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Environmental network optimisation using Physical
Internet logistics in the parcel delivery industry

R.J. van Ouwerkerk, M.B. Duinkerken, R.R. Negenborn and J.M. Vleugel

Abstract—A promising vision to make the global logistics more
sustainable is ’Physical Internet Logistics’. This vision, based on
the way ’Digital Internet’ send packages information through
a network, is focused on optimisation of handling, storaging,
realisation and supplying objects. Physical Internet Logistics sug-
gests an open, global and interconnected network with different
spokes, hubs and modes. Objects are encapsulated in standardised
containers whereafter it will be distributed through the network.
Routing of the container is focused on network balancing. Every
container will follow its own path through the network from
origin to destination by using different hubs. Different origin-
destination pairs will be bundled and transported on the same
link. Besides, same origin-destination pairs could follow different
paths through the network. At hubs, transshipment takes place to
transfer containers to different routes. This paper is focused on
the application of Physical Internet characteristics in the parcel
delivery industry using an optimisation model concerning fleet
allocation on a service network. The objective is to find such a
fleet allocation plan in which the total amount of emitted CO2 is
minimised. Two different designs are suggested: a ’hub design’
and an ’open network design’. By using a case study at PostNL, a
carrier in the Dutch parcel delivery industry, this paper concludes
that the application of Physical Internet characteristics do have
its influence. In particular, the openness of a network result in a
reduction in total amount of emitted CO2.

Keywords—CO2 reduction, Network optimisation, Parcel delivery
industry, Physical Internet logistics, Service network design, Fleet
allocation.

I. INTRODUCTION

The agreement of Paris’, signed by 195 1 member states of
the United Nations, state that the temperature on earth may
not increase more than 2.0 Celsius degrees, seeking to an
increase of 1.5 Celsius degrees, relative to the pre-industrial
age to reduce the effects of global warming (J.P.M. Ros et
al., 2016). One of the main heat-trapping greenhouse gasses is
carbon dioxide (CO2) which is, inter alia, released through
human activities as burning fossil fuels (Schmidt, Ruedy,
Miller, & Lacis, 2010). Pressure from governments, by signing
the climate change agreement of Paris, or from society asks
for action to reduce the environmental impact for all kind of
companies. The transportation sector, including the growing
parcel delivery sector, also have to start looking for new and
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innovative ways of setting up their business to reduce the
emitted amount of CO2. A lot of factors are related to the CO2
impact of transportation. To the best of the authors’ knowledge,
most of the published research that concerns reduction of
CO2 by transportation is focused on one aspect only. For
example, research concerning vehicle routing problem is only
based on the factors regarding ‘Routing ’, research focused
on a business’ fleet, is mainly based on factors concerning
‘Operations ’. This research will be based on the vision of the
‘Physical Internet Logistics‘. This vision is a very promising
ideology to meet the challenges in sustainability and combines
the aspects Driver, Operations, Routing and Modality related
optimisation as defined by Demir, Bektas, and Laporte (2014).
A lot of research is already done according to this vision and its
key characteristics. However, a case study in the parcel carrier
industr by using the vision of Physical Internet has never been
done. This paper will fill this research gap by using a couple of
key characteristics in a case study of PostNL. The reason why
a case study at PostNL is chosen, is because the parcel carrier
industry is growing with enormous steps while the pressure to
reduce their footprint also increases. A case study at a carrier
acting in such an industry will be interesting to see how the
effects are of physical internet based measures are to reduce
the environmental impact.
Focused on a case study at PostNL, the objective of this
research is to present CO2 reduction related potentials for a
company in the parcel delivery industry by using the char-
acteristics of Physical Internet logistics. The characteristics
of Physical Internet logistics will be addressed to a service
network design in the parcel delivery industry. In this way,
the reduction related potentials will be shown concerning a
network design by making use of a decision model. Those
models, are focused on the study of decision problems given
a certain configuration expressed in parameters, variables and
objective (Zhang, Lu, & Gao, 2015).
this paper is only focused on some elements of the logistical
process to determine the CO2 reduction potentials of Physical
Internet Logistics in the parcel delivery industry. First of
all, this report takes only the transportation of parcels col-
lected, sorted and distributed in the Netherlands into account.
Secondly, the vision of Physical Internet is only applied to
transportation by heavy trucks between hubs, also called intern
transport. This report assumes that parcels are already collected
at a certain spoke with an intended destination spoke. As
mentioned before, this report is focused on designing a service
network with the objective to reduce the emitted amount
of CO2, involving an optimisation model. By combining the
given input, this optimisation model tries to come up with
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the optimal set of decision variables. Costs of operating a
certain service network are not taken into account. Simulation,
as defined by Marie (1997), will be done in a static and
deterministic way using a spreadsheet. The only output of
simulation this report shows is the estimated amount of emitted
CO2 concerning a certain set of decision variables. A run pilot
or simulation in real life will be out of scope of this report.
Finally, the reduction may only be based on saving energy
or using sustainable energy. Compensation of CO2 by buying
carbon credits is out of scope.
This paper will be structured as follow. First, characteristics of
Physical Internet in relation to the parcel delivery industry will
be discussed in section II. Secondly, service network design
model will be presented in section III. The model including
requirements, constraints and assumptions will be described
in a descriptive and mathematical way. Application of the
introduced model will be done by means of a case study in
section IV. This paper concludes with section V where the
conclusion as well as future research will be outlined.

II. LITERATURE REVIEW

This section, is focused on different studies related to
the characteristics of Physical Internet Logistics. In addition,
research concerning service network designs are outlined.

A. Phyisical Internet Logistics
The way how currently physical objects are transported,

handled, stored, realised, supplied and used through the world,
occurs in a very unsustainable and inefficient way regarding
economical, environmental and social perspectives (Montreuil,
2011). Examples are empty travelling, unnecessarily moving
of products crisscrossing the world, storing products where
unneeded and unimodal transportation. Decades ago, the in-
formation and telecommunication community faced quite the
same challenges concerning efficiency and unsustainability.
Due to the fast evolution of the digital world, from isolated
computers towards linked private networks followed by a
world with unconnected microcomputers sitting on everyone’s
desk, authorities agreed that the situation was unsustainable
and solutions on macroscopic level were needed. The Dig-
ital Internet was invented, an open distributed network in-
frastructure leading the way to the digital world wide web
and digital mobility as we currently know. The connection
between networks which is transparent to the user, allows
the transmission of formatted data packets in a standard way
permitting them to transit through heterogeneous equipment.
This vision of Digital Internet and the way in which this has
been organised leads to the realisation that the current way
physical objects are transported, handled, supplied, realised
and used is not sustainable or efficient (Montreuil, 2011).
’Physical Internet’, based on the vision of Digital Internet,
is a new vision to process the logistics of physical objects in
an open, global, interconnected and sustainable way (Sarraj,
Ballot, Pan, Hakimi, & Montreuil, 2014). Similarities and
differences of both visions are presented in table I.

Montreuil (2011) defined thirteen key characteristics of
Physical Internet Logistics in relation to the current situation.

TABLE I: Similar and different characteristics of Digital
Internet and Physicial Internet.

Digital Internet Physical Internet
Encapsulation of information in data packages Encapsulation of objects in modular containers

Standard protocols and universal interconnectivity
Standard handling and storage system

Smart network thinking with IoT
Multi-tier network framework

Open global network
Network balancing Minimise physcial moves and storages

Sharing information to stimulate continous improvement
Prioritise reliability and reslience of networks

distributed multi-segment network distributed multi-segment intermodal network

In his research, the willingness to share assets, networks and
data became important elements to make Physical Internet
Logistics to a success. By the absence of these elements
currently, it becomes clear that a Physical Internet based
network has its potential on the long term since the fact that
economies are established of competing companies. Moreover,
this Physical Internet vision seems mainly focused on long
distance or global transportation. Still, there are some charac-
teristics which are applicable for the parcel delivery industry
to make their network more sustainable on a short term. The
used characteristics of Physical Internet Logistics will be as
follow:
• Encapsulation of demand
• Individualisation of paths between origin and destination
• Multi-segmentation of routes
• Single allocations of trucks
• Enabling an open network
Physical Internet Logistics is intended to deal with objects

just like Digital Internet does with regard to encapsulation
and path individualisation. Digital Internet deals only with
information that is encapsulated in standard data packets
whose format and structure are equipment independent. Due
to the fact that the interfaces and protocols in the Digital
Internet are designed to exploit this standard encapsulation,
data packets can be processed by different systems through
various networks (Kurose & Ross, 2013). However, most of
the data packets which have to be sent do not fit optimal in
standard packets and have to be repacked. A process like this
goes as follow by the example of sending an email: First, the
email that has to be sent must have its content chucked into
small data components. Those components are encapsulated
into a set of data packets according to the universal format and
protocol. The packet header contains the information required
for identifying the packet and its destination. The data packets
go on their journey across the digital networks to end up at
their destination. The routing of the package is focused to
network balancing. This means that every package follows
their individual journey with the objective to optimise the
network state instead of the optimisation of the single trip.
As a result, it could occurs that different data packets follow
different routes between the same origin and destination. At
the destination, the components will be re-consolidated into a
readable email (Montreuil, Ballot, & Tremblay, 2014). Mon-
treuil (2011) suggest to use this principle also for the vision of
Physical Internet where physical objects should be transported,
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handled, stored, realised and supplied in encapsulated specific
physical packets or containers.
Another appropriate element of Physical Internet is to evolve
the current network into a distributed and multi segment
network in which a truck is only allocated to a single route,
from node i to j and back from j to i. Optimisation based
on the vision of Physical Internet makes sure that the right
truck departure on the right time from node i towards a certain
node j to make sure that the load is on time on its destination.
Besides, the truck travels back from node j to node i with load
coming from other nodes with its final destination node i. In
this way, the truck driver is always back at the node he/she
started from. Finally, a network in should be open as far as
possible. The less restrictions the better.

B. Service Network Design
As mentioned in section I, this research is focused on

optimisation of decision variables to design a service network
based on Physical Internet. A certain design is mainly on a
tactical level of planning and focused on the selection and
scheduling of services to operation (Crainic, 2000). By using
a mixed integer problem based mathematical formulation, a
service network can be designed under certain circumstances
and focused on a particular objective. There are a couple of
elements that make a network design for the parcel delivery
industry unique in relation to other networks. First of all,
a service network design in the parcel delivery industry is
focused on the the transportation of demand from origin to
destination within a given time window. Different kind of
commodities forms the total demand together. Transportation
of demand is done by using assets. Focused on this element,
balancing of assets plays an important role. In fact, a certain
amount of demand can not be transported when there is no
asset available at that origin. Besides, the used asset has its
own characteristics in terms of capacity, speed and costs.
Finally ’time’ is one of the priorities of a carrier. By supplying
a specific type of service, the carrier tries to perform the
transportation within a certain time window. Research by
Van Riessen, Negenborn, Dekker, and Lodewijks (2013) shows
that there are several network designs which are able to deal
with capacitated flow as well as multiple commodities 2. Since
individualised paths between orgins and destinations is one of
Physical Internet’s characteristics, this research is focused on
multiple commodity models. According to Van Riessen et al.
(2013), two types of model can be distinguished: ’Minimum
cost network flow models’ (MCNF) and ’path based network
design models’ (PBND). First MCNF models, which is able
to vary demand over different links in the network by using a
lot decision variables relative to PBND models. Those PBND
models, are based on possible paths for each commodity
between origin and destination in which a path is defined as
a subsequent of routes/arc and terminals (Van Riessen et al.,
2013). To deal with a capacity constraint and multi commodity
in combination with a minimum of variables, Van Riessen et
al. (2013) suggest to make use of the PBND formulation by

2The problem deals with multiple commodities between different origins
and destinations

Crainic (2000). This research is focused on a service network
designs in a mathematical way with the objective of emission
minimisation. Although the model of Crainic (2000) is focused
on consolidated transportation like the parcel delivery industry,
constraints in terms of time or balance in terms of asset are
missing in this model. With regard to this research, the given
asset model by Andersen, Crainic, and Christiansen (2009)
based on Crainic (2000) will be useful to find an optimal
set regarding minimisation of CO2. The reason why published
research by Andersen et al. (2009) makes their model as best
fit for this research, is the integration of assets management
considering service network design models for consolidation-
based freight carriers, like the element time or asset balancing.
The output of the model shows an operation plan, which
indicates the services offered between hubs.

III. MODELLING

A. Conceptual design model
A service network in the parcel delivery industry is designed

to transport a certain demand from origin to destination loca-
tions within a time period. The model as used for this research,
must be able to allocate fleet on a network to transport
the demand within the given time period. The objective is
to transport the demand within a minimum amount of CO2
emitted. With regard to this report, a distribution network
is taken into account with two types of nodes: spokes and
hubs. Both locations are able to produce and attract demand.
However, at hubs also transshipment is possible. Concerning a
network with hubs and spokes, different designs are possible.
This model takes two network designs into account where
the Physical Internet characteristics will be implemented. The
difference between both designs is the number of hubs where
transshipment of shipments can take plays. The first design,
consist of some hubs and is mainly based on a multiple
allocation web structure design like figure 1 in the middle.
All the spokes are connected with all the hubs. This design is
called ’hub network design’ and allows only spoke-hub-spoke
paths. The second design is called ’open network design’ of
which all the act as hub like figure 1 on the right. This means
that at every hub transshipment is possible and results in two
kind of paths: spoke-spoke and spoke-hub-spoke. From the
point of view of Physical Internet, an open network would be
ideal.

Elements of Physical Internet will be tested by changing
the network, vehicle and demand characteristics. First of all,
parcels will be transported into encapsulated roll cages in both
designs. Secondly, The network will be based on an open dis-
tributed multi-segment indermodal network. The combination
of the characteristics ’open’, ’multi-segment’ and ’intermodal’,
result in the absence of path restrictions. Furthermore, a truck
will only be allocated to a single segment. This means that
every individual truck performs only a service on the same
route between nodes instead of touring. It is expected that more
trucks are necessary but result in a reduction in the amount of
empty kilometres. Another advantage is that returning to the
origin is forced. With regard to the driver, it is convenient to
end at the origin for practical reasons. However, drivers could
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Fig. 1: Time-space representations (t=1 till t=3) of two web
structured networks with 5 nodes (A-F) of which 3 act as hub
(B,C,E) relative to a fully connected network

experience it as boring. To counteract this, truck drivers should
be planned to different links every day. The third element of
PI which is implementable for the parcel delivery industry, is
the individualisation of the demand between origin and desti-
nation. By segmentation of the network and individualisation
of roll cages, different paths can be created based on different
routes between origin and destination. In this way, different
roll cages could follow different paths separately through the
network between the same origin and destination.
To conclude this subsection, some assumptions are outlined to
complete the conceptual design. First, the demand is known
and is constant in advance. Moreover, origin-destination pairs
are splittable, but roll cages itselves are not. Concerning the
allocation, there is an infinite supply of trucks with a constant
speed and capacity. The amount of emitted CO2 is only
based on fuel consumption and travelled distance. Pavement
or geographical characterises are not taken into account since
the absence of extreme height differences in the Netherlands.
Also the influence of utilisation on fuel consumption is not
assumed.

B. Mathematical Model
A mathematical decision model as used in this research is

based on the asset management model as discussed in section
II. In addition to Andersen et al. (2009), an extra set of nodes
is added. This set, in mathematical terms expressed as set
H , will represent a set of hubs. At those hubs transshipment
of load is possible between routes. Taking a look at a web
structure network as shown in figure 1, only nodes B,C,E
are element of H . Concerning a fully connected network like
the suggested open network, all nodes of the network are
element of H . Secondly, the model as used in this report
made some modifications concerning costs in relation to the
discussed model by Andersen et al. (2009). Since this model
is focused on the minimisation of CO2, the costs are based on
emission related factors. Also, Where the model of Andersen
et al. (2009) make use of a service frequency with a lower
and upper bound, this model does not force assets to perform
if a service is not necessary. This also results that there is no
fixed schedule used between nodes. However, time boundaries

are added related to the earliest departure time as well as
latest arrival time. To define the used model as expressed
by Andersen et al. (2009) in combination with the applied
modifications, the following tables II, III and IV will present
the used sets, parameters and decision variables with regard
to freight carriers in the parcel delivery industry. Formulation
and explanation of the objective will be shown in equation 1
followed by the used constraints in equation 2 till 11.
The operation of a parcel carrier is defined as the transportation
of a certain demand wp from origin i′ ∈ N ′ to destination
j′ ∈ N ′ within a certain time window by using a fleet
v ∈ V with a standard capacity uij per truck on a network.
The physical nodes i′ ∈ N ′ are connected by undirected3

arcs (i′, j′) ∈ A′ and forms a static network represented
by graph G′ = (N ′, A′). As mentioned before, to create a
network with hubs consistent of the set of nodes, there are
some nodes from the set N ′ labelled as hub H ′ ⊆ N ′. The
mathematical model is expressed in terms op possible paths
l ∈ Lp from origin to destination for commodity p. Moreover,
since time characteristics play a very important role in the
establishment of the logistical process in the parcel delivery
industry, the scheduled length is divided into a set of periods
T = {t} = {1, .., TMAX}. For every time period t ∈ T ,
the graph of nodes and arcs is represented by G = (N,A) in
which nodes i ∈ N represent the nodes i′ ∈ N ′ from the static
network. Concerning costs, they are expressed in terms of CO2
depending the emission-factor e as well as on the distance of a
certain arc dij . Speed s in kilometres an hour, loading time tl
and unloading time tu in minutes play an important role for the
moment of transport within the earliest Ei departure and latest
Aj arrival time between node i and j ∈ N . Parameters which
influence the flow through the network, are the demand wp, arc
availability alij and the capacity per truck uij . The variables as
shown in table IV, will be varied to find the optimal solution
with regard to the given objective. Most of the elements of
table IV are in line with the given variables by Andersen et
al. (2009).

a) Objective: Concerning the transportation of a certain
number of demand wp from origin to destination, there are
some parameters that determine the final value of the total
emitted amount of CO2. The objective as formulated in equa-
tion 1 has the intention to minimise the total emitted CO2,
which is calculated by the number of trucks yijv travelling
distance dij from node i to node j times the emission factor e.
This result in a ’smart’ way of allocation trucks on connections
i, j to minimise the amount of CO2.

b) Constraints: The constraints limit the amount of pos-
sibilities regarding decision variables allocation. The first two
considered constraints are with regard to the time window
where transportation between nodes can occur. This window
is fixed in constraint 4 between the earliest departure time in
equation 2 and the latest arrival time in equation 3. As equation
2 shows, there are three important elements that determine
the earliest unloading at a certain hub j ∈ H coming from
origin i ∈ N : 1) unloading time at hub j ∈ H; 2) earliest
departure time at origin i ∈ N and 3) transportation time on

3Flow is possible in both directions
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arc (i, j) ∈ A. This moment in time, express the first moment
that load could be available at hub j ∈ H if there is an arc
i, j ∈ A. To make sure that this same truck goes back on time,
this will be forced by equation 3 as the latest unloading time.
Latest Loading time at a hub j ∈ H is the last moment to
get the vehicle back toward the origin i ∈ N . This moment
depends on 1) the latest arrival time back at node i ∈ A; 2) the
loading time at hub j ∈ H and 3) the total travel time on arc
(j, i) ∈ A. Both equation 2 and 3 enforce that a vehicle is only
able to operate between ELTij and LLTji trough constraint
4. Besides the time window boundary of operating between
ELTij and LLTji, equation 4 shows that each time period
when an asset is utilised, it should be engaged in one activity
only. Constraint equation 5 is an equation that enforce two
thing. First, the equation makes sure that there is an equal
in-and-out degree of open arcs. Secondly, since the set of
predecessor nodes and successor nodes of node i only take
nodes j ∈ H into account, this constraint enforce that there is
only an connection between spoke i and hub j. To make sure
that that asset v travels from i to j and backwards j to i on the
same arc, equation 6 is introduced. Equation 7 sets the flow
conversation of the model. For each commodity p, the sum of
flows through different paths must be the same as the demand
wp between origin and destination. The capacity constraint is
defined in equation 8 which enforces that the flow hl on arc
(i, j) ∈ A part of path l, is not able to transport more than the
capacity uij using an asset yijv. Furthermore, variable type
are determined by constraint 9, 10 and 11.

min
∑

(i,j)∈A

∑
v∈V

dij ∗ ev ∗ yijv (1)

Subjected to:

ELTij = tlj ∗+Ei + ∗60 ∗ dij/sv
∀(i, j) ∈ A, i ∈ N, j ∈ H, v ∈ V (2)

LLTji = Ai − tlj − 60 ∗ dji/sv
∀(i, j) ∈ A, i ∈ N, j ∈ H, v ∈ V (3)

∑
(i,j)∈A:EUTij≤t<≤LLTji

yijv − δv = 0 ∀t ∈ T, v ∈ V (4)

∑
j∈N+(i)

yijv −
∑

j∈N−(i)

yjiv = 0 ∀i ∈ N, v ∈ V (5)

yijv − yjiv = 0 ∀(i, j) ∈ A, v ∈ V (6)∑
l∈Lp

hl = wp ∀p ∈ P (7)

∑
p∈P

∑
l∈Lp

alijh
l −

∑
v∈V

uijyijv ≤ 0 ∀(i, j) ∈ A (8)

hl ≥ 0 ∀(i, j) ∈ A, p ∈ P (9)

yijv ∈ {0, 1} ∀(i, j) ∈ A, v ∈ V (10)

δv ∈ {0, 1} ∀v ∈ V (11)

TABLE II: Sets for a service network design in the parcel
delivery industry

N ′ Set of physical nodes i′ ∈ N ′
N ⊆ N ′ Set of nodes i ∈ N at time t ∈ T
A′ Set of physical arcs (i′, j′) ∈ A′
A ⊆ A′ Set of arcs (i′, j′) ∈ A at time t ∈ T
H′ ⊆ N ′ Set of physical hubs i′ ∈ H′
H ⊆ N Set of depots+ i ∈ H at time t ∈ T
N+(i) = {j ∈ H : (i, j) ∈ A} Set of predecessor nodes
N−(i) = {j ∈ H : (j, i) ∈ A} Set of successor nodes
Lp set of paths l ∈ Lp

T Set of time periods T = {t} = {1, .., TMAX}
V Set of vehicles v ∈ V

TABLE III: Parameters for a service network design in the
parcel delivery industry

wp volume to be transported from origin to destination concerning commodity p ∈ P
alij Binary value if arc i,j ∈ A belongs to path l ∈ Lp for commodity p
uij Capacity associated with a service on arc from i to j
dij distance of arc (i′, j′) ∈ A′
ev emission-factor in gram CO2 per kilometre of vehicle v ∈ V
sv Speed in kilometres per hour of vehicle v ∈ V
tli (un)loading time at a node i ∈ N
Ei Earliest departure time at origin i ∈ N
Ai Latest arrival time at destination j ∈ N

TABLE IV: Decision variables for a service network design
in the parcel delivery industry

δv Binary,whether the vehicle is used (1) or not (0)
hl The flow on path l ∈ Lp for commodity p
yijv If vehicle v is used for design arc i to j
ELTij Earliest loading time at hub j ∈ H for transferring on arc i to j
LLTji Latest loading time at hub j ∈ H for transferring on arc i to j ∈ A

IV. CASE STUDY: POSTNL
To analyse the performance of the suggested design

networks, a case study at PostNL is used. The used nodes as
defined before, will be represented by the 20 spoke locations.
Since PostNL make use of 5 hubs where transshipment is
possible, the hub design model as introduced before will
make use of the same 5 hubs as defined by PostNL. In
this way, the effects of PI characteristics can be shown
while making use of the same locations of transshipment.
Regarding the open network design, all the nodes are able to
support transshipment. With the defined spokes and hubs for
both networks, path possibilities arise between origins and
destinations depending network design. For a hub network
design, paths are only possible to and from the allocated
hubs by making use of 170 route possibilities. This means
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that origin-destination pairs have to make use of the hub
locations Amersfoort, Den-Bosch, Dordrecht, Nieuwegein or
Waddinxveen. Concerning an open hub design, spoke-spoke
as well as spoke-hub-spoke paths are possible by using 380
different routes/links. For the use of the mathematical model
specific values with regard to the case of PostNL have to be
taken into account. These values are based on measurements
over the first 81 working days of 2018. Concerning the
process at postNL, the demand wp is defined in terms of
roll cages (RC) which have to be transported from origin to
destination through the network. This required number of RCs
between origin and destination are determined as follow: First,
there is a total number of items/individual parcels calculated
that needs to be transported from origin to destination.
Based on analyse, there is concluded that 1 RC is able to
transport 37 items based on the average volume per parcel.
Combination of these results in the number of RCs that have
to be transported from origin and destination. Transportation
will be performed by only one type of transportation asset, a
truck with a constant capacity of 48 RCs and average speed
of 71 km/h. Concerning a 5 hub network design, only a path
is possible from spoke-hub-spoke. The open network design
make use of spoke-hub-spoke paths as well as spoke-spoke
paths. Amount of emitted CO2 by using an arc are based on
the measured distance in combination with an emission factor
of 713 gram CO2 per kilometre as a result of the average fuel
consumption in L/km times the DEFRA Factor. Since the fact
that sorting of collection starts around 15:30h at PostNL, it is
expected that the batch that arrives at 22:00h will be small
relative to the batches that arrive during the afternoon. there
is assumed that the sorting process ends at 23:00h where after
30 minutes (23:30h) the earliest moment arises that a truck
is allowed to leave an origin spoke. The latest moment that
a truck is allowed to arrive at their destination is at 07:00h
(An hour earlier than currently is used), which is 480 minutes
later than the the starting moment.
For implementation of the suggested decision model,
CPLEX as solver is used to optimise a service network
design at PostNL based on Physical Internet characteristics.
CPLEX uses an Optimisation Programming Language (OPL)
developed by IBM. Alternative computer programming
software could be Matlab or Python. The model as used for
this case is a modification of a standard OPL Model for a
Trucking problem. The first reason why this solver and model
is used, is because of experience acquired during lectures
of Maknoon (2017). Secondly, because of the fact that the
presented trucking model of IBM comes very close to the
mathematical model as presented in section III. Solving the
mathematical problem is done by using CPLEX’ dynamic
search algorithm. This search method is based on Branch
& Cut, an exact method which solves series of continuous
sub-problems. The output of running CPLEX will be as
follows: 1) Value of the objective; 2) Volume inbound hub
per trip (origin, hub, destination), 3); volume outbound hub
per trip (origin, hub, destination) and 4) number of trucks
allocated to route (i, j). However, there must be said that
volume inbound gives the same value as the volume outbound
due to the balance constraint.

A. Results
Table V shows the results of the used optimisation model

in relation to the current state at PostNL. Concerning a 5
hub network design, it can be concluded that more trips,
more empty trips and more empty kilometres relative to
the measured state or open hub design are generated. This
increase of empty kilometres is a result of two things.
First, this increase could be a result by the use of allowing
only spoke-hub-spoke trips or secondly, the chosen hub
locations are not optimal with regard to CO2 minimisation.
Although there are 1.1% more trips allocated to the network,
the total driven distances decreased with 6.4% which has
a positive effect on the total amount of CO2. The main
reason of a decrease in kilometres is due the application of
multiple allocation. An open network design, which allows
spoke-spoke as well as spoke-hub-spoke paths, performs the
best in terms of emitted amount of CO2 per day. Despite
the fact that the number of empty trips is still larger than
in the measured state, the amount of empty kilometres as
well as total travelled kilometres decreased relative to a hub
network design. The combination of spoke-to-spoke and
spoke-hub-spoke results in this reduction. For example, when
78 RCs have to be transported from Amersfoort to Born it
is much more interesting to send one truck from Amerfoort
to Born fully loaded (48/48) and one truck with the other
30 to Den-Bosch combined with other pairs. This way of
allocation results also in a higher average utilisation as well
as a reduction in the amount of empty kilometres.

TABLE V: Performance of ’5 hub’ and ’open’ network design
based on Physical Internet in relation to the measured state

Current state 5 hub network Open network
Trips (#) 728 736 630
Distance travelled (km) 64,788 60,610 54,650
Empty trips (#) 28 56 44
Empty kilometres (km) 2,411 3,364 2,141
Avg. Utilisation 0.84 0.92 0.94
tCO2 per day 46.19 43.21 38.90

B. Sensitivity
Focusing on the parameters as shown in table III, four types

of parameters can be determined: demand, capacity, vehicle
and time.

a) Demand: An increase in demand with a constant
volume per parcel will result in a directly proportional increase
in tCO2 per day. Nevertheless, Demand is a combination of
items as well as volume. When the volume per parcel reduce
the capacity per roll cage increase. When more demand can be
transported by the same truck, less trucks have to be allocated.
Sensitivity analyse shows that the amount of CO2 decreases
linearly per decrease in volume per parcel with regard to fleet
allocation. The model allocates the fleet differently when the
volume per parcel decreases and so the capacity of a truck
increases.
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b) Capacity: When the capacity of a truck increase, it is
expected that the amount of CO2 per day will decrease in a
directly proportional way. However, in real life an increase
in capacity is often accompanied by an increase in fuel
consumption. Concerning the case of a double deck trailer with
an increased capacity of 60%, the fuel consumption increases
with 10 % (Curtis, 2013). Using this ratio, replacing normal
trucks for double deck trailers will result in a reduction of
around 30%.

c) vehicle: The fuel consumption is directly proportional
to the amount of CO2 emitted per day as outlined by the
objective equation 1. Efficient trucks, more training, platooning
or other kind of truck related measures are directly proportional
to the objective. Moreover, different types of fuel will have the
same directly proportional ratio due to fuel characteristics.

d) Time: is supplied in fours ways: (Un)loading time,
speed, earliest and departure time. The model convert these
times into a time window where transportation is possible.
Concerning a case study at PostNL, the total time window
between earliest departure and latest arrival time was set on
480 minutes (7.5h). Increasing the latest departure time did
not have any effect on the objective. The same effect occurred
with decreasing until the limit of 360 minutes. When the
window between earliest departure time and latest arrival
time is lower than 360 minutes, the model result in an error.
With regard to this used model, it can be concluded that time
does not have any influence in the total amount of CO2 per
day when it is larger than 360 minutes. Case to a carrier as
PostNL to make sure that this won’t happen. Morning traffic
or roadworks should be taken into account on a daily base.

As introduced before, there are four characteristics of Phys-
ical Internet used in the model: Openness of the network,
encapsulation, path individualisation and single allocation of
trucks. The effect of openness is already shown by the dif-
ference in total amount of emitted CO2 with regard to a
5 hub and open network. Effects of encapsulation and path
individualisation will be discussed by means of demand in
combination with roll cages. As discussed before, the demand
that has to be transported is based on the capacity of a roll
cage and truck capacity. By individualisation of demand to
item level, the effects of individualisation and encapsulation
can be determined. The other way around is also taken into
account. Batching the demand in terms of truck capacity result
in less individualised but more encapsulated paths. The results
of individualisation and batching are shown in table VI.

TABLE VI: Effects of encapsulation and path individualisation

tCO2 emissions 5 hub network Open network Demand (#RC)
Path individualisation (RC level) 43.21 38.90 20,052
Path individualisation (item level) 43.34 38.62 20,076
Path batching (round demand) 43.37 38.90 20,352
Path batching (round up demand) 60.69 54.00 28,512

The second row of table VI shows the amount of emitted
CO2 when the demand in items in converted into roll cages,
just as used in subsection IV-A. The third row of table VI
is the result of demand individualisation on item level called

’Path individualisation’. By expressing the demand in terms of
items as well as the capacity per truck, path individualisation
is applied in a more detailed level. The truck capacity is
based on the capacity of items per roll cage and the capacity
of roll cages per truck. This results in a truck capacity of
1786 items. The fourth and fifth row of table VI show the
amount of emitted CO2 when the demand is expressed in
truck capacity called ’Path batching’. For example, the demand
between A and B is 50 roll cages. The fourth row converts
and rounds this to a demand of 1 between A and B since the
capacity of 48 roll cages per truck. Using the same capacity
per truck, the firth row converts and rounds a demand of 50
roll cages up into a demand of 2 between A and B. For both
last rows, the capacity per truck is set to 1. The difference
due to rounding is significant, 8160 roll cages. There can be
concluded from table VI that the level of encapsulation and
path individualisation slightly influence the total amount of
CO2. Mainly the difference in openness results in a difference
in emissions.

V. CONCLUSION & FURTURE RESEARCH

The vision of physical Internet Logistics shows that a less
restricted network results in less emissions in CO2. Even when
the same locations are defined as hub as currently, the openness
of multi allocation results in a reduction in CO2. The openness
of an open hub network where transshipment is possible at
every location results to the least amount of CO2 emitted. This
reduction is also reached due to the allowance of spoke-spoke
trips in this network design. Besides, the opener a network
design is the more path individualisation can be applied.
However, sensitivity analysis shows that path individualisation
has a slight influence on the total amount of emitted CO2.
The single allocation makes sure that a truck driver always
ends at his origin. It this way, it could be more interesting to
perform more trips by a carrier it selves than by an outsourced
company.
A limitation to this report is the deterministic and static
assumptions based on averages regarding fuel consumption,
demand, and latest time of departure. It is recommended for
further research to take the stochastic and dynamic character-
istics of the parameter into account. In this this way, more
realistic annual emissions could be calculated for comparison
with targets from Paris. Secondly, this report is only focused
on CO2 minimisation to present the possible potential. The
limit is that costs do play an important role which are not
taken into account. Further research should take the costs per
truck use into account. Thirdly, the effects of truck allocation
to single links is not tested with the model in relation to multi
allocation. It is recommended for further research to test this
characteristic and possible effects.
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