sustainability within supply chains that
will directly improve the quality of life and society as a whole.
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Figure A2.
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Pl as a new

Required R
Characteristics (Crucial Supply Cham
for PI) Facilitators (Improve PI)  Barriers (Worsen PI) Publications paradl gm

Business models

Cooperation models

Legal framework

Seamless, secure and
confidential data
exchange

Transit centers, hubs

Vehicle usage
optimization

Modular containers
(transport containers,
handling containers,
packaging containers)

Innovative business
models built on the
principles of the PI
Cooperation models
with fair sharing of
revenues

Legal security, seamless
international transport
Open, shared and secure
protocols for data
exchange, mechanisms
to restrict access to data
on goods and
information about
delivery status

Creating modern and
open transit centers,
fully functional design,
efficient and effective
cargo handling

Shared, fully loaded,
energy-efficient vehicles
using relays

Creating shared,
modular, sustainable,
robust, lightweight
scalable containers

Business models striving
to prevent rather to foster
innovation
Non-coordinated models,
individual gain
maximization

Complicated, national
regulations

Proprietary solutions,
security breaches,
measures which alleviate
the theft of data and
goods

Using and building non-
standardized proprietary
transit centers, hubs

Empty or partly loaded
vehicles, unstandardized,
one-way

Using proprietary,
unsustainable solutions

Montreuil (2012); Oktaei
et al. (2014, 2015), Rouges
and Montreuil (2014)
Koulougli et al. (2015);
Franklin and Spinler
(2011); Sohrabi

et al (2015); Xu et al.
(2013); Verstrepen and
Van Den Bossche (2013);
Genta and Cruijssen
(2013); Rossi (2012);
Cruijssen (2012); Jacobs
et al. (2014); Eye For
Transport (2011)
Biermasz and Louws
(2014)

Tretola and Verdino
(2014, 2015); Hakimi et al.
(2012); Hofman (2015)
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Montreuil (2010, 2012);
Ballot et al. (2012); Meller
et al. (2012b); Pach et al.
(2014); Walha et al. (2015)

Lin et al (2014); Xu et al
(2013); Furtado and
Frayret (2014)

Lin et al (2014);
Landschiitzer et al. (2015);
Meller et al. (2012a); Tran-
Dang et al. (2015); Sarraj
et al. (2014a); Sallez et al.
(2015b); Sallez et al.
(2016); Zhang et al. (2016)

Table AIL

PI themes emerging
from the literature
review

Appendix 2

The supplementary material for Appendix 2 can be found here: https://www.researchgate.net/
publication/347945858_The_Physical_Internet_as_a_New_Supply_Chain_Paradigm_A_Systematic_
Literature_Review_and_a_Comprehensive_Framework_Appendix_B.
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