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a b s t r a c t

Based on the key metrics to monitor energy sector improvements from the International Energy Agency
(IEA), transport emissions must decrease 43% by 2030. Freight logistics operations in Europe are
struggling with ways to reduce their carbon footprints in order to adhere to regulations on governing
logistics, while providing the increasing demand for sustainable products from the customers. This study
investigates the anonymised microdata from the European Road Freight Transport Survey (2011e2014)
to acquire patterns in logistic operations based on over 11 million journeys within 27 EU and EFTA
countries involved. Different algorithms were implemented (Horizontal Cooperation, Pooling and
Physical Internet) to analyse efficiency, in terms of vehicle utilisation, degree of vehicles’ loading during
each journey and sustainability in terms of the amount of CO2 emissions per journey. This study shows
that existing data can provide invaluable information on the efficiency of logistics operations and the
positive effects data analytics can provide. Physical Internet algorithm has performed better in terms of
reducing emissions and improving the logistics’ efficiency, especially when the sample sizes are large,
but this would require a shift to an open global supply web.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The world economy is growing rapidly, as a result, the demand
for transport and goods’ logistics is increasing; hence it is essential
that there is adequate planning by policy makers, governments,
businesses and other stakeholders to meet the social, economic and
environmental needs of a fast-growing supply chain network
(Melkonyan et al., 2019). Greater investment is required in well-
designed infrastructure to ensure safe and fast logistics opera-
tions, with focus on the latest modern technology and intelligent
transport systems to enable the efficient planning and coordination
of logistic operations (Meherishi et al., 2019).

Freight transportation is one of the main contributors to climate
change and is largely driven by the combustion of fossil fuels, which
results in the emissions of greenhouse gases (Anbanandam, 2019).
A great amount of energy is used in European Union (EU) road
freight industry (European Commission and Mobi, 2018; Huang
e, University College Dublin,

).

Ltd. This is an open access article u
et al., 2018), which led the EU countries to work towards solu-
tions for decreasing the emissions (80e95%) by the year 2050 in
comparison to the 1990 levels (The European Union, 2016). These
initiatives aim at implementing effective measures and policies to
alleviate environmental damage due to increased vehicular pollu-
tion emissions and developing sustainable, low-carbon regional
transport and logistics systems. Current research is mainly
concentrated on investment in new technologies, in developing
energy-efficient equipment and facilities, while less attention has
been paid to the reduction that could be achieved from a supply
chain and logistics perspective. In this context, the collaboration in
freight transport to reduce inefficient journeys would also reduce
carbon emission, yet it is dependant on advanced analytic tools and
data availability (Pierre et al., 2019).

Modern supply chains need to respond fast to consumer de-
mands and market changes, while globalisation has increased
complexity in routing and scheduling. This resulted inefficient
freight transportation e.g. trucks returning empty or less than full-
loaded (Tsiatsis et al., 2019). One of the most radical innovations in
transportation has been the container, which gave rise to inter-
modal transport, where the freight may move upon several trans-
port modes while remaining in the same container as it moves from
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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origin to destination (Gali�nska, 2018; Ottem€oller, 2019). The
container has been the standardised transportation across the
globe and allowed the design of modern freight transportation
systems including the necessary infrastructure to interact with,
store and forward these containers. However, the freight trans-
portation has reached its efficient limits and this study proposes a
new transportation system (Physical Internet) type of container
(Physical Internet - p Container) (Landschützer et al., 2015).

Modern freight transportation systems gave rise to 3 PL (Third
Party Logistics) providers who ensured that efficient logistics are
available even to small companies and producers without the need
for significant investment or infrastructure. Subsequently, the lo-
gistics operations of many companies have been outsourced to
these 3 PL providers, who develop and use advanced technology to
ensure co-ordination and efficient logistics (Wong et al., 2018;
Centobelli et al., 2017). However, in recent years, horizontal
collaboration, with or without the intervention on 3 PLs, has
received increasing attention in the literature seeking to achieve
supply chain efficiency improvements (Taghikhah et al., 2019), yet
most studies are case studies on simulation and optimisation
methods (Manzini et al., 2005; Farzipoor Saen et al., 2016; de
Oliveira da Costa et al., 2018; Hajian Heidary and Aghaie, 2019;
Oliveira et al., 2019). However, due to advances in analytical tools,
which have the potential to offer better optimisation of trans-
portation systems, there is increasing interest to assess how Hori-
zontal Collaboration (Allaoui et al., 2019), Pooling ( _Zak et al., 2019),
and Physical Internet (Yang et al., 2017a) can improve the sustain-
ability dimension of transportation systems.

The main objectives of the present study are to investigate data
from the road freight transport operations in Europe; find patterns
in logistic operations, and analyse them based on two metrics: ef-
ficiency in terms of the vehicle utilisation or the degree of loading
of vehicles during each journey, and sustainability in terms of
amount of CO2 emissions per journey. It will be shown that the
efficiency and the sustainability of supply chains could be improved
at very little cost through simple horizontal collaboration. These
strategies are based on the concept of competition or collaborative
competition, where direct competitors forgo competition and
collaborate on those parts of the supply chain where they do not
have a distinct advantage (Kumar et al., 2018). To the best of au-
thors’ knowledge, this is the first empirical study on development
of Horizontal Collaboration, Pooling, and Physical Internet supply
chain optimisation algorithms. The novelty of this study is that,
three popular supply chain strategies including pooling, horizontal
collaboration, and physical internet, are numerically analysed, and
their impacts on the efficiency and sustainability of journeys are
examined.

The article is organised as follows: Section 2 presents the
theoretical understandings forming the basis for the three supply
chain optimisation algorithms, while Section 3 delineates the
research methodology, data analysis, and the main challenges
experienced. Section 4 describes the evaluation based on the
implementation of the three algorithms, while Section 5 discusses
the results. The main conclusions of the significance of the results
are presented in Section 6.

2. Background research

2.1. Horizontal collaborations

Horizontal collaborations are partnerships between companies
that operate on the same level of the market and they have proven
to be useful to cope with difficult circumstances and improve the
efficiency and competitiveness of the participating companies
(Soysal et al., 2018; Ankersmit et al., 2014). It has proven to be
extremely successful in Western Europe, especially in Belgium and
Netherlands where there are over 30 formal horizontal collabora-
tion partnerships although there were relatively fewer successful
cases in North America (Abbasi and Nilsson, 2016). However, far too
little attention has been paid to swap operations or horizontal
collaboration in the context of supply chain and freight logistics. For
instance, Husain et al. (2008) developed a multi-period mathe-
matical model that efficiently coordinates swap and exchange
transactions between supply chain partners in the field of oil and
petroleum industry. In another study, Kosansky and Schaeffer
(2012) discussed the possible benefits and risks of swapping
commodities and capacity with competitors by giving real world
examples. For instance, two different manufacturers in chemical
industry, one located in USA the other is in Europe, agreed to swap
their monomers to use in their polymer operations after verifying
that the product is the same. Hence, both companies saved tens of
million dollars in logistics cost per year.

Horizontal collaboration partnerships are well defined and
developed for the maritime shipping industry and the airline in-
dustry (Liljestrand, 2016; Irannezhad et al., 2018). In the aviation
industry, there are several partnerships which promote horizontal
collaboration between two or more airlines with common goals
such as One World (One World and Introduction t, 2019) and Star
Alliance (Star Alliance, 2019). In the freight transport industry,
swapping commodities with other manufacturers instead of ship-
ping them individually can reduce transportation costs, boost
profits and help in reducing the carbon emissions, which can result
in a win-win situation for all parties involved. The success of any
horizontal collaboration is dependent on inter firm coordination
and the participating firms usually agree upon the details of such
partnerships in a legal contract. There are several advantages to
horizontal collaboration such as cost sharing between the firms
involved, the efficient allocation of production centres and a greater
flexibility in terms of production (Sheffi et al., 2019). The partici-
pating firms can also utilise the partners know how and gain access
to newmarkets and new customers (Chhetri et al., 2014). It can also
help in reducing the variability in the journeys as by avoiding long
transportation legs and the associated logistics operations, the risk
of delivery snags or delays are greatly reduced (Sanchez Rodrigues
et al., 2015; Sheffi, 2012). However, there are certain disadvantages
and risks associated with horizontal collaboration. The cost of
establishing coordination among the different partners is quite
high and it requires significant capital investments. There is also a
lack of control on the goods being produced and sent to the cus-
tomers when the goods are swapped, and this could lead to a bad
image for a company if the wrong partner is chosen for a long-term
cooperation agreement (Pomponi et al., 2015). There could be a
drop in the quality of products or services offered if the wrong
partner is selected and this could also lead to a loss of reputation for
the company and project a bad image among its customers (Pan
et al., 2019). There are also strict regulations imposed by the EU
(European Commission and The, 2016) which aim to regulate hor-
izontal cooperation agreements between companies in the EU.
These agreements can lead to serious competition problems, when
they increase the market power of the parties to an extent that they
can control the prices, limit output and reduce innovation (Allen
et al., 2017).

2.2. Pooling

The concept of pooling has been a part of our everyday lives for
many years and a real-world example of pooling would be car-
pooling (Bachmann et al., 2018). In carpooling, one resource (the
car) is used to accomplish tasks which usually involve several re-
sources (two or more cars) and thereby both cost and emissions
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could be reduced. The concept of pooling in supply chain logistics
involves grouping of shipments that are bound to the same region
and are consolidated onto full trailers or trailers, for either the
entire journey or just a part of the journey. For pooling to be suc-
cessful, it is essential that the demands to be met are similar and
compatible. Considering the example of carpooling (Nurhadi et al.,
2017), it is essential that all passengers wish to disembark at the
same route during the same period. Efficient carpooling also re-
quires that all the passengers board either at the same place or on
places along the same route to maximise efficiency. Similarly, in
logistics, pooling can either be carried out at the source, when it is
known as pool consolidation or at the destination, when it is known
as pool distribution (ransfer Company and C, 2019). Many large
companies especially Fortune 500 companies (Fortune 500 and
Fortune 500, 2019) have already invested in their own systems
and processes to take advantage of the benefits offered by pooling.
It may not be possible for smaller companies and producers to
invest in the logistics technology, manpower and resources to
implement systems. However, the rise in 3 PL companies who have
well established supply chain networks as well as the required
technology and manpower can help these small producers and
companies to pool their goods together and gain access to new
markets at an affordable cost (Chen and Cai, 2017). For example, it
may not be feasible for small producers in developing countries to
ship their products into the European market, but they can benefit
from pooling their consignments together when a 3 PL groups
together several small producers in the same region (Brekalo and
Albers, 2016). There are also several risks and drawbacks associ-
ated with pooling, which could affect the supply chain perfor-
mance. The systems required to automate coordination and
scheduling to utilise pooling may be expensive and it is difficult to
achieve this manually, therefore the intervention of a third-party is
often a prerequisite (Sanchez Rodrigues et al., 2015). There is a great
security risk associated with pooling using a 3 PL provider as cus-
tomers would want their products to be visible always and would
need regular updates about the status of their product (Chen and
Cai, 2017). It is also essential that the goods being pooled
together are compatible i.e. it is not possible to pool together
journeys of crude oil with other liquid products such as milk
because they require different types of handling and transportation
vehicles. There is also a risk in combining hazardous products with
inflammable products, which could affect the safety of the journey.

2.3. Physical internet

The concept of a physical internet was introduced by the
Economist in 2006 (The Economist and The physic, 2019) which
presented a survey of logistics with interesting high-quality yet
mainstream supply chain and logistics articles (Montreuil, 2011).
This led Montreuil (2011) to formally define the physical internet,
which was introduced in 2011 in response to the global logistics
sustainability challenge, with the envisioned design as follows.

The physical internet was inspired by the digital Internet where
information is transmitted in the form of packets, which contain
fields identifying the packet and routing it to the correct destina-
tion. The Physical Internet encapsulates physical objects into con-
tainers (referred to as p containers) which are world-standard,
smart, green and modular containers (Pan et al., 2019). These
containers are easily scalable, usually made from environment
friendly materials, require minimum packaging and smart tag
enabled with sensors to allow for proper routing and maintaining.
A larger composite p container can be composed of smaller unitary
p containers, which can be decomposed even further, and this
feature helps in making the physical internet robust and flexible.
The nodes in the physical internet are concurrently routing and
accumulate sites and facilities within the network, as well as
gateways interacting with entities outside the physical internet.
The physical internet interacts only with the p containers and not
with the actual Physical Objects they embed, enabling easy inte-
gration with the vehicles and systems that help in moving p con-
tainers in and out, resulting in fast and reliable performance and
ensuring that the integrity and security of the p containers are
maintained through constant tracking. Each p container has a
unique identifier, which helps in identification, tracking, routing,
monitoring and security of each of them. This has been made
possible through advances in the

̕

Internet of Things’ technology and
the use of RFID and sensors (Lee et al., 2019; Jiao and Liu, 2019).

Traditional logistic systems are point to point (also known as
hub to hub) and are focused on transmission of physical objects
from the source node to the destination. In the digital Internet, the
data packets travel from source A to destination B through a series
of routers and cables, through which the data packets are dynam-
ically moved from origin to destination in the best possible way and
at each router a decision is made to select the best possible route
using routing algorithms and congestion control. The packets from
the same message need not travel together and each of them may
take different routes to reach the same destination. The Physical
Internet aims to emulate this property of the digital Internet and
proposes a transition to distributed multi-segment inter-modal
transport as opposed from the traditional point-to-point transport
(Yang et al., 2017b). Like the digital Internet, each journey is divided
into many segments where each segment contains a hub or transit
node, which enables synchronised transfer of the (Physical
Internet: PI or p) container and during each segment the p
container is carried by distinct carriers/modes, which take charge
of the inter-node segments. The traditional logistics systems are far
from being sustainable (Sallez et al., 2016) and a viable solution can
be the shift to Physical Internet as a sustainable logistics network
open to all types of companies and transport modularities i.e. via
air, see, road, train, drones, either owned or leased. Routing algo-
rithms can decide how to pool p containers together in p nodes
(Fazili et al., 2017) and Blockchain technologies could safeguard the
security of routing transactions in this decentralised network
(Meyer et al., 2019). Despite several pilot attempts (Lafkihi et al.,
2019), it remains unclear whether the Physical Internet can be a
feasible horizontal collaboration pooling strategy that can bring
substantial cost efficiencies and reduce CO2 emissions from freight
transportation.

3. Methodology

For the research described in this paper, the data was provided
from the European Road Freight Transport (ERFT) survey (anony-
mous micro-data), which contained information about the road
freight operations in 27 EU countries and European Free Trade
Association (EFTA) countries between 2011 and 2014. IBM SPSS
Modeller (Modeler, 2019), Python (2019) data analysis and pro-
gramming tools were used to develop the algorithms for the three
supply chain strategies of pooling, horizontal collaboration, and
physical internet. The approach used in the current study was
based on the steps in Knowledge Discovery in Database (KDD)
process described by Fayyad et al. (1996), as shown in Fig. 1, which
is the process of extraction of previously unknown and useful in-
formation and knowledge from data stored in databases.

The initial step of this approach was to prepare the data for
analysis. The Data Pre-processing and Data Transformation were
carried out using specific nodes in the IBM Modeller (2019). The
Data Transformation phase involved formalising numeric attributes
using z-score or min-max normalisation (Jain et al., 2018) to a
common range. An important part of the Data preparation phase



Fig. 1. An overview of the steps that comprise the Knowledge Discovery Process.
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was deriving the two output variables for the analysis, by
computing the efficiency and total emissions for each journey. The
Data Selection phase involved selecting the variables which are
relevant to the analysis to improve the accuracy and the execution
time of the Data Mining model by verifying the Pearson Correlation
(Sedgwick, 2012) between the output variables and the input var-
iables for the model. The next step in the analysis was the Data
Mining stage which was closely linked to the Feature selection
phase. This step involved selecting the appropriate Data Mining
algorithm and evaluating them based on a metric. For example, the
Clustering algorithm which was used to cluster the journeys was
evaluated based on the Silhouette measure (Tafesse et al., 2013).
This phase involved examining the different patterns which were
produced by the different Data Mining algorithms and selecting the
patterns which may be relevant for analysis. The data did not
contain efficiency of journeys and CO2 emissions per journey. To
calculate the efficiency of the journeys, Equation (1) can be used:

h¼ð4 =cÞ � 100 (1)

where h stands for Efficiency in percentage, 4 for Load, and c for
Capacity. To calculate the total emissions, a simplified formula
proposed by the European Association for Forwarding, Transport,
Logistics and Customs Services (CLECAT) (Schmied and Kn€orr, 2012)
was used. Accordingly, the total greenhouse gas emissions per
tonne kilometre can be calculated using Equations (2) and (3):

GT ¼ Tcap � gt (2)

Tcap ¼
�
Wg � 4þ c

�� d
1000

(3)

where Gt stands for total greenhouse gas emissions per tonne kil-
ometres (g CO2 e/t.km), Tcap for transport capacity, gt for emissions
factor which depends on the vehicle weighting (larger vehicles
usually have a smaller emission factor), Wg for gross weight (laden
weight), and d for distance. Factors for the calculation of energy
consumption and greenhouse gas emissions (calculated as CO2
Table 1
Well-to-wheel greenhouse gas emissions per tonne kilometre (Schmied and Kn€orr, 2012

Mode of transport/Vehicles Energy Unit

Lorry <7.5 t GVW Diesel g CO2e/tkm
Lorry 7.5e12 t GVW Diesel g CO2e/tkm
Lorry 12e24 t GVW Diesel g CO2e/tkm
Lorry 24e40 t GVW Diesel g CO2e/tkm
Train (electric traction) Electricity g CO2e/tkm
Train (diesel traction) Diesel g CO2e/tkm
Container ship HFO g CO2e/tkm
Bulk ship HFO g CO2e/tkm
Barge Diesel g CO2e/tkm
Dedicated freighter Kerosene g CO2e/tkm
Belly freight Kerosene g CO2e/tkm
equivalents) in accordance with EN 16258 can be found in Table 1
(Schmied and Kn€orr, 2012). Figure A1 in Supplementary Material
shows the function created and used to calculate the emissions.

The major and most important component of this study was the
analysis of the effect of the supply chain strategies on the efficiency
and sustainability of Journeys. This step involved translating con-
cepts present in literature on logistics in supply chain management
into executable Python code. The design of these algorithms has
been discussed in detail in this section.

3.1. Supply chain logistic strategies

3.1.1. Horizontal collaboration algorithm development
The objective of the algorithm for Horizontal Collaboration was

to find a similar journey with the same destination and the same
type of goods but travels over a shorter distance to reach the
destination and swap these journeys. To improve the efficiency of
the algorithm for analysis, a nested dictionary in Python was used
which was of the form: journeys [“year”] [“quarter”] [“destination”].
This was used to improve the overall computational complexity of
the algorithm and reduce the number of comparisons. However,
there is a restriction placed on the relevant period which needs to
be considered for the swap operations and by default, for this
analysis, this period was set to 4 quarters (including the current
quarter). The snippet of the code is presented in Figure A2 in
Supplementary Material which represents the main function for
horizontal collaboration or swapping developed in this study.

The above-mentioned method has linear execution time and
scans the candidate list to find the first journey which meets the
criteria for swapping, which is another journey that covers a
smaller distance to the same destination when compared to the
original journey. The candidate list has already been sorted in
increasing order of time (year and quarter) so preference is given to
the first journey whichmeets this condition and not necessarily the
best journey. There is a method switch as a part of the Journey class
which takes in two arguments: the journey to be swapped and the
original journey and constructs a new journey with the same
vehicle variables and origin as the journey to be swapped and the
).

Volume goods Average goods Bulk goods

454 253 204
350 198 162
204 117 94
123 75 65
20 15 13
36 29 26
30 17 13
x x 6
x x 29
574 x x
1001 x x



Table 2
Runtime algorithms’ comparison (Physical Internet and Pooling).

Process Pooling Physical internet

Reading Journeys 1.47 min 1.62 min
Generating Containers e 383 min
Optimisation 0.47 min 9 min
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load and the item weights from the original journey.

3.1.2. Pooling algorithm development
The concept of Pooling involvesmerging two journeyswhich are

less than full capacity to improve the overall efficiency and cut
down on the total emissions. The conditions which need to be
satisfied for Pooling to take place are that the two journeys must
take place in the same time frame (year and quarter), follow the
same route and the goods contained in these journeys should be
compatible with each other. The algorithm designed for the anal-
ysis only considered journeys which had the same origin and
destination. However, it is possible that this could be improved to
allow for pooling of partial journeys (segments of the journey) and
the creation of hubs along the way which would also serve as co-
ordination centres. This was due to the lack of information on
location of origin and destination and the regions/locations crossed
during the journey, which were absent in the data used for analysis.
The nested dictionary used for the Pooling algorithm is similar to
the dictionary used for Horizontal Collaboration, but the origin of
each journey was also considered: journeys [“year”] [“quarter”]
[“origin”] [“destination”]. Figure A3 in Supplementary Material
demonstrates a snippet of the code developed this study as the
main Pooling function.

The above-mentioned method takes in the list of journeys
(journey-list) as an input and returns a result list with the final
journeys after Pooling. At the beginning, the first element of the
journey list is initialised as head and removed from the list and the
difference between the capacity and the load is computed. The
journeys in the journey list are then sorted in descending order
based on their capacity and the head is then compared with all the
other journeys in the journey-list and two conditions need to be
satisfied before the journeys can be pooled:

1. The items present in the head and the journey being compared
do not violate the blacklist.

2. The load of the journey being compared is less than the differ-
ence between the head capacity and the load.

This method is called repeatedly until the journey list is empty,
in other words, until all the journeys are pooled. Figure A4 in
Supplementary Material shows a sample of the execution of the
Pooling algorithm used in this study.

The Pooling algorithm is NP-Complete and from a computing
perspective and is quite similar to the 0e1 Knapsack problem,
where it is intended to maximise the efficiency instead of the
overall value. The algorithm used for analysis is a Greedy Algorithm
(Torres-Jimenez and Perez-Torres, 2019) and chooses the locally
optimal journey rather than the globally optimal journey, in other
words, it selects the best journey to pool based on descending order
of capacity which may not always lead to the best overall solution.
This algorithm does offer good performance and has an overall
complexity of O (n2 logn).

3.1.3. Physical internet algorithm development
The algorithm for the Physical Internet used for analysis in this

paper only considered “port to port” logistics and did not consider
optimising of partial routes or journeys due to the lack of clear
information on accurate locations in the data. Therefore, it was just
an extension of the Pooling Algorithm described in previous section
with some design changes. The first difference was the creation of a
new class named PI-Container (p� Container) which contained
information about the individual Physical Internet container such
as a Unique Identifier, the type of goods, origin, destination, vehicle
registration number, and weight of each container. The Journey
Class was also modified to store the information about all the
Containers in that journey and a dictionary was used to store all the
containers in circulation for easy searching and tracking. It is
important to note that the choice of the weights of the Physical
Internet container can greatly influence both the results and the
run time of the Physical Internet algorithm used for analysis. There
containers were created dynamically at run time based on a user
specified set of weights for the Physical Internet containers which
only contained one type of goods. A Greedy Approach (Martello and
Toth, 1990) was followed with respect to creating these containers
with the priority being given to the bigger weighted containers
first. Greedy Algorithms intend to find a local optima at each time
step, which may finally lead to find the global optima. Generally,
these Algorithms have five components: a candidate list from
which a solution is created; a selection function which selects the
best candidate to be added to the solution; a feasibility function
that is utilised to define if a candidate can be used to contribute to a
solution; an objective function which assigns a value to a solution,
and a solution function, which shows when a complete solution is
discovered (Martello and Toth, 1990).

The problem of creating these Physical Internet Containers was
like the Subset-Sum problem which has been discussed widely in
Computer Science, this was a computationally intensive process
which greatly slowed down the run time of the algorithm. Table 2
shows a comparison of the run times of the three stages in the
Physical Internet algorithm and the Pooling algorithm for the same
file with 250,000 journeys.

The main optimisation function for the Physical Internet was
also quite similar to the Pooling. The code snippet shown in
Figure A5 in SupplementaryMaterial which demonstrates the main
Physical Internetmethod developed and used in this study. The first
part of the main algorithm follows the same approach as the
Pooling algorithm discussed above. However, in case there is no
possibility of Pooling during the entire journey, the Physical
Internet algorithm extracts containers from the journey being
compared provided there is no conflict of types involved. This offers
a better chance for the journey to reach maximum capacity and
therefore has slightly better efficiency when compared to the
Pooling algorithm. The loop executes until the stopping condition is
reached, which is when there are nomore containers in the journey
being considered or if the head has reached full capacity. The above
algorithm only performs pooling based on the Physical Internet
containers, however, the Physical Internet is more than just a
horizontal collaboration strategy as it aims to change the way
physical objects are handled in the Supply Chain.
4. Results

Initial data analysis on the number of journeys undertaken
during every quarter of the survey period is shown in Fig. 2. The
trend observed is not linear so there can be no assumptions made
on if there is a linear increase or decrease in the number of jour-
neys. However, a key finding from this decomposed time series is
the well-defined seasonal variations observed in the number of
journeys undertaken during this period. Also, from Fig. 2 it can be
seen that there is a consistent drop in the number of journeys
undertaken during Quarter 3 and Quarter 4 of every year and there



Fig. 2. Decomposed time series showing number of journeys undertaken during every quarter of the survey period.

Table 4
Comparison of efficiency before and after Horizontal Collaboration.

Journey ID

A B C D E

Original Capacity 178 118 324 250 52
Load 180 40 157 70 42
Efficiency (%) 101.2 33.9 48.46 28 80.77

After switching Capacity 179 138 173 250 288
Load 180 40 157 70 42
Efficiency (%) 101.12 28.99 90.75 28 14.58

Improvement (%) �0.08 �4.91 42.29 0.00 �66.19
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is once again a rise in the number of journeys between Quarter 4 of
the previous year and Quarter 1 of the new year. This could be due
to icing on the roads during the winter. However, this needs to be
further investigated with data available for a longer period, in order
to generate time series forecasting or predictive models.

4.1. Evaluation of supply chain logistic strategies

4.1.1. Horizontal collaboration
For the purpose of analysis, five random journeys were chosen

and tests were carried out comparing their distance covered, effi-
ciency and emissions before and after horizontal collaboration was
applied. From the analysis, it was evident that Horizontal collabo-
ration was a good strategy to reduce distance covered and emis-
sions as all 5 journeys in our sample demonstrated significant
reduction in overall distance covered and the total emissions pro-
duced as shown in Table 3. This difference is quite prominent in
long distance journeys (samples D and E) where the total distance
covered was reduced by 95 km and 160 km respectively and overall
resulted in an over 60% reduction in total distance covered and the
emission produced. Similar positive effects were observed in small
and medium distance journeys such as samples A, B and C which
also displayed relatively significant reductions in these metrics.

This strategy, however did not have the same effect on the
overall load efficiency of vehicles as can be seen in the results
shown in Table 4. Only sample C displays a positive effect of hori-
zontal collaboration on the overall efficiency as there is a 42.29%
improvement in the efficiency. There is no impact on the efficiency
for Journey D while Journey A and B display marginal decrease in
efficiency of 0.08% and 4.91% respectively. However, there is a sig-
nificant decrease in efficiency for journey E as the efficiency drops
from 80% to just 15% after horizontal collaboration. These results
are not surprising as the main objectives of the horizontal
Table 3
Comparison of distance covered (km) and emissions (g CO2=t:km) before and after
Horizontal Collaboration.

Journey ID

A B C D E

Original Distance 12 30 10 146 185
Emissions 0.29 0.04 0.02 0.24 0.19

After switching Distance 3 1 2 51 25
Emissions 0.01 0.00 0.00 0.08 0.03

Distance reduction 9 29 8 95 160
Emissions reduction 0.28 0.04 0.01 0.16 0.16
collaboration strategy in this context are to decrease the overall
distance covered which also results in lower emissions and the
overall load efficiency was not a major factor in the switching
decisions.

From the results in Table 4, it can be observed that for Journeys A
and B which display marginal decrease in efficiency, the overall
capacity of the vehicle used after horizontal collaboration increased
by 1 kg and 20 kg respectively. The greatest drop in efficiency can
observed for Journey E since the overall capacity of the vehicle used
increased from 52 kg before pooling to 288 kg after pooling.
Although horizontal collaboration helped reduce the distance
covered and the emissions for these journeys, since the new vehicle
used after switching was larger and had greater capacity, there was
a greater unused capacity in these journeys and resulted in emptier
journeys and a less load efficient logistics operation. There is no
difference observed for Journey D as the vehicle used before and
after horizontal collaboration had the same capacity while in
Journey C, the vehicle used after horizontal collaboration had a
smaller capacity and therefore there is a net positive improvement
in efficiency of 42% observed.

4.1.2. Pooling
Fig. 3 compares emissions reduction and efficiency improve-

ment by using Pooling strategy in selected EU countries. In general,
it can be seen that Germany has the highest, and Ireland has the
lowest carbon emissions according to dataset information. This is
particularly due to higher road freight transport activities in Ger-
many compared to other countries analysed herein.

It can be seen that in all demonstrated EU countries freight
transport efficiency improved substantially, and the CO2 emissions
decreased. From the simulations carried out per country, it was
observed that Pooling is efficient in terms of both carbon emissions
reduction and improving the total efficiency. In terms of efficiency



Fig. 3. Comparison of total emissions and efficiency before and after Pooling by country.

Table 6
Comparison of Pooling and Physical Internet emissions.

Size Original Pooling Physical Internet

(gCO2/t.km) (gCO2/t.km) (gCO2/t.km)

50,000 38923.76 35782.12 34891.31
100,000 63413.45 58212.34 57980.31
250,000 97862.31 91167.17 871013.329
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improvements of 35%, 27%, 24%, 36%, 21%, 32%, and 40% were ob-
tained in Germany, France, Spain, the Netherlands, Austria, the
United Kingdom, and Ireland, respectively, comparing efficiencies
before and after Pooling. In terms of greenhouse gas emissions,
from 8% (18715 g CO2=t:km ) to 21% (12868 g CO2=t:km) reductions
were obtained with the lowest value in Spain and the highest value
in Ireland. Emissions reduction in Germany, France, the
Netherlands, Austria, and the United Kingdom were recorded as
17% (162918 g CO2=t:km), 11% (96018 g CO2=t:km), 20% (111689
g CO2=t:km), 12% (26624 g CO2=t:km), and 13% (18732 g CO2= t:km),
respectively.
4.1.3. Physical internet
The algorithm for Physical Internet is computationally very

complex and requires a large amount of time and memory to run
and therefore it was not possible to perform very large tests.
However, the performance of Physical Internet and Pooling could
be compared when run on randomly selected samples from the
data. While these results may be inconclusive as to whether
Physical Internet performs better than Pooling, as shown in Tables 5
and 6, their performance in terms of reducing the emissions and
improving the efficiency is quite similar and the difference is more
visible when using larger sample sizes.
4.2. Clustering analysis

Cluster analysis is an effective tool based on unsupervised al-
gorithm, in finding patterns in the data without any prior infor-
mation or training set. Once the clusters are formed, a deeper
analysis can be performed into each cluster and other salient
characteristics of the cluster can be found such as the percentage of
journeys for each cluster, by type, country, or per industry. The
normalised data set was used to cluster journeys based on the
vehicle and journey related variables using the two-step algorithm
(Hierarchical Clustering). The algorithm works with both
Table 5
Comparison of Pooling and Physical Internet efficiency by sample sizes.

Size Original Pooling Physical Internet

50,000 68.30% 91.30% 91.30%
100,000 72.10% 92.20% 92.40%
250,000 65.30% 91.68% 92.46%
categorical and continuous variables and it does not require a pre-
defined number of clusters. The available data set contained over 11
million journeys and the two-step clustering involved the pre-
clustering step and the clustering step. The pre-clustering step
scanned all the records individually and decided if the record
should be merged with previously formed clusters or form an in-
dependent cluster based on a distance criterion. This was imple-
mented using a Cluster Feature Tree, which is used in the BIRCH
algorithm (Lorbeer et al., 2018). The clustering step involved taking
the sub clusters created and grouping them into larger clusters and
it follows an agglomerative hierarchical approach (Arrieta
Paternina et al., 2018) to clustering.

The Silhouette measure (Tafesse et al., 2013) was used to mea-
sure the quality of clusters formed by comparing the similarity
between points in the same cluster and the differences between
points in two different clusters. In this case, the Silhouette measure
is 0.76 which indicates the formation of high-quality clusters which
can be easily differentiated and have distinct properties. From
Table 7 a clear distinction can be seen in characteristics among the
four clusters. Cluster-1 and Cluster-3 represent those journeys
which have very poor efficiency and thus they can be categorised as
n̓ot sustainable’. On the other hand, Cluster-2 and Cluster-4 have
very high efficiency and so they can be categorised as sustainable’.
Similarly, Cluster 1 and Cluster 2 have large capacities when
Table 7
Statistics on analysis of each of the four clusters.

Clusters % Average Average Average Average Emissions

Capacity Load Distance Efficiency Mean

1 17% 103 29 59 30% 91459
2 26% 130 120 45 92% 127519
3 21% 287 87 196 31% 597003
4 36% 289 245 117 86% 540096
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compared to Cluster 3 and Cluster 4 and therefore these can be
differentiated based on the size of the vehicle involved.

The two scatter plots presented in Figs. 4 and 5 perfectly
represent the clear distinction among the clusters formed. From
Fig. 4, we can clearly observe that Cluster 1, Cluster 2, and Cluster 3
have small loads, however, as expected from the observations from
Table 7, Cluster 2 has the highest efficiency. Cluster 1 also generally
has a higher efficiency when compared to Cluster 3 since Cluster 3
is known to have a greater capacity than Cluster 1 and hence its
lower efficiency. The Scatter plot shown in Fig. 5 presents a clear
distinction between the four clusters where the properties of the
vehicle and the overall efficiency can be clearly observed. For an
efficient and sustainable supply chain, it is essential that the
number of journeys in Cluster 1 and 3 be minimised and more
journeys are in the highly efficient and sustainable Clusters 2 and 4.

According to Table 8, the analysis shows that among the EU
countries, Ireland, France, and Germany had the least average ef-
ficiency during the survey period. Following clustering, and on
closer analysis it can be found that these countries also possess the
highest percentage of Cluster 3 and Cluster 1 journeys. The per-
centage of Cluster 1 and Cluster 3 journeys have a direct correlation
with the average efficiency and to improve the overall average ef-
ficiency, it is essential that this percentage of non sustainable and
efficient’ journeys is reduced.
4.3. Classification of journeys

The journeys which were recorded as a part of the data set were
broadly categorised into three distinct classes: intra-regional jour-
neys or journeys within the same NUTS 2 regions (Nomenclature of
Territorial Units for Statistics) (eurostat and eurostatc, 2019), inter-
regional journeys or journeys between two NUTS 2 regions
belonging to the same country, and international journeys between
two different countries. A new feature to represent these three
classes of journeys was derived based on the origin and destination
fields in the original data set. Then a classification algorithm was
run to find some useful characteristics for each of the classes of
journeys described earlier. There were several classification algo-
rithms available in the Modeller but CART (Classification and
Regression Trees) produced the best results with the least error
percentage. The CART algorithm was used with the Gini Index
(Habba et al., 2018) as a criterionwhen choosing which variables to
split. The features used as input were ranked based on their
importance and it was observed that the distance was a key
̓

Fig. 4. Comparison of load and efficienc
predictor in determining the class of the journey since international
journeys tend to cover longer distances. The predictive model had
an error rate of 18% when used on a testing set but this can be
improved in the future with more added features. Furthermore,
based on the coincidence matrix, it was observed that the
maximum errors occur when classifying a journey as international
when it is inter-regional and this is expected when using distance
as a parameter. Fig. 6 shows the decision tree flowchart, denoting
the journeys’ classification based on distances travelled. For
example, in the first class or node the number of journeys for three
intra-regional, inter-regional, and international journey types are
given. Then, journeys with the distance greater than the threshold
number (splitting criterion) of 70500 are classified in the right
branch, and other journeys with the distance less than or equal to
the threshold number are classified in the left branch. The classi-
fication continues until all journeys are classified considering the
splitting criterion.
4.4. Association rule analysis

The Association Rule analysis was carried out using the Apriori
algorithm in IBM modeller (Singh et al., 2018; Modeller, 2019),
which is commonly used in market basket analysis (Leote et al.,
2020) and was used to find types of goods which are compatible
with each other. For this analysis, only the item related variables
were considered and the first step involved converting the item
weight and item type to a single categorical variable to indicate the
presence or absence of that type of goods. Table 9 compares
number of unique item type, journeys and their percentage. It was
found that a clear majority of journeys (97.8%) only carried one type
of goods (class of goods as defined in the survey). Therefore, there
would be no association rules formed with a high support or con-
fidence after analysis using the Apriori algorithm.

Results from the Association Rule analysis are shown in Table 10
and Table 11. From these results it can be derived that items of Type
16, Type 17, Type 18, and Type 19 are good candidates for some of
the logistics strategies discussed earlier.
5. Discussion

The Physical Internet is an application of the Internet of Things,
where physical objects are inter-connected with technology, which
facilitates collection and exchange data (Treiblmaier et al. Lowry).
The application of Physical Internet in freight transportation could
y of journeys by different clusters.



Fig. 5. Comparison of capacity and efficiency of journeys by different clusters.

Table 8
Clusters analysis and average efficiency in different EU countries.

Cluster Germany France Ireland

1 20.6% 1.9% 20.1%
2 21.6% 0.3% 9.3%
3 23.8% 38.8% 24.4%
4 34.1% 59.0% 46.2%
Average Efficiency 59.1% 61.9% 52.5%

Fig. 6. CART algorithm de
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transform fragmented supply chains and distribution channels into
hyper-connected logistics (Crainic and Montreuil, 2016). Central to
Physical Internet concept, is the p-container, which acts as an
intelligent agent per se (Landschützer et al., 2015).

Due to the increasing complexity and uncertainty in interna-
tional trade, and the competitive need to fast response to consumer
demands, routing and scheduling for freight transportation is far
from being efficient, which results to a high burden for CO2
cision tree flowchart.



Table 9
Comparison of unique item type, number of journeys and their percentage.

Number of Unique Item Types Count Percentage

1 11785062 97.85467%
2 146422 1.21578%
3 14258 0.11839%
4 96307 0.79966%
5 755 0.00627%
6 392 0.00325%
7 153 0.00127%
8 58 0.00048%
9 18 0.00015%
10 6 0.00005%
11 3 0.00002%

Table 10
Association rules generated on entire data set.

Consequent Antecedent Support Confidence

G18 G16 8.059% 10.581%
G19 G16 8.059% 10.421%
G17 G16 8.059% 9.828%

Table 11
Association rules for journeys with more than one type of unique item.

Consequent Antecedent Support Confidence

G16 G17 & G19 & G18 36.90% 100.00%
G18 G17 & G19 & G16 36.90% 100.00%
G19 G17 & G18 & G16 36.90% 100.00%
G18 G17 & G19 36.91% 99.97%
G16 G17 & G19 36.91% 99.97%
G16 G17 & G18 36.92% 99.95%
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emissions (European Commission and Mobi, 2018; Huang et al.,
2018). Modern supply chains have evolved around the interven-
tion of 3 PLs to optimise the freight logistics, yet horizontal col-
laborations are increasingly considered as an alternative strategy.
Horizontal collaborations can benefit from the application of
Physical Internet and the p-container transportation models, yet
until now, most studies have been conceptual in nature based on
simulations. This study utilised actual transportation micro-data
from the European Road Freight Transport. The analysis of
different scenarios has shown that pooling together cargoes can
produce substantial benefits and reduce CO2 emissions, without
the need to invest heavily in new technologies or fuels. This finding
may have significant repercussion for freight transportation: the
container constituted a major innovation in logistics and trans-
portation, when it was first introduced several decades ago; the p-
container and the Physical Internet would also constitute a major
innovation that would allow the horizontal collaboration and the
pooling of similar cargos together. This study shows only pooling
can produce substantial reductions of CO2 emissions without tak-
ing into account routing and scheduling optimisations. Further CO2
emissions can be also possible and further research is required to
examine this topic. Nevertheless, pooling and horizontal collabo-
ration would require new transportation business models that will
take into account the sustainability of the transportation
operations.

Issues encountered during the research phase of this study were
caused by the high degree of data generality. The data did not re-
cord the emissions per vehicle, which was a key metric used in the
analysis of the sustainability of the journeys in this study. To
overcome this challenge, a simplified formula was utilised to
calculate the emissions per journey. This formula did not consider
the age of the vehicle, the type of fuel used, political barriers, icing
on the road and other meteorological conditions. However, this
would not affect the sustainability of the Supply Chain Strategies
investigated in the current study; on the contrary, it would only
improve the findings from the analysis of the algorithms.

Since the data collected was only at a regional level (NUTS re-
gions), the algorithms for Pooling and Physical Internet consider
every region to be an independent port, which might not be
necessarily the case, as some regions may contain several ports.
This also presented a challengewhen dealing with intra-regional or
local transport operations within the same region, where it was
difficult to find individual ports within the same region.

The data on the goods transported in a journey was also based
on pre-defined categories and this presented a challenge when
Horizontal Collaboration was applied, since each category con-
tained different types of goods. The time recorded as a part of the
survey was also in quarters and this was also an important chal-
lenge in the analysis of the supply chain strategies.

Additionally, the main challenge faced during the execution of
the Physical Internet algorithm for pooling, was the complexity of
the process to generate the containers, which was similar to the NP
Complete Subset Sum problem (Sasamoto et al., 2001). The pro-
gramwould require a high execution time and highmemory to run.
This meant that it was not possible to run large tests on the Physical
Internet algorithm. However, this can be overcome in future using
approximation algorithms or other high-performance computing
paradigms (i.e. MapReduce (2019)).

These algorithms were developed primarily to manipulate the
existing data sets but can be further developed to deal with live
journeys and real-time data in a spatial-based decision support
system 76. While this study considers only the load of journeys,
distance covered, and emissions, traffic congestion, potential costs,
and time to travel could also be considered among other elements
to make an accurate model to help decision makers track and
analyse their operations in real-time and make better decisions.

The lack of available data on the return journey and the distance
covered on empty load also made it not possible to analyse reverse
logistics and reverse pooling or pooling the return legs of journeys.
These can be analysed as a part of future work with more available
data. Combination of Horizontal Collaboration and Pooling could
allow for pooling of swapped goods from different suppliers and
this would require more detailed descriptions about the location
and the types of products involved. Within future work develop-
ment, real-time simulation of journeys can be achieved when the
data provide the location and time taken for each journey being
available.

The most interesting Supply Chain Strategy used in this study
was the Physical Internet, which has the potential to disrupt the
traditional logistic operations. The Physical Internet is a relatively
new idea in the field of Supply Chain Logistics and has been labelled
as the Future of Logistic Operations’ (Ballot, 2016). The global
acceptance of the Physical Internet, in a fast expanding Global
Supply Chain, will rely heavily on the Internet of Things’
(Manavalan and Jayakrishna, 2019). The growth of sensors will
allow the development of intelligent Physical Internet containers
(Sallez et al., 2016), which can directly communicate with systems
in place and will also allow the tracking of other essential infor-
mation such as the temperature of the containers, which are
essential in transporting food items and other perishable goods.

Another possible area of research would be the use of Block-
chain Technology (Casey and Wong, 2017) to improve the trans-
parency of the Physical Internet (Atlam andWills, 2018). Blockchain
was originally created for Bitcoin (Hughes et al., 2019), however, it
can be potentially used in the Physical Internet to track each
container at every stage of the Supply Chain (Wang et al., 2019;Min,



Fig. 7. KDD for modern logistics.
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2019). Since the Blockchain database is publicly accessible it would
provide transparency and based on cryptography, will allow
stakeholders to carry out verification (Lu, 2019).
6. Conclusions

The interdisciplinary research described in this study aims to
investigate and identify patterns in road freight logistics operations
in Europe, using data analytics, in order to enhance the sustain-
ability and efficiency of supply chain logistics operations with
negligible investment. Efficient logistics operations are key drivers
in today’s economic growth and profitability in businesses.
Consequently, the evaluation of the study focused on efficiency and
sustainability and followed the Knowledge Data Discovery process
(Kotu et al., 2019), which provides a workflow for the successful
execution of any data analytics study and break the process into key
phases, as shown in Fig. 7.

Upon reporting and insights based on the collection of the
anonymised microdata, from 27 EU and EFTA countries, with over
11 million journeys between 2011 and 2014, the most important
aspect of the present study is the implementation of the algorithms
and the impact of the three Supply Chain Strategies towards the
improvement of Supply Chains. The results of these optimisations
were impressive with a 12% reduction in emissions and 23% in-
crease in the overall efficiency, when applied on the dataset
collected. The performance of these algorithms were greatly
restricted by the level of detail in the data provided and there is
potential for improvement in real-time applications. Findings from
this study will serve as a foundation for future development and
research in the field considering the potential for optimisation.

There may be alternative solutions for further development, to
improve this solution like the approximation algorithm for the
Knapsack Problem. Some other drawbacks of the approach taken
include the inability to pool empty journeys and lack of support for
reverse logistics, which can also be developed as part of future
work. This is certainly an exciting area of Supply Chain Manage-
ment and there is scope for using Data Analytics within more
efficient algorithms and a further application of a Spatial Decision
Support System for logistics in Europe embedded with Internet of
Things (IoT) functionality.

This case study has proven that by applying advanced algo-
rithms, a holistic view can be offered for Logistics and Supply Chain
Management (LSCM) and assist in enhancing sustainability, reduce
inventory cost and accelerating the products’ time-to-market with
a positive result for the environment, reducing wastage in supply
chains and contributing to the Sustainable Development Goals
(SDGs) (The United Nations Sustainable Development Goals, 2019).
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