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Summary

The Netherlands has recently committed to very challenging environmental targets regarding transportation.
One of which is to become carbon-neutral by 2050. Nowadays, inland waterways (IWW) shipping accounts
5% of the total transportation emissions. This urges the need to achieve long-term full decarbonisation of
IWW transport. Many different measures can be applied for this, however, to successfully create an impact on
emissions, zero-emission energy concepts (ZEECs) need to be developed.

This research focuses on one of these concepts which is the electrification of IWW transport using exchangeable
batteries. This ZEEC was designed by the company ZES (Zero Emission Services), and it consists of three
main components: batteries, docking stations and vessels. The exchangeable batteries are designed to fit in
20ft containers and are charged at docking stations. Then, the charged batteries are used to power the vessels.
The batteries do not belong to a specific vessel but to the whole system. With this, batteries can power a
vessel and once the vessel arrives at a terminal with a docking station it can leave the batteries to charge. The
vessel can load another battery and sail, saving time. The batteries that were left at the terminal can be used
by another vessel or for other businesses. The concept of sharing batteries among vessels results in the need
for fewer batteries per vessel as vessel demand increases. To this end, the usage of fewer batteries becomes an
advantage of this system as the battery cost is a major constraint in the system.

The implementation of such a system does not come without several logistic challenges. The problem becomes
more complex as the three main components of the system interact. So far, no research has been done in this
specific domain, and an exchangeable batteries system was not implemented before in IWW shipping.

The aim of this research is, therefore, to develop an optimisation model to help assess the implementation
of an exchangeable batteries system for IWW shipping. For this, the docking station locations from a set of
terminals, and the number of batteries and their deployment in the network in order to fulfil the vessels’ power
requirements, need to be determined. The battery movement through the network needs to match the vessels’
routes. All the input parameters (vessels routes, power requirements and terminal locations) are precisely
known. Also, the problem objective function and constraints can be formulated as linear equations. Therefore,
to meet the requirements of the system, a time-discrete mixed-integer linear programming (MILP) optimisation
model with deterministic inputs is developed. Formulating problems as MILP has the advantage that optimal
solutions are found. The network used as input for the model is simplified so as to be easily scalable and flexible
to be adapted to other networks.

The model is first applied to a set of fictitious sailing profiles to show the optimisation potential, and then it is
applied to the study case of ZES. Though fictitious, the sailing profiles were designed to remain as realistic as
possible. Given the computational time constraints, the model runs were limited to a maximum of four vessels
and 24 time-steps. The real-life sailing profiles had to be adjusted and simplified so as to fit this constraint.

The obtained results showed the optimisation opportunities and possible synergies that can be achieved when
vessels share the batteries and charging infrastructure, for both the fictitious and real case study sailing profiles.
It is not trivial to determine beforehand the optimal result for different inputs. It is therefore needed to assess
various scenarios. Four scenarios were designed and analysed for both cases (fictitious and real profiles). Three
key performance indicators (KPIs), namely, batteries per vessel, docking stations (DS) per vessel and capital
expenses (Capex) per vessel, were defined to determine the optimisation potential of the model. The main
outcomes obtained are as follows:

• Scenario 1: demand increase
A demand increase with the same sailing profile showed the highest battery per vessel reductions. When
combining routes, the results become more unpredictable and they largely depend on which terminals are
shared by the vessels routes, as these are the battery exchange points.

• Scenario 2: battery capacity variations
Battery capacity variations did not show great improvements for the need of batteries per vessel. Only a
small improvement in DS per vessel for batteries of 3.000kW was seen. Despite this, larger batteries are
also more expensive, then the trade-off of less DS is not compensated, leading to larger Capex per vessel.

• Scenario 3: docking stations design
The combination of DS designs did not prove to have better results than the base case, regarding the
above-mentioned KPIs. Only smaller designs for the case study proved to have a reduction in Capex per
vessel.
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• Scenario 4: variation in docking spots on vessels
Adding docking spots on board of the vessels led to less DS. However, further analysis on the shipper’s
costs side is needed to determine if the gain is relevant for all stakeholders.

In general, better results in terms of batteries reduction per vessel were found with the fictitious sailing profiles
than with the real case study ones. This can be expected as the former were built to show most of the model
potential. In real life, it can be expected to have fewer synergies.

This research can be considered as the first step to investigate the implementation of this promising zero-emission
concept, as it contributes to help assisting the strategic decision of the system implementation from a logistics
perspective. Although the model outputs do not directly answer whether to implement the ZEEC, they give
useful information to assist this by analysing different scenarios with different input parameters.

Several assumptions and simplifications were made when developing the model which limit this research. First,
the model aims at minimising the investment costs for the batteries and docking stations, leaving outside
the operational costs and other costs like vessel’s retrofit. Moreover, the battery capacity was modelled in
a simplistic way. A fixed number of maximum available battery capacity was used per battery and a linear
charge/ discharge was considered. In a real-life setting, the available battery capacity can be lower than the one
modelled. Apart from this, the vessels’ power consumptions were assumed fixed per time step using an average
consumption. This is also not realistic, as weather conditions, waves, wind, among other factors modify the
power requirement from the vessel.

To conclude, it is recommended to perform further research in terms of model improvement (optimisation of
running times), incorporation of operational costs and shipper’s costs (vessel retrofit and loss of revenue for
carrying batteries instead of cargo), incorporation of vessel speed, model non-linear batteries charge/ discharge,
model charge regimes and battery ageing. Another recommendation regards the possible use of vessels to
reallocate batteries in the system and adding possible extra stops to the vessels’ routes to exchange batteries.
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1 Introduction

1.1 Background

Today, the Dutch transport sector is collectively responsible for 21% of all CO2 emissions in The Netherlands.
Within the transport sector, inland navigation makes up 5% of these emissions. Through The Green Deal
Zeevaart, Binnenvaart en Havens (Maritime, Inland Shipping and Ports) The Netherlands has committed to
very challenging environmental targets to reduce CO2 emissions. Which includes a reduction of 40% of CO2
emissions by 2030 and to become climate-neutral by 2050. [1]

In order to achieve these long-term challenging targets, a combination of policies with new future-proof energy
concepts needs to be implemented. [38] This leads to the development of new Zero-Emission Energy Concepts
(ZEECs). Several projects in this direction have been promoted by the Dutch government in the last few years.

One of them is the Modular Energy Concept (MEC) powered by Heineken and developed by a group of very
important stakeholders (Port of Rotterdam, Engie, ING and Wärtsilä) who set up a new start-up company,
ZES, to implement this concept. This ZEEC consists of lithium-ion interchangeable batteries arranged in 20 feet
containers which can provide energy to inland waterways vessels. The batteries are charged at docking stations
and can be used for other purposes apart from powering inland barges, such as providing grid stabilisation and
energy market applications, like FCR (Frequency Containment Reserve). [20]

The implementation of exchangeable batteries at swapping stations or docking stations has the advantage of
mitigating the drawback of the long battery charging times, as it allows the replacement of a depleted battery
with a previously full-charged one at a significantly less time. [4] Apart from this, the batteries, while idle at
the docking stations, can be used to provide stability to the electric grid (FCR). [44]

1.2 Problem Definition

The incorporation of the exchangeable battery concept for electric vehicles is not entirely new, and several
authors have studied the implications of using such a concept in already existing systems like electric buses.
Most of the research is focused on the optimisation of the number and location of the battery swap stations
[53][4], optimisation of the electric vehicle routing considering battery driving range limitations and battery
swapping stations limitations [53][47][26] and vehicle scheduling and battery reservation strategies. [3][27][4]

As far as this research concerns, the implementation of interchangeable batteries in the field of inland waterways
has only been researched by I.M.W. Hilverda in his master thesis. [15] In it the author investigated the needed
decentralised battery network for the electric waterbus sailing in the Port of Rotterdam.

So far, ZES is the only company working on implementing the interchangeable battery concept on a large scale.
They aim to make all inland vessels be able to sail electric within The Netherlands and beyond. This implies
the use of batteries on large vessels with high power demands and a docking station network that allows the
system to work properly.

ZES has developed a Proof of Concept (PoC) for the first ship sailing the Alpherium-Moerdijk corridor, which
took place during this thesis. For this PoC, three batteries (ZES-packs) were used, one ship (the Alphenaar)
was retrofitted and one docking station was constructed at Alphen aan den Rijn. [49] The logistics design for
the PoC is pretty straightforward, including the ship’s schedule, battery distribution and the decision of the
location of the docking station. Nevertheless, for the new ZEEC to effectively cause an impact in CO2 emissions
a large scale implementation is needed [39] the scaling-up scenarios to more corridors and more ships is, however,
not that clear.

Despite some similarities that can be drawn from already studied problems there are some peculiarities of the
implementation of the new ZEEC in inland waterways which have not yet been researched. For example, the
extremely high costs of the batteries do not allow to have a large stock of batteries to ensure a certain service
level like proposed by [53]. On the contrary, their optimisation is a key aspect for the new energy concept to
be economically feasible and, hence, successful. Moreover, assuming a fully-charged battery is available at all
times to be loaded on a vessel [15] can lead to the need for extra batteries. Therefore, the battery level should
be monitored to optimise the charging times and the number of needed batteries. Apart from this, vessels’
routes and schedules are fixed making it not realistic for vessels to choose the docking station at where to load/
unload the batteries according to the possible queue as studied by [3] and [47]. The problem needs to be seen
from the battery side perspective assuming the vessel’s routes as given.
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Therefore, the definition of a plausible scale-up scenario from the Proof of Concept that is logistically and
economically feasible is needed to ensure a successful implementation of the new ZEEC in inland waterways.

In order for a ZEEC to operate successfully a fleet of exchangeable batteries needs to be optimally deployed
in the network. Moreover, docking stations need to be placed to guarantee that the batteries can be charged
to provide the needed energy to the vessels. At each time step, the batteries can be either providing logistic
services by powering vessels with electric energy or being idle at docking stations waiting to be placed on a
vessel. Battery movement throughout the network (from one terminal to another terminal) is restricted to the
vessels routes and vessels availability.

Figure 1: Example of battery fleet deployment per usage.

When providing energy to vessels a revenue is generated. Therefore, it is needed to determine the optimal
allocation of the fleet of batteries, to have enough batteries to guarantee the logistic service to vessels at all
times. This fleet can not be too large, as it will lead to many idle batteries that do not bring income to the
system.

This leads to the problem statement that this research aims to solve:

Define the optimal exchangeable battery distribution and docking station locations for electric sailing in IWW
shipping, to help assess the scalability of the system from one single corridor to a network.

This research will look into this problem and will develop an optimisation model that includes all the elements
of the new ZEEC, its boundaries and its interrelations. Through different scenario analyses, the output of this
research will give answers to questions such as how many batteries and docking stations are needed, where
should the docking stations be located and how should the batteries be distributed in the network to guarantee
the logistic service to the vessels demand.

1.3 Objective & Research Question

The objective of this research is to determine the optimal logistics design for the battery distribution and
docking station location of the new ZEEC to achieve a first scale-up phase from one single corridor (Proof of
Concept) to a network of four corridors (scale-up phase 1) for different scenarios.
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Figure 2: Proof of Concept (left) and scale-up phase 1 (right). Source: ZES internal document [50]

The logistics design should include:

• The needed number of batteries;

• The needed number and location of the docking stations;

• The battery distribution plan, specifying where and when batteries should be charged to ensure their
availability with the required charge level at the right place and time.

The aim is to minimise the total costs and guarantee a minimum service level, given an identified potential vessel
demand (including the number of ships, their routes, the loading & unloading terminals and the power require-
ments), and a set of possible pre-identified docking station locations determined by the company. The logistics
design will be constrained to the vessel autonomy reduction (compared to diesel fuel), and the availability of
docking places at the docking stations and vessels.

To achieve this objective the following main research question is defined:

How can exchangeable batteries distribution and docking stations locations be optimised to guarantee electric
sailing for a certain demand of IWW vessels?

To answer the main research question a set of sub-questions are stated:

• Which are the main components involved in the new ZEEC? What are their attributes, boundaries and
interrelations?

• To what extent can the existing developed models to overcome the logistic challenges of transport electri-
fication be applied to IWW shipping?

• How can the components and attributes of the new ZEEC be incorporated in an optimisation model?

• What would be the needed number of batteries and docking stations, and the optimal battery distribution,
in order to minimise total costs, considering different input scenarios?
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1.4 Research Methodology

The methodology used to answer the abovementioned research questions is summarised in the framework below
which is adapted from [35].

Figure 3: Research framework. Adapted from [35]

This framework will structure the research, while also help answer the sub research questions. Starting with
the defined problem in 1.2, the objective of this research is to find the optimal number of batteries and docking
stations with which build a logistics design that should include the battery distribution and allocation plan to
successfully provide the vessels with electric energy.

In order to achieve this objective the first research phase that needs to be fulfilled is the system description. This
includes describing the problem, as well as, those elements from the real world that relate to the problem. [35]
This phase of the research involves knowledge acquisition and making assumptions when a knowledge gap needs
to be filled in. Moreover, a general understanding of the system proposed by ZES is required. In particular,
understanding the attributes and boundaries of the three main components of the system, namely batteries,
docking stations and vessels.

The outputs of this first phase of the research enable the determination of a set of validated attributes and
parameters needed to model the system components (i.e. vessels, docking stations, charging capacities and
battery types) and their corresponding boundaries or limitations and interrelations.

Following the system description, and using simplifications, those parts of it that are going to be modelled need
to be described in a conceptual model. The main components of the conceptual model are the model objectives,
inputs, outputs, assumptions and simplifications. [35] To do this, firstly, a literature review has to be performed
to understand the current state of the art of the modelling of transport electrification and to determine to what
extent these models can be applied to IWW shipping. In particular what opportunities and limitations these
models have.

After the conceptual model is done, the model needs to be designed and the computational model needs to
be coded. The model to be developed in this research is an optimisation model that looks at minimising the
total investment cost of batteries and docking stations. The problem is seen from the battery perspective,
hence modelling the battery location, battery charge level at every time step and docking station location, to
guarantee battery availability at the right place and time assuming fixed vessels routes.

4



Once the model is developed and verified, the model will be validated with the PoC of the study case of ZES.
After that, it will be implemented to a set of experimental scenarios to prove the optimisation opportunities that
can be achieved. Then, some of the scenarios will also be implemented in the study case to see to what extent
optimisation can be done with real-life data. To build the scenarios to analyse, the framework for scenario
development proposed by [31] is used. The authors state four phases for scenario analysis, starting by the
scenario definition, followed by scenario construction, scenario analysis and finally, scenario assessment.

Figure 4: Scenario development framework. Adapted from [31]

For the scenario definition, the specific characteristics of the scenarios that are of interest need to be identified.
Then, the scenarios need to be constructed, determining the variables and parameters to consider and the input
values. After that, the scenarios are run in the model and the obtained results are analysed. The main objective
of this phase is to identify the consequences of the interactions among the modelled components and attributes.
[31] Finally, the different scenarios are assessed in order to identify the trade-offs between the inputs. For each
scenario assessed the outputs are the number and location of the docking stations and the number of batteries
required.

1.5 Contribution to science & society

This research can be considered of relevance from a scientific perspective, as it looks to solve the complexity
of scaling up a logistics design from one single corridor to a network. It also looks into the interaction of the
transportation and energy systems, in a sector that has not been thoroughly researched before: inland shipping.

From a societal perspective, this research is of relevance as it aims to facilitate the implementation of the first
scale-up phase of a new energy system in inland navigation that will lead to a reduction of CO2 emissions,
PM, noise, among others, which is of great interest for the society as a whole. Moreover, the outputs of this
research can be of interest as they will help The Netherlands to achieve the national targets for inland waterway
transportation (Green Deal Binnenvaart) in particular and of the Paris Agreement in general.

This research will leave the door open for further research on several topics regarding inclusion or more technical
aspects like non-linear charging/ discharging of the batteries and battery ageing, as well as, research on policies
or regulations that need to be implemented to decrease the financial gap of the large-scale implementation of
the system and the incorporation of other business to the model.

1.6 Thesis Structure

In Chapter 2 the sub-research question 1 is answered by describing the system of exchangeable batteries and
docking stations to electrify IWW shipping main components, their attributes and interrelations. In Chapter
3 a literature review is conducted to answer sub-research question 2. For this the state of the art of existing
models use to address the logistic challenges of transport electrification and how can these be implemented in
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the particular case of IWW shipping will be determined. Chapter 4 aims at answering sub-research question 3
by stating the method to analyse the implementation of exchangeable batteries and docking stations to electrify
IWW shipping is addressed. Firstly, a conceptual model will be stated and then the model will be developed.
In Chapter 5 sub-research question 4 is answered by analysing the results of the application of the developed
model to numerical experiments and the case study of ZES. The research finalises with a chapter of conclusions
and recommendations.

In the following table, the structure of the thesis and the sub-research question answered in each sub-chapter is
shown.

Figure 5: Thesis structure
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2 System description for the implementation of exchangeable batter-
ies and docking stations to electrify IWW shipping

The inland waterway shipping in Northwest Europe is a traditional sector, which has been largely incentivised
by the Mannheim Agreement. This agreement aimed to increase the use of IWW for transportation. One of
the articles of this agreement states there will not be taxation on diesel fuels. This helped the sector grow
in the past years, but also to lag behind in incentives towards a greener and more sustainable energy sources.
Summed to the absence of strict regulations on environmental impact, the propulsion technologies for shipping
have not kept the pace of road transport in terms of reducing pollution. [42] Now that the Dutch government
has agreed upon specific targets for emission reductions for the transportation sector, a change in the maritime
power generation is needed. The use of electricity as an alternative to combustion fuels is one direction to
achieve this.

Electrification of IWW transport proposes several opportunities as well as challenges. This chapter is divided
into three parts, firstly an overview of the different options to electrify IWW shipping, namely hybridisation,
fuel cells and batteries, is given and their advantages and disadvantages stated. Then, the focus will be made
on the electrification of IWW with batteries, which is the scope of this research. The second subchapter will
give a general description of the application of exchangeable batteries to power IWW vessels. Followed by a
subchapter describing the system components and their attributes and interrelations. This chapter finalises
with the description of how the system will be implemented.

2.1 Electrification options for IWW shipping

Electrification can be used to produce energy to power berthing ships (cold ironing) and to charge batteries for
full-electric or hybrid ships. The power system of full-electric ships is usually based on batteries charged from
the onshore grid while at berth, [38] though fuel cells could also be implemented. [45]

2.1.1 Hybridisation

In hybrid ships, either batteries or fuel cells can be used. These batteries do not bunker electricity from shore but
use any excess power generated by the ship’s engines and store it to be used for any purpose. [24] Several degrees
of hybridisation using batteries can be realised between a full-electric system and a traditional system. Hybrid
solutions are believed to have significant potential for energy efficiency and are suitable for applications on
different types of ships. [38] Moreover, they require moderate infrastructure adaptation for its implementation.
[5] However, there is a limit to the emission reduction that can be obtained with hybridisation.

Hybridisation by use of fuel cells or batteries is considered an abatement option in the category of renewable
fuels and can be used to deliver the auxiliary power supply of vessels. [28] An advantage of this is that there is no
reduction in the vessels’ autonomy, as the vessel uses the fuel engine for the main power requirements. Another
advantages of hybrid systems is that the vessels can run electric when entering in the harbours to berth, as the
maneuvering happens usually at low speed. Therefore, propulsion power can be provided exclusively with the
batteries for this, saving fuel and reducing emissions and noise levels close to the shore. [9]

A way of improving the hybridisation benefits regarding emissions is to combine the battery-electric systems
with biofuels, and in this way replace fossil fuels. [6] Despite not being completely emission free, hybrid
propulsion allows more flexible designs that enable vessels’ configurations which balance financial constraints
and environmental considerations [16] On the one hand, hybrid marine engines offer fuel savings, which also
lead to emission reductions. On the other hand, they also have relatively fast payback times, which is of high
interest for shippers. [32]

2.1.2 Fuel cells

Fuel cells can efficiently produce electricity by using the chemical energy of hydrogen or another fuel. [38] In
conventional diesel generators, chemical energy is converted into electricity via thermal and mechanical energy.
Whereas in fuel cells the chemical energy is directly converted into electricity. [42] Fuel cells can replace the
traditional auxiliary engines partly or completely. [28] A diverse variaty of fuels can be used in fuel cells.
Hydrogen is an interesting fuel option since the combustion outputs only water and energy, and hence no CO2.
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[28] Moreover, the refueling times are rapid. In buses and trucks hydrogen fuel cells have achieved refueling
times very similar to diesel refueling. [7]

However, there are several challenges to overcome for its use on a large scale. Firstly, the use of hydrogen still
requires research and development, particularly to make it commercially viable. So far, there is no standardised
design and fuelling procedures for hydrogen-powered ships and their bunkering infrastructure. [28] Furthermore,
remaining safety design issues with regards to the volatility of the fuel need to be solved for a safe storage and
transportation. [16]

From a volumetric density perspective, a fuel cell system usually takes up more space than conventional diesel
generators, reducing the vessels’ cargo capacity. One possible solution is the low-temperature fuel cells using
liquefied hydrogen. However, this system is only feasible to a limited refuelling interval, [34] therefore, decreasing
the vessel autonomy. For a wide refuelling cycle, the total system size with sufficient hydrogen storage could
result in a significantly larger volume. [34]

Another issue regards the storage of the hydrogen. It can be compressed, for which it requires very high-pressure
tanks, that would lead to considerable changes to storage and refuelling systems, both onboard and in bunkers.
[17]. Moreover, additional infrastructure to maintain the pressure is needed, which involves complex structural
considerations. [33] Hydrogen can also be stored as a liquid at very low temperatures (below -240°C). This
would require significant energy to maintain this temperature, increasing the costs. [33]

Regarding the costs on the shippers side, the low energy density requires very large fuel tanks, which increases
the capital cost and reduces cargo space, leading to revenue losses [16] Fuel-cell powered ships are currently
much more expensive than comparable diesel ships. For newbuilds, a fuel-cell powered ship can cost from 1,5
to 3,5 more than a comparable diesel vessel, and operation costs can be up to eight times higher. [38]

Finally, if relevant volumes of hydrogen are to be used on a large scale, it would be essential to ensure that
the production processes are based on renewable electricity generation. Otherwise, no improvement in CO2
emissions compared to conventional HFO could be guaranteed. [16][17] Most of the industrial hydrogen is
obtained from steam-methane reforming, oil and coal gasification, which are methods that generate greenhouse
gases. Only a very small percentage of hydrogen supply is produced via electrolysis, which is a clean method
regarding emissions. However, it requires large quantities of energy. Another way of producing sustainable
hydrogen is via biological processes (biohydrogen). Although this method is an environmentally friendly and
less energy intensive alternative, it is an expensive procedure and has safety issues regarding the H2 (hydrogen)
and C2 (dicarbon) explosive combination. [14]

2.1.3 Batteries

The use of batteries for fully electric sailing is another way of obtaining zero emissions, however their use has
also several barriers. Firstly, the energy storage systems remain a relatively costly technology. Electric motors
are assumed to be cheaper than conventional engines, but the cost of the needed batteries per unit of energy and
their accommodation on ships makes the implementation of these engines an expensive option. [16] Although,
rapidly falling costs of battery technology for electric vehicles suggest that the technology might become a
more viable and readily available option also for other transport sectors such as shipping [16], the technology
of current batteries has not sufficient energy density to be considered for applications other than short routes
at modest speeds. [11] This is a barrier also stated by [38], who stated that batteries capacity reduce vessel’s
autonomy and require more charging places compared to diesel fuel. The authors also state that the full-electric
operation seems currently relevant only for the short-sea shipping segment where the shorter distances can
make electric propulsion systems more efficient than traditional ones. Apart from this, the integration of large
battery spaces represents a challenge, as ships designs are constrained either by weight or volume, limiting the
maximum size and weight of the batteries. [10] The needed space for batteries also causes a reduction in the
carrying capacity of the vessel, which indirectly leads to a loss of revenue for shippers, as they carry batteries
instead of cargo.

Regarding the costs of implementing full-electric vessels, it does not only link to the batteries. The investments
in essential shore-based charging facilities are far from negligible. The electrification of modern ships brings a
number of challenges concerning the need for more shore-based facilities for battery charging. [38] Fully electric
ships depend on charging infrastructure in harbours, which requires access to the electricity grid, limiting the
possible locations for the charging stations or increasing the costs for connections. [5] Moreover, in the case of
existing vessels, high retrofit costs to be able to sail electrically have also to be considered.
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A possible way of mitigating some of the issues regarding batteries implementation in IWW shipping is by using
exchangeable batteries. These batteries require another type of charging infrastructures that can provide the
energy demand for the vessels, such as the battery swapping station (BSS) [48] With exchangeable batteries,
vessels do not need to wait to charge their build-in batteries, but simply arrive at a battery swapping station,
also called docking station (DS), and swap the depleted battery for a fully charged one. The main obvious
advantage of this system is the reduction in the time the vessel is idle while charging. Moreover, compared
with the traditional charging stations, the DS operators can flexibly arrange battery charging and discharging
plans, and in this way participate in the power market making extra profit. [48] Also, the exchangeable battery
concept can reduce the cost for shippers, as they do not own the batteries, but only pay for their use. [37]

In the table below the main advantages and disadvantages of each electrification system are stated.

Table 1: Electric sailing options advantages and disadvantages. Sources: [38][5][24][28][7][16][34][33][17][14]
[11][10][5][48]

As mentioned before, this research is based on the use of exchangeable batteries to electrify IWW shipping. In
the following subchapters, this system will be further explained.

2.2 General description of exchangeable batteries system to electrify IWW ship-
ping

As stated by several authors [38][12][5] despite there being many measures that can be applied and combined
to contribute to reducing CO2 emissions in the transport sector, long-term full decarbonisation will require a
consistent switch from fossil fuels to alternative energy options. No one independent measure should be applied
to obtain the needed results, but a set of measures. This leads to the development of new energy systems
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concepts, such as the application of exchangeable batteries to IWW transportation. This involves not only the
design, development and manufacture of the large interchangeable batteries but also the design and construction
of the needed infrastructure to allow the battery swap (the docking stations or swapping stations) and guarantee
battery availability for sailing vessels.

For the implementation of exchangeable batteries to power IWW vessels on a large scale to be successful, it
needs to be based on a flexible and easily scalable technology. [51] Which can be achieved by open access and
standardisation. With open access, any vessel carrying an exchangeable battery must be able to switch it at any
docking station, allowing the ship to have minimum stop time and decoupling it from the charging speed of the
battery. With the standardisation of the batteries and interfaces (connections between batteries and docking
stations and batteries and vessels) the system can be upscaled easily. [52]

In the picture below the system description for the exchangeable batteries application to IWW is shown.

Figure 6: Exchangeable batteries for IWW vessels system description. Source: adapted from ZES internal
document [51]

As it can be seen in the figure, the exchangeable batteries system is composed of batteries, docking stations and
vessels, which interact as follows. The batteries are charged at docking stations, for which they pay a power
sale price for the power supply. The charged batteries can then be used to power the vessels, for which the
shippers pay a pay-per-use fee for the battery usage.

The docking stations are the locations at which depleted batteries can be exchanged for full ones, enabling ships
to sail on quickly with minimal waiting time. For the proper functioning of the whole system, a network of
open access charging points or docking stations needs to be set. [51] Apart from providing energy to charge the
batteries, at the docking station, idle batteries could be used to provide grid stabilisation and for energy market
applications[20] such as Frequency Containment Reserve (FCR). This means using the charged batteries that
are idle at the docking stations to balance the electricity grid.

Despite the abovementioned advantages of the proposed new concept, there are also disadvantages that can
make its large-scale implementation less feasible. One of them is the costs for shippers to retrofit their existing
vessels in order to allocate the batteries on board. In the case of new vessels, a new design that includes the
required infrastructure to withstand and couple the batteries is needed, which can also mean larger costs for
shippers.

2.3 Attributes & interrelations of the exchangeable batteries system components

The three main components needed to implement exchangeable batteries to power IWW vessels are the batteries,
the docking stations and the vessels. In this subchapter, their main characteristics are described. These would
comprise the main technical inputs for the model to develop.

2.3.1 Batteries

The designed batteries proposed by ZES to apply for the exchangeable battery system to power electric vessels
are modular, independent lithium-ion batteries arranged in 20 feet containers. The battery total weight was
limited to 25 tons so they can be loaded, unloaded and transported with current terminal equipment. Moreover,
the connection between the battery and the docking station or vessel should be as simple as possible. [49]

Lithium-ion exchangeable batteries have several advantages over ship built-in batteries. Firstly, lithium-ion
batteries use existing developed technology and have a relatively high energy density, allowing them to store
more energy than other types of batteries. [8] Secondly, the system can be used on both, new or retrofitted
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vessels. Finally, build-in batteries require the vessel to be idle while charging making the operations less efficient
or require very large batteries which reduce the vessel capacity for carrying goods.

Despite the abovementioned advantages, these batteries present several challenges that limit their implementa-
tion to IWW vessels, such as the relatively high energy density and power requirement from vessels. Batteries
sizes are constrained by the ship design as the integration of large batteries, is limited either in weight or volume.
[10] Moreover, batteries capacities are not constant and depend on several factors, and they deteriorate with
time. Below some of the main challenges regarding batteries implementation are further explained.

Battery Capacity

It is expected that with more technology developments batteries capacities could be increased maintaining the
dimensions (size and weight). This will lead to larger sailing ranges and fewer costs for the whole system. If
compared with lithium-ion batteries development for cars, between a 15 and 25% capacity in kW/kg increase is
expected by 2030 if the current trends continue. [21] However, maximum battery capacity is not the only aspect
to consider as the usable capacity has not a fixed value but depends on several factors such as temperature and
charging and discharging regimes. Both battery capacity and charging performance deteriorates at extremely low
or high temperatures [8] Lithium-ion batteries are capable of operating over a relatively wide temperature range,
however, batteries achieve optimal service life when used at 20°C or slightly lower. [8] Different temperature
conditions result in different adverse effects. [30] For example, the effect of temperature is higher during charging
than discharging. [8]

At higher temperatures, one of the effects on lithium-ion batteries is greater performance and increased storage
capacity of the battery. A study performed by [25], showed that an increase in temperature from 35°C to 45°C
led to a 20% increase in maximum storage capacity. However, there is a side effect to this increased performance,
the life cycle of the battery is decreased over time. On the contrary at lower temperatures, lithium-ion batteries
lose capacity. At 0°C the lithium-ion battery capacity loss is about 10-20% of its rated capacity at 25°C. [8] For
low temperatures, the performance of the batteries is reduced. Which results in lower efficiency, lower available
capacity, higher internal resistance, and reduced allowable power levels (particularly for charging). [10] The
graph below shows the relation between temperature and the relative battery capacity for 25°C for lithium-ion
batteries.

Figure 7: Relative battery capacity and temperature for lithium-ion batteries. Source:[8]

As it can be seen, useable battery capacity is a very complex parameter to estimate. In this research a maximum
usable capacity value will be used as an input parameter per battery. No effect of temperature and charging
regime will be considered.

Battery power losses & Ageing

There are several sources of power loss in lithium-ion batteries due to their use, the most relevant ones are losses
due to heat and losses for DC to AC power transformation. Apart from power losses, batteries deteriorate with
time and lose power capacity. It is estimated that the decrease of the battery capacity due to ageing is about
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20% in 10 years. Ageing in lithium-ion batteries is a complex issue and depends on several factors like the
charging regime and the number of cycles. [2] In other words, the speed at which a battery is charged (fast or
slow), as well as the number of charges/discharges it has, affect its ageing. In general, lithium-ion batteries are
more sensitive to fast charging than fast discharging.[10]

As mentioned before, another source of increased ageing or life cycle degradation for lithium-ion batteries is
the temperature. In the study by [25], it was found that when the battery is charged at 45°C versus 25°C the
life cycle degradation was much more significant. A way to counteract the battery ageing process and increase
battery lifetime is not to use the entirely installed energy, meaning avoid fully discharge of the batteries. [21]
However, to evaluate the overall effect of these various degradation mechanisms simultaneously is extremely
difficult. [10]

Costs

Another major boundary for the system is the battery cost. Lithium-ion technology development has been
primarily driven by consumer electronics and automotive markets. For comparison, the entire maritime market
to date comprises less than 1% of the total amount of lithium-ion batteries produced yearly and to some extent,
this has driven the higher cost of a comparative marine battery system. [10]

If batteries costs were low, then the system could be more easily optimised assuming a large fleet of batteries
and having them available for the vessels to use at all times. However, this is not so. Given there is not yet a
significant business for maritime batteries, as mentioned before, their cost is high and a huge boundary to the
system. Despite this, it is expected that the battery cost will decrease in time, once the system is implemented
on a large scale and benefits from economies of scale can be obtained. Again, how much the price reduction
would be or when is uncertain, but a look into car batteries can be done to see the estimated cost decrease for
the coming years. As estimated by [8] in his research, the decrease would be around 14% from 2025 to 2030.
Still, this is an estimation and for a more well-known market, cars. Therefore, it is difficult to draw direct
parallelism for IWW vessels. In this research, only the battery Capex will be considered and it will be modelled
as an input parameter. If different battery capacities are considered, then different Capex should be inputted.

2.3.2 Docking Stations

For the implementation of exchangeable batteries to be successful, users need to be able to trust the system.
This means that the availability of charged batteries to power vessels at the right time needs to be guaranteed.
For this to happen a network of docking stations at or near existing container terminals needs to be set. These
docking stations need to be designed in order to provide the required docking spots and power to charge batteries.
Moreover, the docking stations should be as standard as possible, allowing for replication in different locations
and easy scale-up if demand increases. The designed docking stations by ZES are modularly constructed from
various parts and are based on open standards as it can be seen in the picture below. [51]
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Figure 8: Docking Station layout. Source: ZES internal document [52]

1. Grid connection station

2. Power Distribution Container

3. Power Interface Container: AC / DC conversion

4. Docking platform for placement of ZES-packs

5. Connector: fully-automated plug for energy and data communication between ZES-packs and docking
station

6. Optional: DC Charging column for E-trucks, E-Reach stackers, OV-buses, among others, with standard
CCS (Combined Charging System) connection.

As in the case with batteries, there are several challenges to overcome regarding the docking stations. These
mainly regard operational and strategic decisions like the docking station design, which will influence the
investment costs as well as operational costs, and their locations.

Location

As mentioned in 2.1.3, vessels powered electrically with batteries suffer autonomy reduction due to batteries
lower ranges. Meaning that vessels require to stop to charge the batteries more often than to refuel diesel.
Therefore, more docking stations locations in the network than diesel refuelling stations are needed. The
docking stations will be located at existing container terminals to take advantage of the infrastructure and
equipment available. The best locations for the stations will depend on several factors which can be intrinsic or
extrinsic. In the first case, DS locations depend on the distance to container terminals quays, the availability of
grid connection, as well as the availability of land (space) to build them. These will limit the options of possible
terminals where DS can be located. Apart from this, the locations will depend on the number of batteries
that are in the system, the battery capacity, the number of docking places at the vessel and the vessel’s power
requirements. This will establish the docking station demand and, hence, the needed locations

Therefore, once the possible locations for docking stations are found in terms of feasibility (land availability, grid
connection), a model is needed to assess which of these locations to use to guarantee a proper service considering
the interaction of the other system components characteristics. In this research, DS will be considered as possible
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in all the terminals at which the vessels stop in their routes. It will be assumed that land and grid connection
is available in all the possible sites.

Docking design: charging spots & charging capacities

The design of the docking station refers to the number of needed charging spots and the power that each
charging spot supplies to charge the batteries. For each location, the demand profile needs to be determined to
decide upon the number of docking places required and the energy contract to have with the energy provider.
[51]

The docking station investment and operational costs are linked to the location (cost of land, cost of building),
as well as to the number and power capacity of the charging spots chosen. The docking station operational
costs include energy purchase from power supplier, network costs for connection to the grid, logistical costs
for the loading, unloading and transportation of the batteries to and from the vessel, and operational costs for
maintenance, insurance, among others. [49]

As it can be seen the definition of docking stations locations and design, namely size and power, are inter-
connected. Therefore, an iterative process needs to be performed to find the most optimal combination of
parameters. This will be exemplified in chapter 5. In this research, the design of the DS will be represented by
two parameters the number of charging spots and the power of each spot. Each design will imply a different
Capex. Operational costs will not be considered.

2.3.3 Vessels

The last component of the exchangeable batteries system are the vessels. For the whole system to work,
batteries need to guarantee sufficient electric power to vessels at all times. The battery movement throughout
the network, as well as the charge level, is then linked to vessels’ routes, schedules and power consumption. The
implementation of batteries to power vessels guarantees shippers zero-emission sailing and, therefore, coping with
the environmental targets set. However, the lower sailing range provided by batteries and the high investment
costs can be major drawbacks for the system from the shippers’ perspective, which need to be considered.

Retrofit costs & loss of revenue per container

When installing state-of-the-art or innovative components or systems on board of ships, retrofit is needed. Thus
retrofit can be driven by the need to meet new regulations or emissions standards or by the shipowner interest to
upgrade to higher operational standards. [22] In the implementation of exchangeable batteries for fully electric
sailing, vessels need to be retrofitted to fit the exchangeable batteries. This signifies a cost for shippers, which
is composed by [29]:

• The cost for purchasing and installing the connector and convector ([49]) to fit the batteries on board;

• The potential loss of income during the time off the vessel is being retrofitted;

• The cost for sailing to the shipyard for retrofitting;

• The cost to train the crew for the new operations.

The cost of sailing to the shipyard is not as significant as the others. A way of decreasing the total cost and
the impact on the operations is to schedule the retrofit with maintenance and repair of the vessel. The total
retrofit cost depends on the vessel type, age and dimensions. Apart from the retrofit costs for shippers, there
is also a loss of revenue for carrying less cargo containers to leave place for the batteries. The number of loss
positions in the vessel for carrying the batteries is not limited to one per battery, as no cargo can be loaded on
top of the batteries. Therefore, the whole stack of cargo containers is lost.

From a logistics perspective, it can be of interest to consider the option of batteries been relocated in the
network, for example, to be charged at a station with low demand or to be available in a route for another
vessel. For this relocation, vessels could be used. However, the costs of this should be considered as the battery
to be relocated will take the space on the vessel of a cargo container.

In this research, the costs incurred by the shippers namely retrofit costs and loss of revenue, will not be directly
modelled. However, the relevance of these costs can be a significant drawback in the implementation of the
exchangeable batteries system and therefore need to be assessed. To do so, different scenarios will be analysed
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showing the trade-offs between more batteries on board versus the total number of batteries and docking stations
required in the system.

Vessels’ power requirements

An important aspect to consider in the implementation of exchangeable batteries is that the vessels’ power
consumption depends on several factors like the vessel’s speed, climate conditions (wind, waves), the vessel’s
shape, the vessel’s load and whether the vessel is sailing in restricted or unrestricted areas.

The vessel’s speed is greatly influenced by the resistance encountered while sailing. Factors like the surface of
the hull underwater, vessel’s cross-section and width and depth of the waterway affect the total resistance. [43]
It is often found in the literature that a vessel speed reduction of 10%, leads to a reduction in required energy
of about 19%. [13] This approximation is based on the assumption that power is proportional to ship speed
cubed. The cubic relationship between speed and daily bunker consumption is commonly assumed in maritime
transportation models. However, several authors have researched that the speed-power curve depends highly
on ship size, type, hull form and operating speed. A significant variation in the speed exponent can be observed
both among different ships and at different speeds, [40] making it almost case specific to determine it.

Apart from the complexity that the vessel’s speed has over the power consumption, additional fuel consumption
for a voyage needs to be considered due to waves, which does not depend on the speed of the ship. [40]
Moreover, additional power may be required to overcome the effects of wind and currents. This additional
power may account up to 15% of the total power under certain circumstances. [43] Another factor affecting
power consumption is the vessel’s load. Empty vessels require less propulsion power than loaded vessels. This
can be seen in the sailing profiles when looking at round trips, when the vessel carries more load the power
requirements are larger than when it carries less load. The sailing profiles are therefore a good way to incorporate
this factor in the model.

The combination of factors as speed, weather, vessels’ hull shape and load on the power requirement is hard
to assess. In this research, sailing speed, weather conditions and vessels shape and sate (load or unload) are
not directly modelled, therefore the effects of a change of these parameters in power consumption needs to be
manually inputted. To do this, the sailing profiles need to be modified, stating the new sailing times and power
consumption per time step.

Extra times at terminals & sailing times

Apart from the abovementioned challenges, there are other challenges regarding extra times needed at terminals
for the operation of loading/ unloading the batteries as well as possible extra stops needed. As the vessel’s
autonomy decreases when using batteries, given that their power capacity is less than with fuels, this can lead
to the need for more stops for the vessels to swap depleted batteries with new ones or change their sailing speed
to reduce power consumption. Both options lead to extra sailing times and indirectly to profit loss. In this
research extra vessel’s stops will not be considered, in case the power supplied by batteries is not enough to
power the vessel between two terminals, the model will be infeasible. Larger batteries capacities would need to
be considered.

In the table below a summary of the main challenges of the system components and the model implications are
described.
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Table 2: System components’ challenges and model implications

2.4 Implementation of the exchangeable batteries system for IWW shipping

As explained before, in order to obtain positive environmental impacts by using an exchangeable batteries
system for IWW shipping, it needs to be implemented on a large scale. To do so, proper charging infrastructure
and batteries need to be available to provide vessels with electric power to sail.

There are several ways to implement the exchangeable batteries system to IWW shipping. For example, each
vessel could be assigned with a set of batteries to use. Once the vessel arrives at a terminal with a docking
station, the batteries can be downloaded, charged and uploaded to the vessel again. All this is executed while
the vessel is at the terminal. This will imply that there are a fixed number of batteries per vessel (depending
on its power requirement) and, therefore, battery demand and vessel demand grow together. Moreover, vessels
will need to be at the terminal at least the time that is required to download, charge and upload the batteries
again. In this case, the needed problem to solve is the docking station locations to charge the batteries.

Another way of implementing the exchangeable battery system implies sharing the batteries among vessels.
This is the concept designed by ZES and analysed in this research, in which the batteries do not belong to a
specific vessel but to the system. In this case, batteries can power a vessel and once the vessel arrives at a
terminal with a docking station it can leave the batteries to charge, load another one, and sail, saving time.
The batteries that were left at the terminal can be used by another vessel or for other businesses, such as FCR.
Sharing batteries among vessels results in the need for less batteries per vessel as vessel demand increases,
which becomes an advantage of this system, as battery costs are far from neglectable. This implementation has
more logistic challenges when more vessels and larger networks with more routes and terminals are considered.
Not only the DS locations needs to be determined, but also the needed batteries, including their routing. The
movement of the batteries through the network has to match with the different vessels’ routes, as they do not
depend on one exclusive vessel. Synergies between the charging infrastructure, vessels routes and batteries are
needed.
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Therefore, the implementation of the system proposed by ZES has the challenge of determining how many
batteries are needed, how they should move through the network to properly power vessels and charge at the
needed time, and where to locate the docking stations from the set of terminals available, so that vessels can
have an available charged battery to sail at all times. All this considering the restrictions imposed by the
limited battery capacity, the design of the DS (charging points and power), and the available docking spots,
power requirements and routes of the vessels.

2.5 Summary

There are several ways to reduce emissions in IWW transportation and achieve the environmental goals set
in the Green Deal. One of them is through electrification of the IWW transport. This can be achieved by
vessel hybridisation, fuel cells or batteries, either build-in or exchangeable. Every option has advantages and
disadvantages, and implementation challenges to overcome in order to be successfully applied on a large-scale
and cause an actual impact on emissions.

This research focuses on the electrification of IWW transport using exchangeable batteries. The implementation
of such a system has several challenges, and the problem becomes largely complex as the three main components
of the system, namely, batteries, docking stations and vessels, interact.

Batteries limit the autonomy of vessels as they provide less power than diesel fuels. Therefore, battery capacity
is a key parameter of the system. However, battery capacity is not a fixed value. On the contrary, it depends on
several factors like temperature and charging/ discharging regimes. Moreover, batteries suffer power losses due
to heat and DC to AC power transformation, and capacity losses due to ageing. Ageing is also a very complex
factor to assess. Finally, battery investment costs are a big drawback for the exchangeable batteries system
implementation. It is expected that costs will drop, as it happened in road transport, once the system in IWW
is implemented on a large scale. However, to what extent or when this will happen is not clear.

Regarding docking stations, their location and design, namely the number of charging spots and the power of
each spot, are highly interconnected. Moreover, docking station location depends on the number and capacity
of batteries in the system and the number of docking spots and power requirements from vessels.

The environmental targets set by the Green Deal, force shippers to look for alternative options to comply with
the emissions restrictions, one of them being vessel electrification with batteries. From shippers’ perspective,
adopting the exchangeable battery system means great investment in retrofit, revenue loss for carrying batteries
instead of cargo containers, possible extra times at terminals and possible need for speed reductions. Sailing
slower means less power requirements and, hence, less battery capacity required. Leading to the need for fewer
batteries onboard or less stops to swap them. However, this increases the sailing times. Therefore, it is not
straightforward what is the best ratio of vessel speed with required battery capacity.

The interrelation seen between the different components of the system and the complexity of some of their
attributes requires assumptions to be made in order to simplify the problem and be able to model it. For this,
battery capacity and Capex will be modelled as individual parameters per battery. Allowing to test a fleet of
batteries with different useable capacities to resemble a heterogeneous fleet of batteries ages and sizes. Docking
stations locations will be determined by the model given a set of possible locations with specified DS designs.
Different options can be assessed by inputting different scenarios. Vessels’ routes and power consumption will
be represented by the sailing profiles. The speed of the vessels and the effects of weather conditions will not
be directly modelled, the inputted sailing profiles (route and power requirement) can be changed to evaluate
different sailing speeds and power requirements per time step.

The scope of this research is limited to the logistic implementation of the exchangeable battery system and
therefore, no in detail evaluation of the shippers’ costs will be done. However, in chapter 5 the trade-off
between docking places on board and number of batteries is performed.

Finally, the implementation of the system proposed by ZES implies the sharing of the batteries and the infras-
tructure by the vessels. This adds logistic challenges to the problem as not only the docking station locations
need to be determined from the set of terminals, but the number of needed batteries and the deployment of
these batteries in the network, in order to fulfil the vessels’ power requirements, while matching the batteries
movement and vessels’ routes.
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3 Literature review of modelling transport electrification

The aim of this chapter is to provide a review of the models developed to tackle the main logistic challenges
that electrifying the transport have and to conclude on the applicability of these models to the particular case
of IWW shipping electrification.

Given the fact that, as far as this research concerns, there is no specific literature on optimisation models
for IWW shipping electrification, a literature review on other modes of transport was performed. Then a
comparison with IWW was made to determine the applicability and limitations of existing models to IWW
shipping. In particular, buses were chosen as the mode of transport to compare. The reasons for this are the
availability of literature and the similarity of bus road transport and IWW transport in terms of type of vehicles
and operations. Buses are large vehicles with higher power demands if compared to cars and have fixed routes
and schedules, like IWW vessels. Trucks could have been another option to compare, as they are also large
vehicles with relatively high demands of power, long routes and less stops than buses, similarly to IWW vessels.
However, literature on trucks electrification is also limited.

To perform this literature review Scopus and Science Direct were used to find suitable papers. The terms ‘buses’,
‘electrification’, ‘challenges’ and ‘model’ were used in different combinations. Moreover, backward snowballing
was used to expand the number of papers considered in this literature review.

The results of the literature review are structured starting with the challenges that electrifying buses transport
have and how these can also apply to IWW transport. Followed by a description of the models developed to
address these challenges for buses, discussing the possible applicability and limitations if implemented for IWW
vessels. Finally, conclusions are made on the need to develop a specific model for IWW shipping to analyse the
possibility of electrification with exchangeable batteries.

3.1 Logistic challenges of transport electrification

As mentioned before, in this subchapter, the logistic challenges that electrifying buses have will be described.
At the end of this section a parallelism of these challenges to IWW vessels will be done.

In the implementation of any innovation there are always challenges to overcome. In the case of buses elec-
trification these can be of many types, such as users’ reluctance to change and high implementation costs.
The reliability of the system becomes a key aspect to successfully implement buses electrification. For this, a
proper combination of charging infrastructure and batteries that provides a reliable energy supply to maintain a
stable operation, even under demanding conditions, is needed. [23] As study by many authors, securing system
reliability leads to logistic challenges to overcome.

The first challenge, regards the number and location of the charging infrastructure. [53][19] The strategic
location of charging stations is key for the system to properly work and for users to trust it. The charging
infrastructure will be in place in the network for many years. Therefore, the location decisions will also affect
tactical and operational decision for these charging stations.[18] Moreover, the large capital costs involved in
installing charging infrastructure, make the decision on number and locations of charging stations not straight-
forward. [19]

Apart from the location problem, decisions need to be made on the charging stations capacities and charging
regimes. The size or capacity of the recharging stations affects the transportation planning as stations cannot
serve more than their installed capacity. [19] Electric buses have higher power demands than electric cars,
and they operate under fixed routes and daily schedules, therefore subject to more constraints in relation to
where the charging infrastructure can be placed. [46] Moreover, a charging station can be fast or slow charging.
Standard charging is performed with a moderate charging power mainly in the bus depot overnight and during
longer brakes. [36] Charging schedules can be implemented in buses electrification, for example use overnight
charging to avoid the need of fast charging stations. [31] However, this causes a high battery capacity and a
high weight of the system, when the bus shall be operated the entire day. Fast charging on the track during
operation can reduce the battery capacity and therefore the weight significantly.[36] However, there is a trade-off
between charging speed/time and the damage to the battery, making this type of charging to have their own
limitations. [54] [19] To overcome this, battery exchange schemes/stations can be implemented. This avoids the
bus to be idle while recharging [31] as well as battery deterioration, as battery life can be extended by charging
at slower speed. [54] Some drawbacks of battery swap stations include the need of unified battery standards
among vehicles and stations. [19] Decisions on the station type will directly affect the charging times and will
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depend on the buses power demand, size of batteries,[19] the location of the stations, but also on the buses
schedules to see if their provide sufficient charging times at certain locations. [36] As it can be seen the charging
station design (size, power and type) and location decisions are interrelated, making it not trivial to decide
upon the best option.

The second main challenge of bus electrification regards the limited driving-range capabilities of the vehicles
which are restricted by the amount of electricity stored in their batteries. [19] This challenge has been address
by several authors, as it is a key barrier that reduces the attractiveness of bus electrification [31] and imposes
non-trivial additional constraints when designing efficient distribution routes. [19] Maximum battery capacity
is linked to technological limitations, but also to size, weight and cost limitations. Batteries can make up to
one-third of the total cost of an electric bus. [23] Therefore, a balance between battery capacity and range needs
to be made. The restriction in driving range imposed by the batteries to the buses, has also an impact on buses
schedules, as additional times and stops might be required to charge the batteries. [19] Again this problem is
linked to the charging infrastructure location problem.

When thinking of the possible challenges that the electrification of IWW vessels can have, a parallelism can
be drawn with some of the abovementioned challenges of buses electrification. For example, the charging
infrastructure location, number and design (size and power) will also be an issue with IWW vessels. Charging
stations, as in the case of buses, need to be in the route of the vessels, because their routes are fixed. Detouring
a vessel to go to a charging station outside its route is not economically feasible. The problem for IWW vessels
will have the added constraint that charging stations need to be at the terminals at which the vessels stop, near
the cranes for the loading and unloading of the batteries and need to have access to power grid and ensure land
availability. The challenge concerning the charging time will also be present in IWW vessels. In an optimal
operation the vessel should not have to be idle at a terminal longer than if sailing with diesel fuel. Therefore,
the system needs to provide either fast charging infrastructure to built-in batteries or available charged batteries
to swap if an exchangeable battery system is implemented. The possibility of overnight charging seems quite
infeasible as shipping is usually a 24/7 operation. Moreover, the challenge of battery range will also be present
in IWW vessel electrification. The power requirement of a vessel is huge in comparison with a bus, making the
need of either very large built-in batteries or sufficient swapping stations on the route a must for the system to
work. Additional vessels stops and extra times for charging or swapping batteries need to be minimised.

3.2 Models developed to overcome the logistic challenges of transport electrifica-
tion

In this subsection a selection of models developed to overcome the abovementioned logistic challenges that can
be found in literature for buses electrification will be reviewed. In the following subsection the applicability of
these models to IWW vessels will be addressed.

When looking into the researched models to address the logistic challenges for electrifying buses, it is usual to
find authors addressing more than one logistic challenge combined. In particular battery range restrictions are
usually used as a constraint to the problem.

Starting with the number and location of charging infrastructure challenge, the research performed by [18]
addresses this problem and proposes a mixed-integer problem decomposed in two subproblems. The first one
aims to solve the uncapacitated fixed charge facility location to find the optimal station location and the demand
of each station. Whereas the second one, aims at finding the optimal configuration of the localised charging
system, in particular the charger type and battery inventory. The problem is solved for a fleet of battery electric
buses and aims at minimising the total investments, by determining the needed number of swapping stations
and their locations and the demand assigned to each of them. The buses go to the swapping station from the
depot, meaning they do not need a swapping service on during the route. The main limitations of the model
are that it is assumed that a battery will be available at a station when a bus arrives, busses will only reach
swapping stations from depot, meaning they can finish their whole route without recharging their batteries and
swapping stations are assumed uncapacitated, meaning there is no limit of batteries the stations can charge
and no charging time. Moreover, the model solves the location of the stations and the demand assigned to each
station first, and then determines the number of needed batteries. Therefore, the interrelation between stations
number and location and the needed batteries is not modelled.

In this same line of research, [46] studied the optimal distribution of charging infrastructure for electric buses.
The model they developed is a mixed-integer linear programming (MILP) that aims to assess upscaling the
implementation of electric buses by identifying the optimal spatial distribution of charging infrastructure to

19



minimise costs and energy consumption. The model is based on balancing the energy at arrival of a stop as the
energy the bus had when leaving the previous stop minus the required energy to travel the distance between
stops. The main limitation of the model regards to the location of the charging stations being limited to starting
and end stops in the buses routes, meaning that the battery capacity should be enough to do the whole trip.

Another research which looks to the interaction of an efficient layout of the charging infrastructure and an
appropriate dimensioning of battery capacity is the one performed by [23]. The authors propose an advanced
mixed-integer linear optimisation model that solves a capacitated set covering problem to determine the number
and location of charging stations and the required battery capacity for each bus line, minimising costs and
without altering the original operational schedule. Some key aspects of the model proposed in this research are
the network perspective which allows to identify synergies when the charging infrastructure is shared by several
bus lines at once, the incorporation of the trade-off between battery capacity and charging infrastructure and
the nodal energy balance. One limit that this model has is that the charging time is limited to the time the bus
it at the stop.

To tackle the battery charging times challenge for buses electrification, research has focused on vehicle schedules
and battery reservation strategies to properly match the power demand from the vehicles with the available
resources (batteries). Research in this direction include the one done by [4], in which the authors find the
optimal location of the EV charging among the swapping stations available in the network. This is done by
scheduling the arrival of the buses at the swapping stations, and by determining the charging priority of the
depleted batteries at the stations. The scheduling allows to guarantee that a fully charged battery will be
available and ready to deploy when the vehicle arrives at the station. Therefore, there is no waiting time of
the bus for charging. The authors developed a time-discrete multi-objective optimisation algorithm to solve the
problem.

3.3 Conclusions & reflections of the application of existing models to electrify the
IWW shipping with exchangeable batteries

As it was mentioned before, as far as this research concerns, the application of exchangeable batteries to power
vessels has not been in depth researched before. Many questions need to be answered for such a concept to be
fully implemented on a large scale. Some of which regard the logistics challenges of the exchangeable batteries
and the docking stations. Despite some parallelisms can be drawn from studied problems on buses electrification
and the developed models to solve them, there are some peculiarities of the implementation of this concept in
inland waterways vessels which make the direct applicability of these models not possible.

For example, the extremely high costs of the needed batteries and docking stations for IWW vessels make
their optimisation a key aspect for the exchangeable battery concept to be economically feasible and, hence,
successful. Therefore, the interrelation between the both need to be considered when finding their optimal
number and location, contrary to what is suggested by [18].

Moreover, assuming a fully-charged battery is available at all times to be loaded on a vessel as proposed by [18]
is not realistic, as the needed charging times at the docking stations are not being considered. Docking stations
also have a limit amount of charging spots and, therefore, a limited charging capacity. [18] This is why the
time needed to charge batteries needs to be considered, in order not to overload the stations with batteries that
cannot be charged. Apart from this, it is not realistic to limit the charging time as suggested by [23], as the
batteries needed to power IWW vessels are very large, and the charging times are not neglectable. Battery level
is a key parameter that should be tracked so as to optimise the charging times and number of needed batteries.

Allowing the possible vessels to use exchangeable batteries only to those which power requirements are low
enough to be fulfilled with the power of batteries on board is a major limitation. [18] [46] The combination of
docking stations locations and batteries in the network should allow the fleet of vessels analysed to sail electric
regardless of the power requirement. If needed more docking stations should be placed in the system to swap
the depleted batteries for fully charged ones. Therefore, all vessels stops at terminals should be considered as
a potential docking station to allow possible batteries swapping in the route and not only on end terminals as
proposed by [46]. Finally, vessels’ routes and schedules are fixed making it not realistic for vessels to choose
the docking station at where to load/ unload the batteries according to the possible queue or battery charging
schedules as studied by [4].

Despite the abovementioned limitations for the applicability of the assessed models to IWW vessels, there are
some concepts developed by the authors that can be applied in the development of a new model for IWW
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shipping. In particular the cost minimisation perspective suggested by [18], [46] and [23] for the optimisation
of the exchangeable battery system is of interest for this research. Apart from this, the time-discrete modelling
approach developed by [4] is of relevance for this research. Developing a model with discrete time-steps to
represent the power requirements of vessels, their locations and the battery charge level seems reasonable.
Moreover, the nodal energy balance concept used by [46] and [23] has potential applicability. The battery
charge level needs to be determined at all times, therefore, a energy balance between time steps is needed.
Finally, the network perspective to develop a MILP as done by [23] is also of relevance for this research.
Finding possible synergies between the charging infrastructure, the needed batteries and the vessels will lead to
better results in terms of DS and batteries optimisation.

The table below summarises the assessed models and their limitations and potentials to their applicability to
IWW vessel electrification.

Table 3: Assessed models review: limitations and potential application to IWW vessels. Sources: [18][46][23][4]

In this research, the problem aimed at solving, requires to incorporate not only the swapping stations or docking
stations optimisation but also the battery optimisation. For which battery location and battery charge level are
two parameters that need be tracked at all times. Therefore, this research aims to extend the existing literature
and propose an optimisation model for the implementation of exchangeable batteries in IWW shipping in
order to minimise costs, by optimising the needed number and locations of docking stations and the number
of batteries, so as to satisfy a given demand of vessels, with their specific routes and power requirements.
For this, the following concepts of the assessed models will be used: energy balance, synergies possibilities by
using a network perspective of the system allowing batteries to be shared by vessels sailing in different routes,
time-discrete modelling and cost minimisation approach. [40]
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4 Method to analyse the exchangeable batteries distribution and
docking stations location for IWW shipping

In this chapter the method used to analyse the implementation of an exchangeable batteries system to IWW ship-
ping is explained. Starting by the description of the conceptual model that sates the model objectives, project
requirements, inputs and outputs and the assumptions and simplifications made. Followed by a subchapter
with the description of the optimisation model developed to assess the abovementioned system implementation.
In this subchapter the modeling concepts, the mathematical formulation, the model verification and validation
are explained.

4.1 Conceptual model for the implementation of exchangeable batteries and dock-
ing stations to power IWW vessels

A conceptual model is a specific description of the computational model that is been developed. [35] The
components of the conceptual model described in this chapter are the model objective, the project requirements,
the model inputs and outputs, the assumptions and the simplifications made.

In the figure below a general overview of the model with the inputs and outputs is shown.

Figure 9: Model overview

4.1.1 Model objectives

The model objective is to find the optimal combination of batteries and docking stations to successfully pro-
vide the required power to all vessels, minimising batteries and DS investment costs, in order to implement
exchangeable batteries to IWW shipping. To do so several scenarios are analysed varying: battery capacity,
docking spots on vessels and docking station power and docking stations spots.

4.1.2 Project requirements

• Time scale: the duration modelled needs to account for the longest round trip of the fleet of vessels
considered. For the case study of ZES the longest round trip is 61,5 hs corresponding to the vessel
Nijmegen Max.

• Flexibility: the model should allow to analyse different fleet composition (vessels with different routes
and power consumption), different corridors and terminal locations.
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• Scalability: the model should allow easy scalability to more terminals, more vessels and potentially more
time steps.

• Scenario analysis: the model needs to easily allow to analyse different input scenarios such as different
battery capacity, charging spots at docking station and their power, and docking spots in vessels. Moreover,
the model should allow to analyse DS locations at specific terminals. Therefore, the DS locations need to
be able to be fixed.

4.1.3 Model assumptions

Batteries

• Fleet composition: all batteries are assumed to be lithium-ion. Therefore, no heterogeneous battery
technologies is considered, for example a mix of hydrogen cells and lithium-ion batteries.

• Battery ageing and power losses: given the added complexity that modelling battery ageing will give to
the problem, and the fact that only a short period of time will be modelled, it was decided not to include
ageing directly. All the power losses and power variability due to use or temperature, as well as ageing,
are included in the maximum usable battery capacity. Each battery is modelled individually so different
scenarios with different capacities can be modelled to account for different battery ageing and charging
regimes.

• Battery capacity: as it was mentioned before, there is variability of the battery capacity due to different
factors such as the temperature and the charging regimes. This combined variability is not easy not
model. Therefore, an average value of usable battery capacity is assumed in the model. However, given
the relevance that battery capacity has as a restriction to the system, it was decided to model capacity
as a parameter that will allow to assess scenarios with different battery capacities.

• Batteries need to be fully charged before they are placed on a ship.

• A minimum battery level is set to avoid batteries to fully discharge and to keep a safety margin to account
for unforeseen events that might require larger power consumption from the vessel, than those stated in
the sailing profiles.

Docking stations

• The locations of the possible docking stations are limited to the terminals at which the vessels stop in
their routes. For the case study, the possible DS locations are at terminals that have been pre-identified
by the company. It is assumed that these locations can guarantee space and availability of connection to
the electric grid.

Vessels

• The sailing profiles (routes and power consumption) used for the study case are those given by the vessels
owners for an average day sailing on diesel fuel.

• Vessel speeds and distances are not modelled. These can indirectly be accounted for by altering the energy
consumption per time period of the sailing profiles (model input).

• The time the vessel stops at a terminal is enough to load or unload a battery. No extra time is considered
for swapping batteries at a docking station.

Others

• The only costs considered in the model are those for the batteries and docking stations Capex. In other
words, no operational costs are considered.

• The costs for vessels’ retrofit and shippers revenue losses for having fewer containers on board to accom-
modate the batteries are not considered.
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The reason for this is to reduce the complexity of the model, as introducing another variable to account
for used docking spots on board of the vessels will increase complexity and computational times. However,
analysing costs on shippers’ side is also of importance. Therefore, the number of needed batteries and
docking stations versus the number of docking spots on board will be analysed as a scenario in 5.

• The considered period of time for the model correspond to the longest vessel round trip of the fleet
modelled.

• A service level of 100% is considered, meaning all the vessels’ power demands need to be satisfied. The
model looks for the needed batteries and docking stations so that the whole fleet sails electric.

4.1.4 Model simplifications

• Running time is a huge limitation to the model, the selected time scale and time steps need to allow to
obtain results within reasonable time yet relevant to make conclusions. Therefore, the maximum number
of vessels model is limited to four and the vessels’ sailing profiles are simplified so as to describe the vessels’
routes and power requirements in a maximum of 24 time steps.

• The batteries are linearly charged/ discharged in time.

• The batteries supply energy to the vessel alternatively in each time step. Meaning, that if more than one
battery is on a vessel, at a time step p only one battery is used to power the vessel.

• Battery age and size heterogeneity, as well as, energy losses and battery degradation, are indirectly
represented by different maximum battery capacity.

• Vessels’ sailing profiles (sailing times and power consumption) are not changed due to external factors like
sailing speed, the weather or currents.
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4.2 Optimisation model development for the implementation of exchangeable bat-
teries and docking stations to power IWW vessels

In this chapter the optimisation model developed in this research is explained. Starting by a general explanation
of the model and the modelling concepts used, followed by the mathematical formulation of the model and its
verification and validation.

4.2.1 Model description & Modelling concepts

The problem that is aimed to solve in this research requires to develop an optimisation model for the exchange-
able battery fleet and docking stations locations. As explained in 1.2 is not possible to have a large fleet of
batteries available for vessels at all times. The problem needs to be modelled from the battery perspective, as
it needs to keep track of the batteries location and battery charge level in order to match them with the fixed
sailing routes of the vessels.

As the demand of vessels, including the sailing routes and the power requirements, as well as, the terminal
locations are precisely known, the model is optimised as deterministic. Moreover, given the nature of the
problem to model, discrete time representation comes as a straightforward representation of it. The vessels’
locations and power requirements, as well as, the batteries locations and battery charge levels can be easily
represented in hourly time steps. This makes it also easier to understand the outputs, as well as, to modify the
input values, which can be useful for the company later on.

Given the project requirements from the conceptual model stated in 4.1.2, the developed model needs to be
flexible and scalable. Therefore, it was decided to simplify the network and represent the terminals with
numbers. Then the sailing profiles of the vessels are adjusted so as to show in each time step their location (at
a terminal or sailing). In this way no specific node-arc representation is needed, allowing for the model to be
adapted and or extended to any other network.

In this research a mixed integer linear programming (MILP) model with discrete time is proposed to find the
optimal number of batteries and docking station number and locations to make the vessels demand be effectively
powered by electric energy. Formulating problems as MILP has the advantage that optimal solutions can be
found. [41] As all the equations that represent the problem of this research (objective function and constraints)
can be formulated in linear equations, this is the chosen method, which is solved by using the commercial solver
Gurobi.

4.2.2 Mathematical formulation

Sets
b∈B {1,2,3,. . . S} Set of batteries
v∈V {1,2,3,. . . ,M} Set of vessels
t∈T {1,2,3. . . T} Set of terminals
p∈P {1,2,3,. . . H} Set of time periods

Variables

nb =

{
1, if battery b is being used
0, otherwise

ut =

{
1, if terminal t is used as docking station
0, otherwise

xb,t,p =

{
1, if battery b is at terminal t at time p
0, otherwise

yb,v,p =

{
1, if battery b is on vessel v at time p
0, otherwise
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kb,t,p =

{
1, if battery b is being charged at terminal t at time p
0, otherwise

mb,v,p =

{
1, if battery b is providing energy to vessel v at time p
0, otherwise

lb,p Battery level of battery b at time p

Parameters

Terminals
cdst Capex for installing a DS in terminal t [€]
chpt Number of charging points of a DS installed at terminal t
pwt Power of each charging spot [kW]

Batteries
cbb Capex of battery b [€]
capb Maximum battery capacity of battery b [kWh]
mlv Minimum battery level charge required to be used in vessel
mlb Minimum battery level at all times to avoid batteries to be fully discharged (safety margin)

Vessels
spv,t,p Sailing route. If vessel v is at terminal t at time step p, then spv,v,p=1, and 0 otherwise.
pvv,p Power consumption of vessel v at time step p [kWh]
chvv Number of batteries that can be fitted in vessel v (docking spots)

Initial values

Lbb,0 Battery level of battery b at start of period (p=0)

Utb,t,0 =

{
1, if battery b is at terminal t at p=0
0, otherwise

Uvb,v,0 =

{
1, if battery b is on vessel v at p=0
0, otherwise

k0b,t,0 =

{
1, if battery b is at terminal t and is being charged at p=0
0, otherwise

m0b,v,0 =

{
1, if battery b is on vessel v and the battery is being used at p=0
0, otherwise

Others
M1 Large number
M2 Small number

Objective function

The objective is to minimise the total investment cost of the batteries and docking stations.

min

(∑
b∈B

nb.cbb +
∑
t∈T

ut.cdst

)
(1)

The first term of the objective function represent the battery investment costs (Capex) and the second term
the docking station the investment costs (Capex).
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Constraints

nb.M1 ≥
∑
t∈T

∑
p∈P/p>0

xb,t,p +
∑
v∈V

∑
p∈P/p>0

yb,v,p ; ∀b ∈ B (2)

ut.M1 ≥
∑
b∈B

∑
p∈P/p>0

xb,t,p.nb ; ∀t ∈ T (3)

1 ≥
∑
b∈B

mb,v,p ≥ pvv,p.M2 ; ∀v ∈ V ; ∀p ∈ P ; ∀p > 0 (4)

lb,p ≤ lb,p−1 +

(∑
t∈T

pwt.kb,t,p −
∑
v∈V

pvv,p.mb,v,p

)
; ∀b ∈ B ; ∀p ∈ P ; ∀p > 0 (5)

capb.nb ≥ lb,p ≥ capb.nb.mbl ; ∀b ∈ B ; ∀p ∈ P ; ∀p > 0 (6)

(yb,v,p − yb,v,p−1).mlv.capb ≤ lb,p ; ∀b ∈ B ; ∀v ∈ V ; ∀p ∈ P ; ∀p > 0 (7)

∑
t∈T

xb,t,p +
∑
v∈V

yb,v,p = nb ; ∀b ∈ B ; ∀p ∈ P ; ∀p > 0 (8)

xb,t,p ≤ xb,t,p−1 +
∑
v∈V

(yb,v,p−1.spv,t,p) ; ∀b ∈ B ; ∀t ∈ T ; ∀p ∈ P ; ∀p > 0 (9)

yb,v,p ≤ yb,v,p−1 +
∑
t∈T

(xb,t,p−1.spv,t,p) ; ∀b ∈ B ; ∀v ∈ V ; ∀p ∈ P ; ∀p > 0 (10)

∑
b∈B

xb,t,p ≤ chtt ; ∀t ∈ T ; ∀p ∈ P (11)

∑
b∈B

yb,v,p ≤ chvv ; ∀v ∈ V ; ∀p ∈ P (12)

kb,t,p ≤ xb,t,p ; ∀b ∈ B ; ∀t ∈ T ; ∀p ∈ P ; ∀p > 0 (13)

mb,v,p ≤ yb,v,p ; ∀b ∈ B ; ∀v ∈ V ; ∀p ∈ P ; ∀p > 0 (14)

xb,t,0 = Utb,t,0.nb ; ∀b ∈ B ; ∀t ∈ T (15)

yb,v,0 = Uvb,v,0.nb ; ∀b ∈ B ; ∀v ∈ V (16)

kb,t,0 = k0b,t,0.nb ; ∀b ∈ B ; ∀t ∈ T (17)

mb,v,0 = m0b,v,0.nb ; ∀b ∈ B ; ∀v ∈ V (18)

lb,0 = Lb0.nb ; ∀b ∈ B (19)

kb,t,p ≥ 0 ; ∀b ∈ B ; ∀t ∈ T ; ∀p ∈ P (20)

mb,v,p ≥ 0 ; ∀b ∈ B ; ∀v ∈ V ; ∀p ∈ P (21)

xb,t,p ∈ {0, 1} ; ∀b ∈ B ; ∀t ∈ t ; ∀p ∈ P (22)
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yb,v,p ∈ {0, 1} ; ∀b ∈ B ; ∀v ∈ V ; ∀p ∈ P (23)

nb ∈ {0, 1} ; ∀b ∈ B (24)

ut ∈ {0, 1} ; ∀t ∈ T (25)

kb,t,p ∈ {0, 1} ; ∀b ∈ B ; ∀t ∈ t ; ∀p ∈ P (26)

mb,v,p ∈ {0, 1} ; ∀b ∈ B ; ∀v ∈ V ; ∀p ∈ P (27)

Constraints 2 and 3 determine the usage of the batteries and the terminals as docking stations. Constraint
4 limits to one the number of batteries that can supply energy to a vessel at each time step. Constraint 5
determines the battery charge level at every time step. It also guarantees that the power requirement from the
vessel at each time step is satisfied. Constraint 6 bounds the battery level between the maximum capacity and
a minimum battery level to avoid batteries to fully discharge (safety margin). It also guarantees non-negative
values for the battery level. Constraint 7 sets a minimum battery level for the battery to be placed on a vessel.
Constraint 8 limits the battery location to either a terminal or on a vessel, whereas constraints 9 and 10 match
the vessels’ routes to the batteries. Not allowing for a battery to move in the network if it is not on a vessel.
Constraints 11 and 12 limit the maximum number of batteries that can be at a docking station and on a vessel
according to the number of charging and docking spots respectively. Constraints 13 and 14 force the battery to
be at a docking station to be charged and to be on a vessel to provide it with energy respectively. Constraints
15, 16, 17, 18 and 19 set the initial battery location, battery usage and battery charge level values. Finally,
constraints 20 and 21 set the variables to be non-negative and constraints 22, 23, 24, 25, 26 and 27 defines the
binary variables.

4.2.3 Model verification

To verify the model, this is to check if the model works correctly, two verification were performed. Starting
with a base model, different parameters were modified and the new results compared against the base model to
check if they were logical. Due to limitations given by large computational times, small scenarios needed to be
designed for the verification.

Base Model

The base model consists of a simplified network with seven possible terminals that can be potential docking
stations, three vessels, sailing different routes and a fleet of twenty possible batteries. A time period of 24 hours
with time steps of 1 hour is modelled. The initial locations of the batteries are two on each ship and two on
each of the possible docking stations. All the batteries are fully charged at p=0.

In the picture below the terminal locations are shown.

Figure 10: Model verification network

Verification 1: increase in the batteries capacities

Increasing battery capacity will lead to the need of fewer batteries in the system as the vessel’s autonomy
increases. Moreover, it should lead to the need of less docking stations. If the capacity increases so as to cover
the whole 24 hours modelled with one battery, the output of the model should be that only one battery is used
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for each of the vessels and no docking stations to recharge the batteries are needed. To run the first verification,
only the battery capacity was altered. It was increased from 2.000kW to 8.600kW.

Verification 2: increase in the number of docking spots in the vessels

If more docking spots are available on the vessels, it means that the vessels can carry more batteries and,
therefore, have larger autonomy. For this verification the number of docking spots was increased to four. Then,
twelve batteries were modelled, initially located on the vessels fully charged, plus fourteen batteries located at
the terminals (two in each terminal).

As the battery Capex is lower than the DS Capex, it is expected to have an output with more batteries and
less or even no DS used.

Verification outputs

In the table below the base case and the two verification outputs, as well as, the expected outputs are shown.

Table 4: Verification outputs

As it can be seen, the obtained results match the hypothesis made for each of the verifications. It can be said
that the model works correctly.

4.3 Model validation

The Proof of Concept (PoC) of the ZEEC implementation is used to validate the model, this is to check the
model is an accurate representation of the reality. The PoC was carried out with the first long term contract
that ZES has obtained. This contract is with the beer brewer Heineken and their transport operator CCT,
who have signed a 10-year contract for transporting beer emission-free from the terminal Alphen an der Rijn
to Moerdijk. [51] The sailing route is in the Zoeterwoude - Alpherium - Moerdijk corridor between the CCT
harbor in Alpherium and Moedijk. The trip is about 60km and takes approximately 6 hours.
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Figure 11: Sailing route of the Alphenaar (PoC). Source [50]

The vessel used for this route is the containership Alphenaar, with a 104 TEU capacity. This vessel sails about
12 hours a day and spends the other 12 hours loading or unloading. The energy consumption of a single trip is
2,1MWh, which is almost the energy a ZES-pack can deliver. [50]

During the time of this research, the Alphenaar was retrofitted in order to accommodate two ZES-packs. At
the same time, the first docking station was built in Alphen an der Rijn. [51] Moreover, three ZES-packs were
assembled for the PoC operation.

The company is aware that with the current sailing profile, the Alphenaar cannot sail fully electric the round
trip abovementioned if it only carries two batteries with useful capacity of 2MWh on average. Therefore, until
the battery capacity is not increased, the vessel will have to sail hybrid or adapt its sailing profile so as to reduce
power consumption, for example by sailing slower. It is, therefore, expected that the output of the model in
the validation will be infeasible for only one docking station, while a possible solution should be to have two
docking stations.

For the validation it was assumed that two batteries were available at time p=0 in the vessel, and two batteries
were at each of the terminals at which the vessel Alphenaar stops at in its route (terminals 3 and 6). All the
batteries were assumed to be fully charged at the initiation of the model run. The modelled time was 48 hs in
2-hour time steps.

The outputs obtained were the need of 2 batteries and 2 docking stations placed in Alphen aan der Rijn and
Moerdijk. As explained before the expected output of the model is to have two docking stations that will allow
the vessel to complete each one-way trip with the power of two batteries. Then the batteries are recharged
while the ship is at the terminal.

4.4 Summary

In this chapter the method used to analyse the implementation of the exchangeable batteries and docking
stations to electrify IWW vessels was presented. Firstly, the conceptual model is defined. The objective of the
developed model is to find the optimal combination of batteries and docking stations to successfully provide
electric power to a certain demand of vessels. For this, the inputs used for the model are the capacity and
Capex of the batteries, the DS design and Capex, the vessels’ sailing profiles and docking spots on board and
the network represented by the terminals in the routes of the vessels. The outputs of the model are the needed
batteries and docking stations, specifying the DS locations and the battery charge level, location and use at
all times. To develop the model some project requirements needed to be considered which are the time scale,
flexibility, scalability and scenario analysis. Some of the most relevant assumptions and simplifications made to
conceptualise the model are that the battery capacity is modelled as a fix parameter per battery and that no
ageing or power loss are modelled. Different battery capacities can be modelled by inputting different values to
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the batteries of the fleet available. Moreover, the batteries are modelled to be charged and discharged linearly.
Apart from this, vessels’ speeds are not directly modelled, neither changes in sailing profiles due to external
factors such as weather. Alterations on the vessels’ speed can be introduced by changing the sailing profiles.
Finally, the only costs considered in the model were the batteries and docking stations Capex.

The optimisation model developed is a time-discrete mixed integer linear programming model with deterministic
inputs. The network used as input for the model is simplified so as to be easily scalable and flexible to be adapted
to other networks. For this the terminals that are part of the vessel’s routes are numbered, and the sailing profiles
are written so as to fit with this numbered terminals.

The model is verified for two cases against a base case of three vessels sailing routes using seven different
terminals, with two fully charged batteries available at every terminal and on the vessels at p=0. The first
verification varies the battery capacity and the second one the number of docking spots on the vessels. In the
first case very large battery capacities are given as inputs and in the second four docking spots are set per vessel
instead of two. The results obtained in both cases were coherent with the hypothesis. For the first verification
only one battery per vessel was required and no docking stations, whereas, in the second verification, more
batteries but less docking stations are needed.

Finally, the model is validated using the PoC developed by the company. After running the model with the
inputs of the PoC, the results obtained showed, as expected, that two docking stations and two batteries were
needed to satisfy the power requirements of the vessel.
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5 Application of exchangeable batteries distribution and docking sta-
tion location optimisation model for IWW shipping

5.1 Model implementation

There are many programs in which the MILP can be developed and implemented. For this research, Python
was the language used for the programming and Spyder the program to run the code. Moreover, as mentioned
before the optimiser Gurobi was chosen as the solver for the optimisation problem.

Given the amount of binary variables that the model has, computational time is an issue when solving the
optimisation problem. Though Gurobi has very fast solvers as it first reduces the size of the problem using a
pre-solver, the running times proved to be an issue for the modelled problem when more than four vessels and
24 time steps were modelled. For this reason, analysing the whole fleet of vessels of the first scale-up phase was
not directly possible.

Therefore, it was decided to firstly analyse numerical experiments with fictitious sailing profiles with which
to prove the main opportunities that the optimisation model can bring to the system. For this, three key
performance indicators (KPIs) were defined: number of batteries per vessel, DS per vessel and investment cost
per vessel. The sailing profiles are designed so as to show the possible gains that can be obtained in each case.
Though the profiles are not real they attempt to be as realistic as possible. For this, a consistent network
of locations and connections was considered with vessels sailing closed-loop routes. Moreover, the sailing and
docking times tried to resemble the case data. The specific assumptions used will be further explained in 5.2.1.

The idea is to analyse how increases in the demand for zero emission vessels affect the different KPIs for two
scenarios, the same corridor and multiple corridors. Moreover, the impact of battery capacity variations, docking
stations design (number of charging spots and power of each charging spot) and number of docking spots on
the vessels, will also be assessed. Secondly, experiments will be run with the real sailing profiles simplified and
adapted to fit in 24 hours to see to what extend the KPIs changed in real-life cases. For this the ZES case study
is presented.

5.2 Numerical experiments

As mentioned before, firstly numerical experiments will be run with fictitious sailing profiles. In the next sub-
chapter the designed network with its terminals, sailing routes and vessel power requirement will be explained.
Following this comes the scenario analysis. This analysis will be done following the methodology explained in
1.4. Starting by the definition and construction of the scenarios. Firstly, a base cases that will be used to
compare the other scenarios is introduced and the four scenarios that will be analysed are described. Then, the
model is run with each scenario and the results are analysed. The subchapter finalises with the discussion of
the obtained results.

5.2.1 Network & sailing profiles

The fictitious sailing profiles were build in order to show the potential that the model can have in terms
of battery and docking station number and location optimisation. Though fictitious, these profiles tried to
resemble a logical sailing profile of a real vessel of the case study. Meaning that the following considerations
were made when building them:

• 24/7 operation: not allowing a vessel to use the batteries during the day and another during the night.
This is the sort of operation the case study container barges have;

• Sailing times larger than times at terminals;

• Total power consumption per trip between terminals similar to real profiles of the vessels (see B);

• Closed-loop routes;

• Round trips shorter than the 24 hours modelled so as to guarantee that the battery at the end of the time
period is enough to start a new trip.
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A network of five terminals and vessels with four different routes were considered as it can be seen in the figure
below.

Figure 12: Fictitious routes

• Route A (red): T1 - T2 - T3 -T2 -T1

• Route B (green): T1 - T3 - T4 - T1

• Route C (orange): T2 - T5 - T2

• Route D (blue): T1 - T5 – T1

With the abovementioned considerations and network the following profiles were designed.

Table 5: Fictitious sailing profiles
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5.2.2 Base Case

The aim of the base case is to have reference values to which to compare the outputs of the different scenarios.
For each vessel a base case is modelled. The following assumptions and considerations were made for the base
case inputs:

• All vessels will be modelled considering the same time horizon of 24 hours;

• The time step is 1 hour;

• Fully charged batteries are available on the vessels and on the terminals of the vessel’s routes at the
beginning of the first time period (p=0);

• Every terminal of the route of the vessel is a possible docking station with 2 charging spots that provide
1.000kW each;

• Battery capacity: 2.000kWh/battery;

• Battery capex: 955.500€/battery;

• Docking station capex: 1.350.000€/DS;

• The minimum battery level to be place on a vessel is 100% and batteries should have at least a 10% of
battery level at all times.

5.2.3 Scenario 1: increase in number of vessels

In the first scenario the vessels’ demands will be modified. Firstly, one single route will be considered. The
model will be run for one up to four vessels of the same characteristics and sailing profiles. The sailing profile
chosen for this test is the sailing profile A. This sailing profile was selected because it visits three terminals and
also has the largest power consumption per sailing period. This led to the best results in terms of battery per
vessel and cost per vessel reduction with vessel demand increase, compared to sailing profiles B, C and D. To
simulate the added demand (more vessels with the same profile) the profiles are offset one of the other every
6 hours. The second scenario considers all routes. In this case, four vessels with different routes and sailing
profiles were modelled, one per corridor. All the other parameters will be kept as explained for the Base Case.

The idea of this scenario is to show the reduction of batteries per vessel and docking station per vessel when
vessel demand increases. Therefore, to show the benefit in terms of Capex, of having shared batteries between
vessels instead of assigned batteries to each vessel.

5.2.4 Scenario 2: capacity variations of batteries

For the second scenario variations in battery capacity are implemented for the whole battery fleet for a vessel
demand of 3 vessels, sailing the profile D (see table 5). As mentioned in 2.3.1 it is expected that battery capacity
will increase over time, leading to larger sailing ranges. Therefore, it is very relevant to analyse how battery
capacity increases might affect the model outputs.

An increase in the battery capacity will have an impact on the needed number of batteries but also can affect
the possible docking station locations, as the larger the power the batteries can supply the larger the vessel
autonomy and the less docking stations are needed. On the other hand smaller batteries are cheaper, therefore,
it might be of interest to have more smaller batteries if vessels do not require so much power.

The values of the different battery capacity and Capex analysed in each case of this scenario are shown in the
table below. The values were provided by the company. All the other parameters will be kept as explained for
the Base Case.
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Table 6: Batteries capacity and Capex. Source: ZES internal meeting

5.2.5 Scenario 3: number & capacities of charging spots in Docking Stations

The base case is run assuming all docking stations to be equal as the one being built for the Proof of Concept
at Alphen aan der Rijn. However, depending on the actual demand of charging spots and power, the DS could
be larger or smaller. Therefore, several scenarios varying the DS design (number of charging spots and power
per spot) are analysed. The different DS designs will also imply different Capex. This scenario can be useful to
assess possible trade-offs between number and size of the docking stations.

The values analysed in each case of this scenario are shown in the table below, the different docking stations
possibilities have different Capex. A demand of three vessels sailing the profiles A, B and C was considered.
All the other parameters will be kept as explained for the Base Case.

Table 7: Docking stations charging spots, power and Capex. Source: ZES internal meeting

A fifth and sixth case of this scenario were run considering a combination of docking stations designs of two
charging spots with 1.000kW and two charging spots of 500kW. Firstly the number of needed DS and charging
times of each DS is determined for the first scenario (two charging spots of 1.000kW) then smaller DS are set
as input parameters for those stations with less charging demand.

5.2.6 Scenario 4: number of docking spots on board of vessels

As mentioned in 4.1.3, the vessels’ retrofit costs and revenue loss for carrying batteries instead of cargo are not
considered in the model. To analyse the total system costs of implementing the exchangeable batteries system
these costs need to be accounted for. Therefore, different scenarios with different number of docking spots on
vessels will be analysed. All the other parameters will be kept as explained for the Base Case.

The idea is to determine the optimal number of batteries and docking stations to have the least total costs,
including the vessels retrofit costs and profit loss for carrying batteries instead of cargo, which are determined
by the number of docking spots. Cases with two and three vessels sailing the profile D will be compared. A
fully charged battery will be placed per docking spot in the vessel at p=0.

5.2.7 Results

In this subchapter the obtained results for the Base Case and the different scenarios will be shown and discussed.
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Base Case

Table 8: Base Case results for the fictitious sailing profiles

Scenario 1: increase in number of vessels

The obtained results for this scenario are shown in the tables below for both cases, same route and different
routes. In the second table the results are presented as follows. For each vessel demand, the first column are the
summed results of the independent sailing profiles (as in the base case). The second column shows the results
of the combined case.

Table 9: Results of Scenario 1: increase in demand in the same route for the fictitious sailing profiles

Table 10: Results of Scenario 1: increase in demand in different routes for the fictitious sailing profiles
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In both cases, an increase in demand in the same corridor and in different corridors led to a decrease of needed
batteries and docking stations per vessel. This is due to sharing of batteries and infrastructure. In the case of
the same corridor, the need for batteries for only one vessel is very high, but as soon as more vessels of the same
type sail the same route, battery sharing occurs, reducing the needed number of battery per vessel significantly.
Every time a new vessel is added to the route, the battery per vessel requirement decreases steadily.

For different routes, a decrease of batteries per vessel can be seen when comparing to the sum of the sailing
profiles independently (as in the base case). The decrease depends on the routes that have been shared. The
decrease is also not constant, as the different routes combinations do not allow the sharing in all terminals.
Regarding the DS per vessel only for the combined case of profiles type A, B, C and D, a decrease in needed
DS is seen compared to the scenario of summing the independent profiles.

As for the investment cost in batteries and DS per vessel a decrease is seen in both cases as demand increases.
Showing that a better scenario in terms of Capex can be obtained if more vessels use the installed infrastructure,
as benefits from synergies between the routes can be reached.

Scenario 2: capacity variations of batteries

The obtained results for this scenario are shown in the tables below for the same route.

Table 11: Results of Scenario 2: battery capacity variations in the same route for the fictitious sailing profiles

It can be expected that an increase in battery capacity will lead to a reduction on the total number of needed
batteries per vessel. However, this depends on the case as larger battery capacity can lead to less docking
stations, maintaining the number of batteries. This is the case for a fleet of batteries with 3.000kWh the same
number of batteries but less docking stations than with 2.000kWh is needed. This reduction however, does not
lead to a benefit in terms of costs per vessel, as the increase in battery cost per unit does not compensate the
reduction in docking stations costs. Despite the above, a scenario like this can be of interest as one less docking
station will also mean less operational costs (which are not included in the model, but need to be assessed) and
more income to that one station, as all batteries need to be charged there.

For the case of a battery capacity decrease, one more battery is needed but the same docking stations. Given
the cost reduction of the smaller battery, this scenario is better than the original in terms of costs. Regarding
the shared batteries not a significant difference is seen between the scenarios.
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Scenario 3: number & capacities of charging spots in Docking Stations

The obtained results for this scenario are shown in the tables below for the different routes.

Table 12: Results of Scenario 3: docking stations design variations in different routes for the fictitious sailing
profiles

It can be seen that when changing all the docking stations types for two charging spots of 1000kW, one charging
spot of 750kW and one charging spot of 1.000kW, no result is feasible. Meaning that the charging infrastructure
considered cannot satisfy the charging demand of the battery fleet.

To design the fifth and sixth cases, the charging demand required for the DS of the first scenario (two charging
spots of 1.000kW) was determined and two of them were significantly less demanded than the other three
(stations in T1 and T4). Then, these two stations were set with a smaller design. The results obtained do
not show an improvement in both cases in terms of cost per vessel, batteries per vessel or docking stations per
vessel. However, it can be of relevance to assess this scenarios as smaller DS will have fewer operational costs.

Scenario 4: number of docking spots on board of vessels

The obtained results for this scenario are shown in the tables below for the same route for two and three vessels.

Table 13: Results of Scenario 4: number of docking spots on board variations for 2 vessels sailing same fictitious
route
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Table 14: Results of Scenario 4: number of docking spots on board variations for 3 vessels sailing same fictitious
route

The results of the fourth scenario show that no significant improvements are obtained when adding more docking
spots on board. In the case of a two vessel demand on the same corridor adding one more docking spot on board
of the vessels leads to a trade-off of less DS but more batteries, that leads to a reduction of the total investment
cost per vessel. However, as mentioned in 2.3.3, more docking spots on board mean larger retrofit costs and
more revenue loss for carrying batteries instead of cargo containers. Therefore, the improvement found needs
to be compared against this cost increase on the shippers side. Very likely it will not compensate the retrofit
and revenue loss costs.

In the case of three vessels on the same corridor no benefit is observed when increasing the number of batteries
on board as this does not compensate the need for the investment in two DS. For both cases, a reduction in
docking spots on board made the model not feasible, meaning that there is no possible combination of charging
infrastructure and battery fleet that to guarantee electric sailing for the vessels.
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5.3 ZES study case

As mentioned before, the developed model will also be implemented to the real case of ZES to assess what possible
synergies can be obtained regarding the charging infrastructure and the batteries needed. This subchapter starts
with a brief description of the case study, which includes the expected vessel demand, sailing profiles and the
used network representation. Followed by the scenario analysis, results and discussion.

ZES is a start-up company, whose main stakeholders are the Port of Rotterdam, Engie, ING and Wärtsilä.
It has received a subsidy of the Dutch government to develop and implement a new energy concept for IWW
shipping based on exchangeable batteries (ZEEC). ZES relies also on the support of a large shipper, in this case
Heineken, who has signed a 10-year contract with the company for the transport of beer from the brewery in
Zoeterwoude, via the inland shipping terminal Alpherium to Moerdijk.

The modular batteries, called ZES-packs, were designed to fit in a 20ft containers and are used to provide the
vessels with electric power. The batteries are charged at docking stations, where they could also be used to
provide grid stabilisation when used for the FCR market or used as generators for other business opportunities,
for instance, at building sites or festivals.

The first ZES-packs designed by the company were assembled during the first months of this research and are
the ones currently being used by the Alphenaar, Heineken’s vessel. These ZES-packs were built with lithium-
ion batteries and they can provide an average usable energy of up to 2MWh, allowing an approximate 100km
shipping range for vessels, or two hours of sailing efficiency. [49] During this research, the first docking station
was built in Alphen aan den Rijn and the Alphenaar vessel was retrofitted, in what constitutes the Proof of
Concept phase of the ZEEC implementation.

5.3.1 Vessel demand

The vessel demand of the case study of this research is the one estimated by ZES for the first scale up phase
of the exchangeable batteries system implementation. It involves seven vessels sailing in four corridors, namely,
the Groene, Oost Brabant, Noord Nederland and Maas corridor. The corridors with the terminals that are
current stops of the mentioned vessels are shown in the map below.

Figure 13: Scale-up phase 1 corridors and terminal locations.
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Vessels’ sailing profiles
The sailing profiles were provided by the shippers (see Appendix B for the detailed sailing profiles). These
include the vessel location, power consumption when sailing and the time to sail from one terminal to another.
The sailing profiles had to be adapted in order to fit the layout of the inputs for the model. Firstly, the locations
and power consumption were written per the defined time step. Then, the locations were rewritten with the
terminal numbering described in 5.3.2. When the vessel is sailing then the location is 0.

As the routes of the real-life vessels are quite long, and the model running times restrict the maximum time
steps to 24, it was decided to adapt the sailing profiles with time steps of 2 hours. In this way, 24 time steps
represent 48 hours of sailing time. Some adjustments and simplifications had to be done to fit all the profiles in
the abovementioned template. For example, if a vessel power requirement was of 3.280 kWh for a sailing time
of 10 hours, and it was assumed a 2-hour time step, then the power requirement per time step is 656kWh.

The figures below show the vessels’ main characteristics and their routes.

Alphenaar & Gouwenaar

Figure 14: Alphenaar & Gouwenaar characteristics and route.

Nijmegen Max

Figure 15: Nijmegen Max characteristics and route.
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Sendo Mare & Sendo Nave

Figure 16: Sendo Mare & Sendo Nave characteristics and route.

Den Bosch Max Groen & Den Bosch Blauw

Figure 17: Den Bosch Max Groen & Den Bosch Blauw characteristics and route.

5.3.2 Network representation

As mentioned in 5.3.1 the vessel demand for the first scale-up phase sails in four corridors. These vessels have
currently nine terminals as stops in their sailing profiles. In these locations ZES determined it was feasible
to place the docking stations. However, it is expected to have different space availability, accessibility to the
electric grid and distance to the mooring docks for each terminal. Though these aspects will not be modelled,
they need to be considered in future analysis as different locations will have different capital and operational
costs. For the model inputs, the terminals were represented by numbers, as shown in the figure below.
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Figure 18: Study case scale-up phase 1 network representation

5.3.3 Scenario analysis

The same scenarios as presented in 5.2 were implemented for the study case of ZES with the abovementioned
sailing profiles and routes. Firstly, the independent vessels are modelled to set up the base cases against which
the different scenarios will be compared.

Base case:

The input assumptions made for the base case are:

• All vessels will be modelled considering the same time horizon of 48 hours;

• The time step is 2 hours;

• Fully charged batteries are available on the vessels and on the terminals of the vessel’s routes at the
beginning of the first time period (p=0);

• Every terminal of the route of the vessel is a possible docking station with 2 charging spots that provide
1.000kW each;

• Battery capacity: 2.000kWh per battery;

• Battery capex: 955.500€ per battery;

• Docking station capex: 1.350.000€ per DS;

• The minimum battery level to be place on a vessel is 100% and batteries should have at least a 10% of
battery level at all times.

Scenario 1: increase in number of vessels

For the vessel demand increase the same corridor and sailing profile of the DB Max was used and an increase from
one to four vessels was performed. Moreover, a combination of four vessels sailing the Alphenaar, Gouwenaar,
DB Max Blauw and DB Max Groen was done. The reason for selecting these vessels is that this combination
allows to see the benefits of the optimisation by sharing infrastructure and or batteries, while complying with
the limitation of modelling maximum four vessels due to computational time restrictions.
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Scenario 2: capacity variations of batteries

Battery capacity variations were modelled to analyse the changes of batteries and docking stations required for
four vessels sailing the combination routes of the Alphenaar, Gouwenaar, DB Max Blauw and DB Max Groen.
The values of battery capacities and corresponding Capex used for the scenario, are those of table 6.

Scenario 3: number & capacities of charging spots in Docking Stations

For the changes in DS design the combined sailing of four vessels with the Alphenaar, Gouwenaar, DB Max
Blauw and DB Max Groen routes was used. Then different DS designs, charging points and capacity, were
studied. The DS designs used for the cases of this scenario are those shown in table 7.

Scenario 4: number of docking spots on board

A reduction and increase in docking spots on the vessels were performed for the case of four vessels with the
Alphenaar, Gouwenaar, DB Max Blauw and DB Max Groen routes. A fully charged battery is considered per
docking spot in the vessel at p=0.

5.3.4 Results

Base case:

The table below shows the results obtained for the individual vessels.

Table 15: Results of the Base Case for the case study

Scenario 1: increase in number of vessels

The table below shows the results obtained for vessel demand variations for the same sailing profile and for a
combination of profiles. For the second table, the first column shows the summed results of the independent
sailing profiles (as in the base case), whereas the second column shows the results of the combined profiles.

Table 16: Results of Scenario 1: increase in demand for the same sailing profile for the case study
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Table 17: Results of Scenario 1: increase in demand for the different sailing profile for the case study

As it can be seen in table 16 a reduction of costs per vessel is gained as demand increases for the DB Max vessel.
Deploying a second DB Max vessel (column 2) results in an increase in batteries per vessel but in a reduction
in DS per vessel. This can be of interest as for a first stage might be more convenient to invest in one DS and
more batteries and then expand to one more DS once more demand is guaranteed (columns 3 and 4). From two
to four vessels the increase in demand represented a reduction of both, batteries and DS per vessel.

In the case of combining the sailing profiles of the four vessels, a total Capex reduction per vessel was observed
if compared to the sum of the individual vessels. Moreover, a trade-off of one less DS but one extra battery is
seen.

Scenario 2: capacity variations of batteries

The table below shows the results obtained for battery capacity variations for a combination of profiles.

Table 18: Results of Scenario 2: capacity variations for the case study
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A reduction in battery capacity proved to be unfeasible for the combination of vessels. Both capacity increases,
to 2.500kWh and 3.000kWh, proved to require less batteries and less docking stations than the base case.
However, for an increase of 3.000kWh the cost per vessel is slightly larger than for 2.000kWh. These results
should be further analysed to determine the strategic investment decisions, as reducing one docking station
signifies less operational costs that were not considered in the model.

Scenario 3: number & capacities of charging spots in Docking Stations

The table below shows the results obtained for different DS designs for a combination of profiles.

Table 19: Results of Scenario 3: DS designs variations for the case study

For all the assessed DS designs one less battery but one more DS were needed compared to the base case. From
costs perspective the DS design with one charging point of 750kW of capacity is the most optimal. However, it
is important to consider possible further vessel demand increase or expansion to other routes to decide which
option is the most suitable, as charging infrastructure will remain in place for many years.
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Scenario 4: number of docking spots on board

Table 20: Results of Scenario 4: number of docking spots on board variations for the case study

Finally, regarding variations in docking spots on board of the vessels, an unfeasible model is obtained when
a reduction to 1 docking spot is modelled (first column of table 20). If more docking spots are available, the
results show an improvement in terms of DS per vessel. This is an expected result, as DS Capex is larger than
battery Capex. When more docking spots are available on the vessel the more battery capacity can be carried
and less stops at DS are required.

Again, it is relevant to mention that more docking spots on the vessels mean higher retrofit costs and revenue
losses on the shippers’ side. Therefore, these results need to be further analysed to determined the optimal
solution for the whole system.

5.4 Discussion & reflection

The aim of this research was to develop a model to help assess the implementation of exchangeable batteries
to IWW shipping. After applying the developed model to a set of fictitious sailing profiles and to the case
study profiles, the obtained results showed the optimisation opportunities and possible synergies that can be
achieved when vessels share the batteries and charging infrastructure. Four scenarios were analysed and three
KPIs (batteries per vessel, DS per vessel and Capex per vessel) were defined, in order to show the optimisation
potential of the model.

Concerning the obtained results, it is difficult to determine a priori which combination of initial values will
bring the best solution. However, it is clear that demand increase with the same sailing profile results in the
highest battery reductions per vessel. When combining routes, the results are more unpredictable and they
largely depend on which terminals are shared by the vessels’ routes, as these are the battery exchange points.
Battery capacity variations did not show great improvements for the need of batteries per vessel and only
a small improvement in DS per vessel for batteries of 3.000kW. Despite this reduction in DS per vessel, as
larger batteries are more expensive, less DS do not compensate for the increase in investment costs per vessel.
Regarding the third scenario, a combination of DS designs were the only feasible cases for the fictitious profiles.
However, they did not prove to have better results than the base case. Nevertheless, analysing different designs
can be of relevance as smaller DS will have less operational costs. As for adding docking spots on board of the
vessels, despite it might lead to less DS, further analysis on the shipper’s costs side is needed to determine if
the gain is relevant for all stakeholders.

In general, better results in terms of batteries’ reduction per vessel were found with the fictitious sailing profiles
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than with the real study case ones. This can be expected as the former were built in order to show most of the
model potential while trying to resemble the real profiles as much as possible. In real life, it can be expected to
have fewer synergies.

It is important to notice that the results highly depend on the sailing profiles, which for the case study were
provided by shippers based on average consumption of diesel. Changes in speed, as well as, changes in weather
conditions, can alter the power consumption and trip duration, which may affect the results. Moreover, it needs
to be checked beforehand whether the power requirement of the vessels between stops (at terminals) is larger
than the maximum usable capacity of the batteries on board. If this is the case, then the model will not be
feasible. Therefore, proper analysis of the sailing profiles is needed. Scenario analysis should be performed for
the worse, average and best cases of power consumption in order to assess the impact of variations. This will
allow to properly adjust the safety margin, to avoid the risk of running out of battery power while sailing.

It is also worth mentioning that the results were obtained for a reduced sample of vessels routes and sailing
profiles combinations with a limited time horizon. Though the round trips were significantly different, all these
vessels are container barges with relatively similar characteristics in terms of power consumption, sailing times
and time at terminals. It can be expected to obtain different results if other vessels types are analysed. Whether
these results are better or worse in terms of battery sharing and infrastructure requirement will depend on the
sailing profiles, power consumption and terminals at which the vessels stop.

As mentioned in chapter 3, at the time of writing this thesis, no studies were published concerning the imple-
mentation of an exchangeable battery system in IWW shipping. This research can be considered as the first
step to investigate this promising zero-emission concept, as it contributes to help assisting the strategic decision
of the system implementation from a logistics perspective. Through the analysis of different scenarios with
different input parameters, information that can be useful to build a business plan can be obtained. Some of
the questions that can be answered with the model developed in this research are:

• Where to locate the docking stations for a certain vessel demand (with specific routes and power require-
ments)?

• How many batteries and docking stations are required if a new vessel is added to the system?

• How does vessel demand increase affect the location of the needed DS? This can help assist the decision
of which DS to build first if a certain demand increase is expected.

• Which is the best design (number of charging spots and power of each spot) for each docking station?
Scenarios can be modelled with different designs and combinations of them to obtain the best results.

• How does battery capacity variations affect the need for more batteries and docking stations? A hetero-
geneous fleet of batteries in terms of usable capacity can be modelled. In this way, future year scenarios
can be run modelling battery ageing for the batteries that have been longer in the system.

• How do more docking spots on the vessels affect the number of needed batteries and docking stations?
Running scenarios with a different number of docking spots on the vessels can also help assess the impact
on the shippers’ side, in terms of retrofit costs and revenue loss.

The business plan can be used to encourage stakeholders to invest in the new energy concept, governments
to give subsidies for the unprofitable years, policymakers to introduce new policies to encourage the adoption
of greener systems in IWW shipping, and shippers to trust the system and invest in vessel retrofit. However,
there are several other aspects that need to be considered for the implementation of the exchangeable batteries
system, like the costs that shippers will incur, which will be further discussed as the limitations to the research.

Limitations

Several assumptions and simplifications were made to develop the optimisation model, which are limitations to
this research.

First of all, the model aims at minimising the investment costs for the batteries and docking stations, leaving
outside the operational costs and other costs like vessel’s retrofit. This limitation needs to be considered
especially when comparing scenarios. An output that shows a reduction of cost per vessel does not necessarily
mean a better output for the system if the other costs are not properly assessed.

Another limitation is that the sailing profiles need to be built in such a way that more than a round trip is
considered. This is to avoid finishing the run of the model with no power on the vessel and no available battery
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at the terminal to start a new trip. If the model is improved and can be run for more time-steps, this limitation
can be overcome, by modelling a couple of round trips per vessel. Moreover, the sailing profiles need to be built
making sure that the maximum usable power of the batteries on board is enough to sail from one terminal to
the other. If this is not the case, then the sailing profile needs to be adapted. For instance, by reducing the
sailing speed. This will reduce the power consumption but also alter the sailing times.

Finally, the battery capacity was modelled in a simplistic way. A fixed number of maximum available battery
capacity was used per battery and a linear charge/ discharge was considered. In a real-life setting, neither
of these assumptions are representative, and under certain circumstances, the available capacity can be lower
than the one modelled. Moreover, the vessels’ power consumptions were assumed fixed per time step using an
average consumption. This is also not realistic, as weather conditions, waves, wind, among other factors modify
the speed and power requirement from the vessel. These limitations were considered in the model through a
minimum battery level at all times that worked as a safety margin.

5.5 Summary

In this chapter the developed optimisation model was utilised to (a) run on experimental sailing profiles and
(b) simulate a simplified case study for ZES. The reason for this is that the high computational times do not
allow the evaluation of more than four vessels and 24-time-steps in a reasonable time. The fictitious sailing
profiles used to perform the scenario analysis were defined so as to show the potentials of the model in terms of
optimisation of batteries and docking stations while remaining close to reality. In total, four different scenarios
were evaluated:

• Increase in the number of vessels for a single route and for a combination of routes;

• Variations in the usable battery capacity;

• Variations in the DS design: number and power of the charging spots;

• Variations in the number of docking spots on board of the vessels.

For the first scenario, a reduction in the needed batteries per vessel and DS per vessel was observed when more
vessels sailed the same route and when different vessels were combined in different routes. These results show
the interactions that occur when more than one vessel participates in the exchangeable batteries system, as
shared batteries and charging infrastructure occurs.

For the second scenario, an increase in battery capacity did not show a reduction in the number of batteries
needed. However, for the largest batteries, a decrease in DS needed was seen. This shows how the interactions
of the system components do not lead to straightforward conclusions. In the case of battery reduction, more
batteries were needed in the system. However, due to the reduction in Capex of these batteries, a better cost
per vessel ratio was found for this case.

The third scenario showed that smaller DS designs were not feasible if all terminals were set with the same
design for the fictitious sailing profiles. However, when a combination of DS designs was implemented, the
model was feasible but no improvements were obtained in terms of costs, DS and batteries per vessel.

Finally, in scenario four, no significant improvements were obtained with the increase of docking spots on board.
It is also important to mention that, the overall cost needs to be considered when assessing this scenario, as the
vessel retrofit cost and loss of revenue on the shipper’s side is not included in the model.

After running the experimental scenarios, they were applied to the ZES study case for simplified sailing profiles
and a brief combination of vessels. Despite the results have their limitations, the optimisation opportunities can
be seen for the four scenarios, showing the potential of the model to assess strategic and commercial decisions.
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6 Conclusions & Recommendations

6.1 Conclusions

The main goal of this research was to assess the logistic side of the implementation of an exchangeable battery
system to IWW waterways. The main components of the system (batteries, docking stations and vessels) need to
interact in such a way that the power supply to vessels is guaranteed and the system is reliable. The interactions
between the charging infrastructure, the depleted fleet of batteries and the vessels need to be combined in one
model, which optimises the number of batteries and the number and location of docking stations. It is not
trivial to determine beforehand the optimal result when, for instance, vessel demand increases or the battery
capacity changes. Therefore, it is important to assess several scenarios independently. Multiple iterations might
be required to obtain the input combination that leads to the most optimal results.

In this chapter, the conclusions of this research are summarised while answering the sub-research questions and
the main research question. The chapter finalises with the recommendations for future research.

6.1.1 Research questions

The main research question was:

How can exchangeable batteries distribution and docking stations locations be optimised to guarantee electric
sailing for a certain demand of IWW vessels?

The answer to the main research question is formulated by answering the sub-questions one by one and then
summarising.

Which are the main components involved in the new ZEEC? What are their attributes, boundaries and interre-
lations?

In order to answer this sub-question, the exchangeable batteries system to power IWW vessels proposed by ZES
was analysed. This system has three main components: the batteries, the docking stations and the vessels. For
the system implementation to be successful, these components need to interact in such a way that they make
the system reliable. This means that the batteries and the docking stations need to guarantee enough power
available on board of the vessels for these to sail electric.

The interactions of the components are not straightforward as the attributes from one component affect the
decision on the attributes of another component. Moreover, each component has its own peculiarities which
add up to the general complexity of the system.

Regarding the batteries, the most relevant attribute of this component is the capacity as it limits the vessels’
autonomy and generates charging infrastructure demand. Battery useable capacity is a complex attribute as
it varies with temperature and charging regimes. Moreover, batteries suffer power losses due to heat and DC
to AC power transformation, and capacity losses due to ageing, which is also a complex attribute to assess.
Apart from capacity, battery Capex is also an attribute that largely affects the system and the viability of its
implementation.

As for the docking stations, the main attributes are their location and design, namely, the number of charging
spots and the power of each spot. These attributes are highly interconnected and dependent on the number and
capacity of the batteries in the system, and the number of docking spots and power requirements from vessels.

Finally, concerning the vessels, their routes and power consumption are the attributes that affect the system
from a logistic perspective. These will affect the docking station location and the battery requirement to sail
electric. Power consumption of vessels is not constant and depends on several external factors like speed, weather
conditions, waves and wind. Modifying the vessel’s speed to reduce power consumption leads to longer sailing
times, which affect the schedules and increase costs. Regarding costs, vessel retrofit to place batteries on board
and loss of revenue for transporting batteries instead of cargo are the most significant factors to consider from
shippers’ perspective.

To what extent can existing developed models to overcome logistic challenges of transport electrification be applied
to IWW shipping?

Transport electrification is not a completely new topic and its implementation in road transport dates for years.
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However, IWW shipping electrification is a greenfield in research. As mentioned in chapter 3, no application of
exchangeable batteries system has been done in IWW shipping before. Consequently, research in this area is still
limited. Therefore, to answer this sub-question, a parallelism with bus transport electrification was made. The
reason for this is that IWW vessels and buses have similarities in terms of the type of vehicles and operations.
Buses are large vehicles with higher power demands if compared to cars and have fixed routes and schedules,
like IWW vessels.

In the implementation and scaling-up of the proposed system, several challenges arise. Some of these challenges
regard the charging infrastructure (DS) and the batteries. From the literature reviewed, some models that
target overcoming the logistic challenges of buses electrification ([18],[46],[23],[4]) can be used as reference and
inspiration for the development of a model for IWW vessels. However, some peculiarities of IWW shipping
make the applicability of the models not straightforward. For instance, the extremely high costs of the needed
batteries and docking stations for IWW vessels make their optimisation a key aspect for the exchangeable
battery concept to be economically feasible and, hence, successful. The interrelation between both needs to be
considered when finding their optimal number and location. Moreover, charging capacities (docking spots and
capacity per spot) at the docking stations are limited.

Apart from this, the time needed to charge batteries needs to be considered in order not to overload the stations
with batteries that cannot be charged. Also, limiting the type of vessel that can use the exchangeable battery
system to those with low power requirements is not realistic for a full scale-up of the system. Finally, as vessels’
routes and schedules are fixed, it is not realistic for vessels to choose the DS where to load/ unload the batteries
according to a possible queue or a battery charging schedule.

Despite the above, there are some aspects from the models reviewed that were used or adapted for the model
developed in this research:

• Nodal energy balance;

• Network perspective: synergies;

• Cost minimisation perspective;

• Time-discrete modelling.

How can the components and attributes of the new ZEEC be incorporated in an optimisation model?

To answer this sub-research question, a discrete-time MILP (mixed-integer linear programming) optimisation
model was developed, aiming at minimising the investment costs of batteries and docking stations. This model
integrates the attributes and interrelations of the three main components of the exchangeable battery system.

To develop the model, different assumptions and simplifications were required to model the complex interre-
lations of the system components and to build a model that can be easy to understand and use. First, the
usable battery capacity is modelled as a fix parameter per battery and neither ageing nor power losses were
considered. Different battery capacities can be modelled by inputting different values to the batteries of the
fleet available. Moreover, the batteries are modelled to be charged and discharged linearly. Regarding the DS,
their designs (number of charging spots and power per spot) are introduced as parameters in the model. The
DS locations are only possible at terminals which are part of the vessels sailing routes. Apart from this, the
vessels are represented in the model through their sailing profiles (location and power requirements) and the
number of docking spots on board. Vessels’ speeds are not directly modelled, neither changes in sailing profiles
due to external factors such as weather. Finally, the only costs considered in the model are the batteries and
DS Capex. Meaning operational costs, as well as, retrofit costs and shippers’ revenue losses for using batteries
instead of carrying cargo, are not included in the model.

The network used as input for the model is simplified so as to be easily scalable and flexible to be adapted to
other networks. For this, the terminals that are part of the vessel’s routes are numbered and the sailing profiles
are written to fit with these numbered terminals.

What would be the needed number of batteries and docking stations, and the optimal battery distribution, in
order to minimise total costs, considering different input scenarios?

This sub-research question can be answered by using the developed optimisation model with different input
scenarios. In this research, four scenarios were considered:

• Scenario 1: increasing the vessel demand for the same route and for different routes;
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• Scenario 2: changing the battery capacity;

• Scenario 3: changing the docking station design (number and capacity of docking spots);

• Scenario 4: changing the number of docking spots on board of the vessels.

The outputs obtained showed that it is not straightforward which input changes can bring the most optimal
outputs in terms of minimisation of the investment costs. This shows the complexity of the system components’
interactions and the usefulness of a model to assess the different scenarios.

Demand increase was the scenario that showed the most possible optimisation of charging infrastructure as well
as the number of batteries, both in the case of the same route and different routes. In the scenario with battery
capacity variations, no benefit was seen in terms of investment costs when larger batteries were considered.
However, one less DS was required. Therefore, a more in-depth analysis of operational cost reductions with less
docking stations needs to be done to determine the real trade-offs of increasing battery capacity. The scenario
with variations in DS design did not show any great improvements regarding the defined KPIs. Only smaller
designs for the case study led to a reduction in Capex per vessel. Finally, regarding increasing the number of
docking spots on the vessel, the improvement was seen when two vessels on the same route were considered.
Nonetheless, the costs on the shipper’s side need to be investigated, as more docking spots mean higher retrofit
costs and less cargo to transport.

Circling back to the main research question, this question can be answered taking into account the answers to
the sub-research questions.

The developed optimisation model answers the main research question as it gives as output the needed number
of exchangeable batteries and DS locations that optimise the investment costs for a given vessel demand. The
proposed model integrates the complexities of the three main components of the system and can be used to
evaluate the implementation of an exchangeable batteries system in IWW shipping.

The results obtained for the optimal number and location of batteries and docking stations showed the depen-
dency with the input values of the attributes of each system component. As demand increases, a larger network
with more terminals needs to be considered, leading to more complex interactions between the system compo-
nents. These interactions are not trivial, and different input combinations lead to different optimal solutions.
The model helps to assess these interactions, by allowing to analyse different scenarios. For instance, it can
be used for selecting the best battery type (capacity) and docking station design (charging spots and capacity)
given a certain vessel demand.

The application of the model to the fictitious sailing profiles showed the optimisation opportunities and possible
synergies that can be achieved when vessels share the batteries and charging infrastructure. When applied
to the case study, the model outputs showed some optimisation opportunities for a selection of vessels routes
combination. It is expected that if larger sets of vessels and time steps are combined, more synergies can be
obtained.

Despite the usefulness of the obtained results, further analysis into the total costs of the system, including
operational costs and shippers’ costs, are needed to properly assess each scenario and not to leave any stakeholder
interest out of the picture.

6.2 Recommendations

As mentioned before, this research aims to provide a model to assess the logistic side of the implementation
of an exchangeable battery system. In particular, to determine the optimal number of batteries and docking
stations locations to guarantee the electric sailing of a given vessel demand. To do so, some simplifications
and assumptions were made, which will require further research, both in terms of theoretical and practical
implications.

6.2.1 Theoretical recommendations

The running times of the model proved to be excessively high when more than four vessels and 24 hours were
modelled. Therefore, the first point that is worth researching concerns the optimisation of the model running
times. The model developed proved to give useful results regarding the potential optimisations that can be
achieved, but only for a limited amount of vessels and time-steps within an acceptable time lapse. If the
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exchangeable batteries system is implemented on a large scale, a model able to cope with more vessels and more
time-steps is needed.

From a technical perspective, modelling non-linear battery charge/ discharge, different charging regimes and
battery ageing can be useful to trace and improve the life-cycle of the batteries. Moreover, different battery
technologies can be assessed and a heterogeneous fleet of batteries can be modelled.

From the logistic perspective, using vessels to reallocate batteries in the network, for example, on a docking
station with free docking spots, can lead to better optimisation results. The extra shippers’ cost for revenue
loss should be taken into account in this case. Apart from this, vessel’s extra stops (within the existing routes)
for battery exchange can be further investigated.

From the operational point of view, operational costs at terminals can be added to the model, in particular
battery handling costs for loading/ unloading and the energy purchased from the grid. For this last cost,
different energy pricing strategies can be compared, for example, stating at what times of the day the energy is
cheaper. This can improve the charging of the batteries so as to be charged in those hours when energy is less
expensive. Another point to be further researched is the incorporation of the shippers’ costs into the model,
namely, retrofit cost and loss of revenue for carrying batteries instead of cargo. This will give answers to the
needed charging infrastructure and batteries from a system perspective including all stakeholders.

6.2.2 Practical recommendations

Concerning the practical recommendations, it can be relevant to assess combined scenarios, varying the at-
tributes of the three components of the system simultaneously. For example, assess a scenario with a fleet of
batteries with different capacities, DS with different designs (number and power of the charging spots) and
demand increments. The combination of these aspects was not assessed in this research, but it can be highly
relevant as more realistic results in terms of needed batteries and charging infrastructure can be obtained.

The transition from diesel-powered vessels to fully electric vessels can be of interest to analyse. Therefore,
the hybrid state adding the possibility of the vessel to use diesel fuel when there is not enough battery power
onboard should be added to the existing model. Apart from this, other businesses such as the use of batteries
to provide FCR services can be considered when the batteries are charged and idle at the terminals. This can
help to assess the system from a financial point of view, evaluating opportunities for improvement.

It can also be relevant to evaluate modifications on the existing sailing profiles in order to generate more
synergies, increase battery sharing and, hence, reduce costs. This evaluation needs to be done together with
the shippers, as it might alter their sailing speed and, therefore, the sailing times. However, sailing slower can
lead to better performances with the batteries and needing less battery charges, which can also be beneficial
for shippers. An in-depth analysis of the trade-offs between the vessel costs if slower speeds and less power are
used versus the number of docking stations and batteries can be worth studying in further research.

Finally, simulation of the locations of the batteries at all times with a user-friendly output interface could be
useful for planners in the future to assess different battery fleet and charging infrastructure scenarios in the
network. The current model gives output variables indicating the location and use of the batteries at all times.
However, an animated simulation of this output could be easier to interpret.
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Optimal exchangeable battery distribution and docking
station location for electric sailing in IWW shipping: The

case study of ZES
Mariana Piña Rodríguez

Abstract

With the increasing need of more sustainable transportation, the electrification of IWW shipping becomes
of great relevance. There are several ways to achieve this, from which the implementation of an exchangeable
battery system is discussed in this paper. Several challenges arise from the large-scale implementation of such
a system. One of which is the optimal distribution of the batteries and the location of the docking stations to
guarantee electric sailing for a certain demand of vessels. By developing a time-discrete mixed-integer linear
programming optimisation model the outputs of this research aim at assessing this. The obtained results
showed the optimisation opportunities and possible synergies that can be achieved when vessels share the
batteries and charging infrastructure. Though, it is not trivial to determine beforehand the optimal result
for different inputs, through different scenario analysis, information that can be useful to assist the strategic
decision of the system implementation from a logistic perspective can be obtained.

Keywords: IWW shipping, Optimisation, Exchangeable batteries, Electric sailing

1 Introduction
The Netherlands has recently committed to very challenging environmental targets regarding transportation.
One of which is to become carbon-neutral by 2050. Nowadays, IWW shipping accounts 5% of the total
transportation emissions. This urges the need to achieve long-term full decarbonisation of IWW transport.
Many different measures can be applied for this, however, to successfully create an impact on emissions,
zero-emission energy concepts (ZEECs) need to be developed.

This research focuses on one of these concepts which is the electrification of IWW transport using
exchangeable batteries. This ZEEC was designed by the company Zero Emission Services (ZES), and it
consists of three main components, batteries, docking stations and vessels. The exchangeable batteries are
designed to fit in 20ft containers and are charged at docking stations. Then, the charged batteries are used
to power the vessels. The batteries do not belong to a specific vessel but to the whole system. With this,
batteries can power a vessel and once the vessel arrives at a terminal with a docking station it can leave the
batteries to charge, load another one, and sail, saving time. The batteries that were left at the terminal can
be used by another vessel or for other businesses. Sharing batteries among vessels results in the need for
fewer batteries per vessel as vessel demand increases, which becomes an advantage of this system, as battery
costs are a major constraint to the system.

The implementation of such a system does not come without several logistic challenges. The problem
becomes largely more complex as the three main components of the system interact. So far no research has
been done in the field, and exchangeable batteries system were not implemented before in IWW shipping.

The aim of this research is, therefore, to develop an optimisation model to help assess the implementation
of an exchangeable batteries system for IWW shipping. For this, the docking station locations from a set
of terminals, and the number of batteries and their deployment in the network in order to fulfil the vessels’
power requirements, need to be determined. The battery movement through the network needs to match the
vessels’ routes. To meet these requirements of the system, a time-discrete mixed-integer linear programming
optimisation model with deterministic inputs is developed. The network used as input for the model is
simplified so as to be easily scalable and flexible to be adapted to other networks.

The model is first applied to a set of fictitious sailing profiles to determine the optimisation potential,
and then it is applied to the case study of ZES. Given the computational time constraints, the model runs
were limited to a maximum of four vessels and 24 time-steps. The real-life sailing profiles had to be adjusted
and simplified so as to fit this constraint.

The remainder of the paper is organised as follows. In Section 2, a general description of the exchangeable
battery system to power IWW vessels is given. The system main components are briefly described. In Section
3 the existing related literature regarding models for transport electrification and its applicability to IWW
shipping is reviewed. In Section 4 the model is formulated. Firstly, the problem is described and the
model requirements, assumptions and simplifications are stated. Then, the mathematical formulation of the
problem is given. After which the model is verified and validated. In Section 5, computational experiments
are conducted with a set of fictitious sailing profiles to assess the optimisation potential of the model, and
then, the model is applied to the real-life sailing profiles of the case study. A brief discussion over the results
is given in this section. In Section 6 conclusions and future research recommendations are given.
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2 System description
The exchangeable batteries system is composed of batteries, docking stations and vessels, which interact
as follows. The batteries are designed to fit in 20ft containers and are charged at docking stations. Then,
the charged batteries are used to power the vessels. The batteries do not belong to a specific vessel but to
the whole system. With this, batteries can power a vessel and once the vessel arrives at a terminal with a
docking station it can leave the batteries to charge, load another one, and sail, saving time. The batteries
that were left at the terminal can be used by another vessel. Idle batteries at DS can also be used for
other businesses like to provide grid stabilisation and for energy market applications[7] such as Frequency
Containment Reserve (FCR). Sharing batteries among vessels results in the need for fewer batteries per
vessel as vessel demand increases, which becomes an advantage of this system, as battery costs are a major
constraint to the system. This implementation has more logistic challenges when more vessels and larger
networks with more routes and terminals are considered. Not only the DS locations needs to be determined,
but also the needed batteries, including their routing. The movement of the batteries through the network
has to match with the different vessels’ routes, as they do not depend on one exclusive vessel.

The attributes, interrelations and challenges of the three components of the system are described below.

Batteries
Battery Capacity

It is one of the main restrictions to the system, as it limits the vessels’ autonomy. The main challenge
is that maximum usable capacity is not a fix value and depends on several factors such as temperature and
charging and discharging regimes. Both battery capacity and charging performance deteriorates at extremely
low or high temperatures [3] Lithium-ion batteries are capable of operating over a relatively wide temperature
range, however, batteries achieve optimal service life when used at 20°C or slightly lower. [3] Different
temperature conditions result in different adverse effects. [12] For example, the effect of temperature is
higher during charging than discharging. [3] Also, at higher temperatures, greater performance and increased
storage capacity of the battery. A study performed by [10], showed that an increase in temperature from
35°C to 45°C led to a 20% increase in maximum storage capacity. However, there is a side effect to this
increased performance, the life cycle of the battery is decreased over time.
Battery power losses & Ageing

There are several sources of power loss in lithium-ion batteries due to their use, the most relevant ones
are losses due to heat and losses for DC to AC power transformation. Apart from power losses, batteries
deteriorate with time and lose power capacity. Ageing in lithium-ion batteries is a complex issue and depends
on several factors like the charging regime and the number of cycles. [1] In general, lithium-ion batteries
are more sensitive to fast charging than fast discharging.[4] Another source of increased ageing or life cycle
degradation for lithium-ion batteries is the temperature. [10] To evaluate the overall effect of these various
degradation mechanisms simultaneously is extremely difficult. [4]
Costs

Another major boundary for the system is the battery cost. Lithium-ion technology development has
been primarily driven by consumer electronics and automotive markets. For comparison, the entire maritime
market to date comprises less than 1% of the total amount of lithium-ion batteries produced yearly and to
some extent, this has driven the higher cost of a comparative marine battery system. [4] It is expected that
the battery cost will decrease in time, once the system is implemented on a large scale and benefits from
economies of scale can be obtained. Again, how much the price reduction would be or when is uncertain, but
a look into car batteries can be done to see the estimated cost decrease for the coming years. As estimated
by [3] in his research, the decrease would be around 14% from 2025 to 2030. Still, this is an estimation and
for a more well-known market, cars. Therefore, it is difficult to draw direct parallelism for IWW vessels.

Docking Stations
Location

Vessels powered electrically with batteries suffer autonomy reduction due to batteries lower ranges.
Meaning that vessels require to stop to charge the batteries more often than to refuel diesel. Therefore, more
docking stations locations in the network than diesel refuelling stations are needed. The docking stations will
be located at existing container terminals to take advantage of the infrastructure and equipment available.
The best locations for the stations will depend on several factors which can be intrinsic or extrinsic. In
the first case, DS locations depend on the distance to container terminals quays, the availability of grid
connection, as well as the availability of land (space) to build them. These will limit the options of possible
terminals where DS can be located. Apart from this, the locations will depend on the number of batteries
that are in the system, the battery capacity, the number of docking places at the vessel and the vessel’s
power requirements. This will establish the docking station demand and, hence, the needed locations
Docking design: docking spots & charging capacities

The design of the docking station refers to the number of needed docking spots and the power that each
docking spots supplies to charge the batteries. For each location, the demand profile needs to be determined
to decide upon the number of docking places required and the energy contract to have with the energy
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provider. [19] The docking station investment and operational costs are linked to the location (cost of land,
cost of building), as well as to the number and power capacity of docking spots chosen. The docking station
operational costs include energy purchase from power supplier, network costs for connection to the grid,
logistical costs for the loading, unloading and transportation of the batteries to and from the vessel, and
operational costs for maintenance, insurance, among others. [18] The definition of docking stations locations
and design, namely size and power, are interconnected.

Vessels
Retrofit costs & loss of profit per container

When installing state-of-the-art or innovative components or systems on board of ships, retrofit is needed.
These retrofits can be driven by the need to meet new regulations or emissions standards or by the shipowner
interest to upgrade to higher operational standards. [8] In the implementation of exchangeable batteries for
fully electric sailing, vessels need to be retrofitted to fit the exchangeable batteries. This signifies a cost for
shippers. This cost is composed by [11] the cost for purchasing and installing the connector and convector
(ZES) to fit the batteries on board, the potential loss of income during the time off the vessel is being
retrofitted, the cost for sailing to the shipyard for retrofitting, and the cost to train the crew for the new
operations. The retrofit cost depends on the vessel type, age and dimensions. Apart from the retrofit costs
for shippers, there is also a loss of income for carrying less cargo containers to leave place for the batteries.
Vessels’ power requirements

An important aspect to consider in the implementation of exchangeable batteries is that the vessels’
power consumption depends on several factors like the vessel’s speed, climate conditions (wind, waves), the
vessel’s shape, the vessel’s load and whether the vessel is sailing in restricted or unrestricted areas. The
vessel’s speed is greatly influenced by the resistance encountered while sailing. Factors like the surface of
the hull underwater, vessel’s cross-section and width and depth of the waterway affect the total resistance.
[16] Vessel’s speed impact over the power consumption is complex to determine. [15] Moreover, additional
fuel consumption for a voyage needs to be considered due to waves, which does not depend on ship speed.
[15] and extra power may be required to overcome the effects of wind ad currents. This additional power
may amount to 15% of the total power under certain circumstances. [16] Another factor affecting power
consumption is the vessel’s load. Empty vessels require less propulsion power than loaded vessels. These
can be seen in the sailing profiles when looking at round trips, when the vessel carries more load the power
requirements are larger than when it carries less load. The sailing profiles are therefore a good way to
incorporate this factor in the model. The combination of factors as speed, weather, vessels’ hull shape and
load on the power requirement is really hard to assess.
Extra times at terminals & sailing times

Apart from the abovementioned challenges, there are other challenges regarding extra times needed at
terminals for the operation of loading/ unloading the batteries as well as possible extra stops needed. As
the vessel’s autonomy decreases when using batteries, given that their power capacity is less than with fuels,
this can lead to the need for more stops for the vessels to swap depleted batteries with new ones or change
their sailing speed to reduce power consumption. Both options lead to extra sailing times and indirectly to
profit loss.

As it can be seen, the different attributes of the three main components of the system have several challenges.
To cope with them, assumptions and simplifications were made to represent them in the model. Which will
be explained in Section 4.

3 Literature review
As far as this research concerns, there is no specific literature on optimisation models for IWW shipping
electrification. A literature review on other modes of transport was performed, then a comparison with IWW
was made to determine the applicability and limitations of existing models to IWW shipping. In particular,
buses were chosen as the mode of transport to compare. The reasons for this are the availability of literature
and the similarity of bus road transport and IWW transport in terms of type of vehicles and operations.
Buses are large vehicles with higher power demands if compared to cars and have fixed routes and schedules,
like IWW vessels. Trucks could have been another option to compare, as they are also large vehicles with
relatively high demands of power, long routes and less stops than buses, similarly to IWW vessels. However,
literature on trucks electrification is also limited.

The results of the literature review are structured starting with the challenges that electrifying buses
transport have and the models developed to address these challenges for buses. Followed by a discussion on
the possible applicability and limitations of these models to IWW vessels.

Logistic challenges of transport electrification & Models developed to address them
In the implementation of buses electrification there are logistic challenges to overcome in order to secure

system reliability. The first challenge, regards the number and location of the charging infrastructure. [20][6]
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The strategic location of charging stations is key for the system to properly work and for users to trust it.
The charging infrastructure will be in place in the network for many years. Therefore, the location decisions
will also affect tactical and operational decision for these charging stations.[5] Moreover, the large capital
costs involved in installing charging infrastructure, make the decision on number and locations of charging
stations not straightforward. [6]

The research performed by [5] addresses this problem and proposes a mixed-integer problem decomposed
in two subproblems. The first one aims to solve the uncapacitated fixed charge facility location to find
the optimal station location and the demand of each station. Whereas the second one, aims at finding the
optimal configuration of the localised charging system, in particular the charger type and battery inventory.
The problem is solved for a fleet of battery electric buses and aims at minimising the total investments, by
determining the needed number of swapping stations and their locations and the demand assigned to each of
them. The buses go to the swapping station from the depot, meaning they do not need a swapping service on
during the route. The main limitations of the model are that it is assumed that a battery will be available at a
station when a bus arrives, busses will only reach swapping stations from depot, meaning they can finish their
whole route without recharging their batteries and swapping stations are assumed uncapacitated, meaning
there is no limit of batteries the stations can charge and no charging time. Moreover, the model solves the
location of the stations and the demand assigned to each station first, and then determines the number of
needed batteries. Therefore, the interrelation between stations number and location and the needed batteries
is not modelled. In this same line of research, [17] studied the optimal distribution of charging infrastructure
for electric buses. The model they developed is a MILP that aims to assess upscaling the implementation
of electric buses by identifying the optimal spatial distribution of charging infrastructure to minimise costs
and energy consumption. The model is based on balancing the energy at arrival of a stop as the energy the
bus had when leaving the previous stop minus the required energy to travel the distance between stops. The
main limitation of the model regards to the location of the charging stations being limited to starting and
end stops in the buses routes, meaning that the battery capacity should be enough to do the whole trip.

Apart from the location problem, decisions need to be made on the charging stations capacities and
charging regimes. The size or capacity of the recharging stations affects the transportation planning as
stations cannot serve more than their installed capacity. [6] Electric buses have higher power demands than
electric cars, and they operate under fixed routes and daily schedules, therefore subject to more constraints
in relation to where the charging infrastructure can be placed. [17] Moreover, a charging station can be fast
or slow charging. Standard charging is performed with a moderate charging power mainly in the bus depot
overnight and during longer brakes. [14] Charging schedules can be implemented in buses electrification,
for example use overnight charging to avoid the need of fast charging stations. [13] However, this causes
a high battery capacity and a high weight of the system, when the bus shall be operated the entire day.
Fast charging on the track during operation can reduce the battery capacity and therefore the weight
significantly.[14] However, there is a trade-off between charging speed/time and the damage to the battery,
making this type of charging to have their own limitations. [21] [6] To overcome this, battery exchange
schemes/stations can be implemented. This avoids the bus to be idle while recharging [13] as well as battery
deterioration, as battery life can be extended by charging at slower speed. [21] Some drawbacks of battery
swap stations include the need of unified battery standards among vehicles and stations. [6] Decisions on
the station type will directly affect the charging times and will depend on the buses power demand, size
of batteries,[6] the location of the stations, but also on the buses schedules to see if their provide sufficient
charging times at certain locations. [14] As it can be seen the charging station design (size, power and type)
and location decisions are interrelated, making it not trivial to decide upon the best option.

To tackle the battery charging times challenge for buses electrification, research has focused on vehicle
schedules and battery reservation strategies to properly match the power demand from the vehicles with the
available resources (batteries). Research in this direction include the one done by [2], in which the authors
find the optimal location of the EV charging among the swapping stations available in the network. This
is done by scheduling the arrival of the buses at the swapping stations, and by determining the charging
priority of the depleted batteries at the stations. The scheduling allows to guarantee that a fully charged
battery will be available and ready to deploy when the vehicle arrives at the station. Therefore, there is no
waiting time of the bus for charging. The authors developed a time-discrete multi-objective optimisation
algorithm to solve the problem.

The second main challenge of bus electrification regards the limited driving-range capabilities of the
vehicles which are restricted by the amount of electricity stored in their batteries. [6] This challenge has
been address by several authors, as it is a key barrier that reduces the attractiveness of bus electrification
[13] and imposes non-trivial additional constraints when designing efficient distribution routes. [6] Maximum
battery capacity is linked to technological limitations, but also to size, weight and cost limitations. Batteries
can make up to one-third of the total cost of an electric bus. [9] Therefore, a balance between battery
capacity and range needs to be made. The restriction in driving range imposed by the batteries to the
buses, has also an impact on buses schedules, as additional times and stops might be required to charge the
batteries. [6] Again this problem is linked to the charging infrastructure location problem.

A research which looks into both challenges, an efficient layout of the charging infrastructure and an
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appropriate dimensioning of battery capacity, is the one performed by [9]. The authors propose an advanced
mixed-integer linear optimisation model that solves a capacitated set covering problem to determine the
number and location of charging stations and the required battery capacity for each bus line, minimizing
costs and without altering the original operational schedule. Some key aspects of the model proposed in
this research are the network perspective which allows to identify synergies when between the charging in-
frastructure for several bus lines at once, the incorporation of the trade-off between battery capacity and
charging infrastructure and the nodal energy balance. One limit that this model has is that the charging
time is limited to the time the bus it at the stop.

Applicability of existing models to electrify the IWW shipping with exchangeable batteries
Despite some parallelisms can be drawn from studied problems on buses electrification and the developed

models to solve them, there are some peculiarities of the implementation of an exchangeable batteries
system in inland waterways vessels which makes the direct applicability of these models not possible. For
example, the extremely high costs of the needed batteries and docking stations for IWW vessels make their
optimisation a key aspect for the exchangeable battery concept to be economically feasible and, hence,
successful. Therefore, the interrelation between the both need to be considered when finding their optimal
number and location, contrary to what is suggested by [5].

Moreover, assuming a fully-charged battery is available at all times to be loaded on a vessel as proposed
by [5] is not realistic, as the needed charging times at the docking stations are not being considered. Docking
stations also have a limit amount of docking spots and, therefore, a limited charging capacity. [5] This is
why the time needed to charge batteries needs to be considered, in order not to overload the stations with
batteries that cannot be charged. Apart from this, it is not realistic to limit the charging time as suggested by
[9], as the batteries needed to power IWW vessels are very large, and the charging times are not neglectable.
Battery level is a key parameter that should be tracked so as to optimise the charging times and number of
needed batteries.

Allowing the possible vessels to use exchangeable batteries only to those which power requirements are
low enough to be fulfilled with the power of batteries on board is a major limitation. [5] [17] The combination
of docking stations locations and batteries in the network should allow the fleet of vessels analysed to sail
electric regardless of the power requirement. If needed more docking stations should be placed in the system
to swap the depleted batteries for fully charged ones. Therefore, all vessels stops at terminals should be
considered as a potential docking station to allow possible batteries swapping in the route and not only on
end terminals as proposed by [17]. Finally, vessels’ routes and schedules are fixed making it not realistic for
vessels to choose the docking station at where to load/ unload the batteries according to the possible queue
or battery charging schedules as studied by [2]

Despite the abovementioned limitations for the applicability of the assessed models to IWW vessels, there
are some concepts developed by the authors that can be applied in the development of a new model for IWW
shipping. In particular the cost minimisation perspective suggested by [5], [17] and [9] for the optimisation of
the exchangeable battery system is of interest for this research. Apart from this, the time-discrete modelling
approach developed by [2] is of relevance for this research. Developing a model with discrete time-steps to
represent the power requirements of vessels, their locations and the battery charge level seems reasonable.
Moreover, the nodal energy balance concept used by [17] and [9] has potential applicability. The battery
charge level needs to be determined at all times, therefore, a energy balance between time steps is needed.
Finally, the network perspective to develop a MILP as done by [9] is also of relevance for this research.
Finding possible synergies between the charging infrastructure, the needed batteries and the vessels will lead
to better results in terms of DS and batteries optimisation.

In this research, the problem aimed at solving, requires to incorporate not only the docking stations
optimisation but also the battery optimisation. For which battery location and battery charge level are two
parameters that need be tracked at all times. Therefore, this research aims to extend the existing literature
and propose an optimisation model for the implementation of exchangeable batteries in IWW shipping in
order to minimise costs, by optimising the needed number and locations of docking stations and the number
of batteries, so as to satisfy a given demand of vessels, with their specific routes and power requirements.
For this, the following concepts of the assessed models will be used: energy balance, synergies possibilities
by using a network perspective of the system allowing batteries to be shared by vessels sailing in different
routes, time-discrete modelling and cost minimisation approach.

4 Model formulation

4.1 Problem description
In this paper, the optimal combination of batteries and docking stations to successfully provide the required
power to a specific vessel demand, in order to implement exchangeable batteries to IWW shipping is studied.

The problem has a defined vessel demand with their routes and power requirements, a network of termi-
nals at which the vessels stop in their routes and which are potential DS locations with defined number of
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charging spots and capacity, and a fleet of batteries with a defined maximum usable capacity. The batteries
need to guarantee that the needed energy for vessels to sail electric is satisfied at all times. The charging
infrastructure or the DS must ensure the batteries are charged at the needed time. The batteries movement
throughout the network needs to match the vessels’ routes. For a battery to be loaded to a vessel it has to
be fully charged. Each battery and docking station has an investment cost associated. The problem to solve
is to determine the DS location and needed batteries to minimise the total investment cost, while satisfying
the vessel demand power requirements.

4.2 Model requirements
The main model requirements are that the duration modelled needs to account for the longest round trip of
the fleet of vessels considered. The model should allow to analyse different fleet composition (vessels with
different routes and power consumption), different corridors and terminal locations. Moreover, the model
should allow easy scalability to more terminals, more vessels and potentially more time steps. Finally, the
model needs to easily allow to analyse different input scenarios such as different battery capacity, different
docking stations design (charging spots and their power), fixed DS locations, and different docking spots in
vessels.

4.3 Model assumptions & Simplifications
The main assumptions made to develop the optimisation model are that all batteries are assumed to be
lithium-ion. For the battery capacity, an average value of maximum usable battery capacity is assumed.
Given the relevance that battery capacity has as a restriction to the system, battery capacity is modelled as a
parameter that will allow to assess scenarios with different battery capacities. Battery ageing and power loses
were included in the maximum usable battery capacity, as it is very complex to model this independently.
Batteries need to be fully charged before they are placed on a ship and a minimum battery level is set to
avoid batteries to fully discharge, and to keep a safety margin to account for unforeseen events that might
require larger power consumption from the vessel than those stated in the sailing profiles. Batteries are
assumed to be linearly charged/ discharged in time. The batteries supply energy to the vessel alternatively
in each time step. Meaning, that if more than one battery is on a vessel, at a time step p only one battery
is used to power the vessel.

Apart from this, docking stations can be located only at terminals which are in the route of a vessel.
The vessel’s speeds and distances sailed are not modelled. Vessels’ sailing profiles (sailing times and power
consumption) are not changed due to external factors as the weather or currents. These can indirectly be
accounted for by altering the energy consumption per time period of the sailing profiles (model input). The
time the vessel stops at a terminal is considered to be enough to load or unload a battery. No extra time
for swapping batteries at a docking station and no extra stops from the original routes are considered. The
only costs considered in the model are the batteries and docking stations Capex. The costs on the shipper’s
side (retrofit costs and loss of revenue for carrying batteries instead of cargo) are not considered. A service
level of 100% is considered, meaning all the vessels’ power demands need to be satisfied.

4.4 Mathematical formulation
In this section a mathematical model of this problem is proposed. To clarify the model, the notations that
will be used in this paper are listed as follows.

Sets
b∈B {1,2,3,. . . S} Set of batteries
v∈V {1,2,3,. . . ,M} Set of vessels
t∈T {1,2,3. . . T} Set of terminals
p∈P {1,2,3,. . . H} Set of time periods

Variables

nb =

{
1, if battery b is being used
0, otherwise

ut =

{
1, if terminal t is used as docking station
0, otherwise

xb,t,p =

{
1, if battery b is at terminal t at time p
0, otherwise

yb,v,p =

{
1, if battery b is on vessel v at time p
0, otherwise
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kb,t,p =

{
1, if battery b is being charged at terminal t at time p
0, otherwise

mb,v,p =

{
1, if battery b is providing energy to vessel v at time p
0, otherwise

lb,p Battery level of battery b at time p

Parameters
Terminals

cdst Capex for installing a DS in terminal t [€]
chpt Number of charging points of a DS installed at terminal t
pwt Power of each charging spot [kW]

Batteries
cbb Capex of battery b [€]
capb Maximum battery capacity of battery b [kWh]
mlv Minimum battery level charge required to be used in vessel
mlb Minimum battery level at all times to avoid batteries to be fully discharged (safety margin)

Vessels
spv,t,p Sailing route. If vessel v is at terminal t at time step p, then spv,v,p=1, and 0 otherwise.
pvv,p Power consumption of vessel v at time step p [kWh]
chvv Number of batteries that can be fitted in vessel v (docking points).

Initial values
Lbb,0 Battery level at start of period (p=0)

Utb,t,0 =

{
1, If battery b is at terminal t at p=0
0, otherwise

Uvb,v,0 =

{
1, If battery b is on vessel v at p=0
0, otherwise

k0b,t,0 =

{
1, If battery b is at terminal t and is being charged at p=0
0, otherwise

m0b,v,0 =

{
1, If battery b is on vessel v and the battery is being used at p=0
0, otherwise

Others
M1 Large number
M2 Small number

Objective function
The objective is to minimise the total investment cost of the batteries and docking stations.

min

(∑

b∈B
nb.cbb +

∑

t∈T
ut.cdst

)
(1)

The first term of the objective function represent the battery investment costs (Capex) and the second
term the docking station the investment costs (Capex).

Constraints

nb.M1 ≥
∑

t∈T

∑

p∈P/p>0

xb,t,p +
∑

v∈V

∑

p∈P/p>0

yb,v,p ; ∀b ∈ B (2)

ut.M1 ≥
∑

b∈B

∑

p∈P/p>0

xb,t,p.nb ; ∀t ∈ T (3)

1 ≥
∑

b∈B
mb,v,p ≥ pvv,p.M2 ; ∀v ∈ V ; ∀p ∈ P ; ∀p > 0 (4)

lb,p ≤ lb,p−1 +

(∑

t∈T
pwt.kb,t,p −

∑

v∈V
pvv,p.mb,v,p

)
; ∀b ∈ B ; ∀p ∈ P ; ∀p > 0 (5)

capb.nb ≥ lb,p ≥ capb.nb.mbl ; ∀b ∈ B ; ∀p ∈ P ; ∀p > 0 (6)

(yb,v,p − yb,v,p−1).mlv.capb ≤ lb,p ; ∀b ∈ B ; ∀v ∈ V ; ∀p ∈ P ; ∀p > 0 (7)
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∑

t∈T
xb,t,p +

∑

v∈V
yb,v,p = nb ; ∀b ∈ B ; ∀p ∈ P ; ∀p > 0 (8)

xb,t,p ≤ xb,t,p−1 +
∑

v∈V
(yb,v,p−1.spv,t,p) ; ∀b ∈ B ; ∀t ∈ T ; ∀p ∈ P ; ∀p > 0 (9)

yb,v,p ≤ yb,v,p−1 +
∑

t∈T
(xb,t,p−1.spv,t,p) ; ∀b ∈ B ; ∀v ∈ V ; ∀p ∈ P ; ∀p > 0 (10)

∑

b∈B
xb,t,p ≤ chtt ; ∀t ∈ T ; ∀p ∈ P (11)

∑

b∈B
yb,v,p ≤ chvv ; ∀v ∈ V ; ∀p ∈ P (12)

kb,t,p ≤ xb,t,p ; ∀b ∈ B ; ∀t ∈ T ; ∀p ∈ P ; ∀p > 0 (13)

mb,v,p ≤ yb,v,p ; ∀b ∈ B ; ∀v ∈ V ; ∀p ∈ P ; ∀p > 0 (14)

xb,t,0 = Utb,t,0.nb ; ∀b ∈ B ; ∀t ∈ T (15)

yb,v,0 = Uvb,v,0.nb ; ∀b ∈ B ; ∀v ∈ V (16)

kb,t,0 = k0b,t,0.nb ; ∀b ∈ B ; ∀t ∈ T (17)

mb,v,0 = m0b,v,0.nb ; ∀b ∈ B ; ∀v ∈ V (18)

lb,0 = Lb0.nb ; ∀b ∈ B (19)

kb,t,p ≥ 0 ; ∀b ∈ B ; ∀t ∈ T ; ∀p ∈ P (20)

mb,v,p ≥ 0 ; ∀b ∈ B ; ∀v ∈ V ; ∀p ∈ P (21)

xb,t,p ∈ {0, 1} ; ∀b ∈ B ; ∀t ∈ t ; ∀p ∈ P (22)

yb,v,p ∈ {0, 1} ; ∀b ∈ B ; ∀v ∈ V ; ∀p ∈ P (23)

nb ∈ {0, 1} ; ∀b ∈ B (24)

ut ∈ {0, 1} ; ∀t ∈ T (25)

kb,t,p ∈ {0, 1} ; ∀b ∈ B ; ∀t ∈ t ; ∀p ∈ P (26)

mb,v,p ∈ {0, 1} ; ∀b ∈ B ; ∀v ∈ V ; ∀p ∈ P (27)

Constraints 2 and 3 determine the usage of the batteries and the terminals as docking stations. Constraint
4 limits to one the number of batteries that can supply energy to a vessel at each time step. Constraint
5 determines the battery charge level at every time step. It also guarantees that the power requirement
from the vessel at each time step is satisfied. Constraint 6 bounds the battery level between the maximum
capacity and a minimum battery level to avoid batteries to fully discharge (safety margin). It also guarantees
non-negative values for the battery level. Constraint 7 sets a minimum battery level for the battery to be
placed on a vessel. Constraint 8 limits the battery location to either a terminal or on a vessel, whereas
constraints 9 and 10 match the vessels’ routes to the batteries. Not allowing for a battery to move in the
network if it is not on a vessel. Constraints 11 and 12 limit the maximum number of batteries that can be
at a docking station and on a vessel according to the number of charging and docking spots respectively.
Constraints 13 and 14 force the battery to be at a docking station to be charged and to be on a vessel to
provide it with energy respectively. Constraints 15, 16, 17, 18 and 19 set the initial battery location, battery
usage and battery charge level values. Finally, constraints 20 and 21 set the variables to be non-negative
and constraints 22, 23, 24, 25, 26 and 27 defines the binary variables.
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4.5 Model verification
To verify the model, this is to check if the model works correctly, two verification were performed. Starting
with a base model, different parameters were modified and the new results compared against the base model
to check if they were logical. Due to time limitations in the runs of the model, small scenarios were designed
for the verification.

Base Model
The base model consists of a simplified network with seven possible terminals that can be potential docking
stations, three vessels, sailing different routes and a fleet of twenty possible batteries. A time period of 24
hours with time steps of 1 hour is modelled. The initial locations of the batteries are two on each ship and
two on each of the possible docking stations. All the batteries are fully charged at p=0.

Verification 1: increase in the batteries capacities
Increasing battery capacity will lead to the need of fewer batteries in the system as the vessel’s autonomy
increases. Moreover, it should lead to the need of less docking stations. If the capacity increases so as to
cover the whole 24 hours modelled with one battery, the output of the model should be that only one battery
is used for each of the vessels and no docking stations to recharge the batteries are needed. To run the first
verification, only the battery capacity was altered. It was increased from 2.000kW to 8.600kW.

Verification 2: increase in the number of docking spots in the vessels
If more docking spots are available on the vessels, it means that the vessels can carry more batteries and,
therefore, have larger autonomy. For this verification the number of docking spots was increased to four.
Then, twelve batteries were modelled, initially located on the vessels fully charged, plus fourteen batteries
located at the terminals (two in each terminal). As the battery Capex is lower than the DS Capex, it is
expected to have an output with more batteries and less or even no DS used.

Verification outputs
For the base case, six batteries and six docking stations were needed. As for the first verification, only three
batteries and no docking stations were needed. Whereas for the second verification nine batteries and three
docking stations were required. Therefore, the obtained values match the expected ones.

4.6 Model validation
The Proof of Concept (PoC) of the ZEEC implementation is used to validate the model, this is to check
the model is an accurate representation of the reality. The PoC was carried out with the Alphenaar vessel
which has a sailing route in the Zoeterwoude - Alpherium - Moerdijk corridor between the CCT harbor in
Alpherium and Moedijk. The trip is about 60km and takes approximately 6 hours.

The company is aware that with the current sailing profile, the Alphenaar cannot sail fully electric the
round trip abovementioned if it only carries two batteries with useful capacity of 2MWh on average. It is,
therefore, expected that the output of the model in the validation will be infeasible for only one docking
station, while a possible solution should be to have two docking stations.

For the validation it was assumed that two batteries were available at time p=0 in the vessel, and two
batteries were at each of the terminals at which the vessel Alphenaar stops at in its route. All the batteries
were assumed to be fully charged at the initiation of the model run. The modelled time was 48 hs in 2-hour
time steps.

The outputs obtained were the need of two batteries and two docking stations placed in Alphen aan der
Rijn and Moerdijk. As explained before the expected output of the model is to have two docking stations
that will allow the vessel to complete each one-way trip with the power of two batteries. Then the batteries
are recharged while the ship is at the terminal.

5 Computational experiments

5.1 Model implementation
There are many programs in which the MILP can be developed and implemented. For this research, Python
was the language used for the programming and Spyder the program to run the code. The optimiser Gurobi
was chosen as the solver for the optimisation problem.

Given the amount of binary variables that the model has, computational time is an issue when solving
the optimisation problem. Though Gurobi has very fast solvers as it first reduces the size of the problem
using a pre-solver, the running times proved to be an issue for the modelled problem when more than four
vessels and 24 time steps were modelled. For this reason, analysing the whole fleet of vessels of the first
scale-up phase was not directly possible.
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Therefore, it was decided to firstly analyse numerical experiments with fictitious sailing profiles with
which to prove the main opportunities that the optimisation model can bring to the system. For this, three
key performance indicators (KPIs) were defined: number of batteries per vessel, DS per vessel and investment
cost per vessel. The sailing profiles are designed so as to show the possible gains that can be obtained in
each case. Though the profiles are not real they attempt to be as realistic as possible. For this, a consistent
network of locations and connections was considered with vessels sailing closed-loop routes. Moreover, the
sailing and docking times tried to resemble the case data.

The idea is to analyse how increases in the demand for zero emission vessels affect the different KPIs for
two scenarios, the same corridor and multiple corridors. Moreover, impact of battery capacity variations,
docking stations design (number of charging spots and power of each charging spot) and number of docking
spots on the vessels, will also be assessed. Secondly, experiments will be run with the real sailing profiles
simplified and adapted to fit in 24 hours to see to what extend the KPIs changed in real-life cases. For this
the ZES case study will be presented in this subsection.

5.2 Numerical experiments
The fictitious sailing profiles were build in order to show the potential that the model can have in terms
of battery and docking station number and location optimisation. Though fictitious, these profiles tried to
resemble a logical sailing profile of a real vessel of the case study. Meaning that the following considerations
were made when building them:

• 24/7 operation: not allowing a vessel to use the batteries during the day and another during the night.
This is the sort of operation the case study container barges have.

• Sailing times larger than times at terminals

• Total power consumption per trip between terminals similar to real sailing profiles

• Closed-loop routes

• Round trips shorter than the 24 hours modelled so as to guarantee that the battery at the end of the
time period is enough to start a new trip.

A network of five terminals and vessels with four different routes were considered as it can be seen in the
figure below.

Figure 1: Fictitious routes

• Route A (red): T1 - T2 - T3 -T2 -T1

• Route B (green): T1 - T3 - T4 - T1

• Route C (orange): T2 - T5 - T2

• Route D (blue): T1 - T5 – T1

With the abovementioned considerations and network the following profiles were designed.
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Table 1: Fictitious sailing profiles

Base Case
The aim of the base case is to have reference values to which to compare the outputs of the different scenarios.
For each vessel a base case is modelled. The following assumptions and considerations were made for the
base case inputs:

• All vessels will be modelled considering the same time horizon of 24 hours

• The time step is 1 hour

• Fully charged batteries are available on the vessels and on the terminals of the vessel’s routes at the
beginning of the first time period (p=0)

• Every terminal of the route of the vessel is a possible docking station with 2 charging spots that provide
1.000kW each

• Battery capacity: 2.000kWh/battery

• Battery capex: 955.500€/battery

• Docking station capex: 1.350.000€/DS

• The minimum battery level to be place on a vessel is 90% and batteries should have at least a 10% of
battery level at all times.

Scenario 1: increase in number of vessels
In the first scenario the vessels’ demands will be modified. Firstly, one single route will be considered. The
model will be run for one up to four vessels of the same characteristics and sailing profiles. The sailing profile
chosen for this test is the sailing profile A. This sailing was selected because it visits three terminals and also
has the largest power consumption per sailing period. This led to the best results in terms of battery per
vessel and cost per vessel reduction with vessel demand increase, compared to sailing profiles B, C and D.
To simulate the added demand (more vessels with the same profile) the profiles are offset one of the other
every six hours. The second scenario considers all routes. In this case, four vessels with different routes and
sailing profiles were modelled, one per corridor. All the other parameters will be kept as explained for the
Base Case. The idea of this scenario is to show the reduction of batteries per vessel and docking station per
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vessel when vessel demand increases. Therefore, to show the benefit in terms of Capex, of having shared
batteries between vessels instead of assigned batteries to each vessel.

Scenario 2: capacity variations of batteries
For the second scenario variations in battery capacity are implemented for the whole battery fleet for a vessel
demand of three vessels, sailing the profile D (see table 1). It is expected that battery capacity will increase
over time, leading to larger sailing ranges. Therefore, it is very relevant to analyse how battery capacity
increases might affect the model outputs. An increase in the battery capacity will have an impact on the
needed number of batteries but also can affect the possible docking station locations, as the larger the power
the batteries can supply the larger the vessel autonomy and the less docking stations are needed. On the
other hand smaller batteries are cheaper, therefore, it might be of interest to have more smaller batteries if
vessels do not require so much power. For different battery capacity, different Capex are associated, which
were provided by the company. All the other parameters will be kept as explained for the Base Case.

Scenario 3: number & capacities of charging spots in Docking Stations
The base case is run assuming all docking stations to be equal as the one being built for the Proof of Concept
at Alphen aan der Rijn. However, depending on the actual demand of charging spots and power, the DS
could be larger or smaller. Therefore, several scenarios varying the number of charging spots and power per
spot are analysed. The different DS designs will also imply different Capex. This scenario can be useful to
assess possible trade-offs between number and size of the docking stations. The different docking stations
designs analysed have different Capex. A demand of three vessels sailing the profiles A, B and C was con-
sidered. All the other parameters will be kept as explained for the Base Case.

Scenario 4: number of docking spots on board of vessels
The vessels’ retrofit costs and revenue loss for carrying batteries instead of cargo are not considered in the
model. To analyse the total system costs of implementing the exchangeable batteries system these costs need
to be accounted for. Therefore, different scenarios with different number of docking spots on vessels will be
analysed. All the other parameters will be kept as explained for the Base Case. The idea is to determine the
optimal number of batteries and docking stations to have the least total costs, including the vessels retrofit
costs and profit loss for carrying batteries instead of cargo, which are determined by the number of docking
spots. Cases with two and three vessels sailing the profile D will be compared. A fully charged battery will
be placed per docking spot in the vessel at p=0.

5.2.1 Results

Base Case

Table 2: Base Case results for the fictitious sailing profiles

Scenario 1: increase in number of vessels
The obtained results for this scenario are shown in the tables below for both cases, same route and different
routes. In the second table the results are presented as follows. For each vessel demand, the first column
are the summed results of the independent sailing profiles (as in the base case). The second column shows
the results of the combined case.
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Table 3: Results of Scenario 1: increase in demand in the same route for the fictitious sailing profiles

Table 4: Results of Scenario 1: increase in demand in different routes for the fictitious sailing profiles

In both cases, an increase in demand in the same corridor and in different corridors, a decrease of needed
batteries and docking stations per vessel can be seen. This is due to sharing of batteries and infrastructure.
In the case of the same corridor, the need for batteries for only one vessel is very high, but as soon as more
vessels of the same type sail the same route, battery sharing occurs, reducing the needed number of battery
per vessel significantly. Every time a new vessel is added to the route, the battery per vessel requirement
decreases steadily. For different routes, a decrease of batteries per vessel can be seen when comparing to
the sum of the sailing profiles independently (as in the base case). The decrease depends on the routes that
have been shared. The decrease is also not constant, as the different routes combinations do not allow the
sharing in all terminals. Regarding the DS per vessel only for the combined case of profiles type A, B, C and
D, a decrease in needed DS is seen compared to the scenario of summing the independent profiles. As for the
investment cost in batteries and DS per vessel a decrease is seen in both cases as demand increases. Showing
that a better scenario in terms of Capex can be obtained if more vessels use the installed infrastructure, as
benefits from synergies between the routes can be reached.

Scenario 2: capacity variations of batteries
The obtained results for this scenario are shown in the tables below for the same route.
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Table 5: Results of Scenario 2: battery capacity variations in the same route for the fictitious sailing profiles

It can be expected that an increase in battery capacity will lead to a reduction on the total number of
needed batteries per vessel. However, this depends on the case as larger battery capacity can lead to less
docking stations, maintaining the number of batteries. This is the case for a fleet of batteries with 3.000kWh
the same number of batteries but less docking stations than with 2.000kWh is needed. This reduction how-
ever, does not lead to a benefit in terms of costs per vessel, as the increase in battery cost per unit does not
compensate the reduction in docking stations costs. Despite the above, a scenario like this can be of interest
as one less docking station will also mean less operational costs (which are not included in the model, but
need to be assessed) and more income to that one station, as all batteries need to be charged there. For the
case of a battery capacity decrease, one more battery is needed but the same docking stations. Given the
cost reduction of the smaller battery, this scenario is better than the original in terms of costs. Regarding
the shared batteries not a significant difference is seen between the scenarios.

Scenario 3: number & capacities of charging spots in Docking Stations
The obtained results for this scenario are shown in the tables below for the different routes.

Table 6: Results of Scenario 3: docking stations design variations in different routes for the fictitious sailing
profiles

It can be seen that when changing all the docking stations types for two charging spots of 1000kW, one
charging spot of 750kW and one charging spot of 1.000kW, no result is feasible. Meaning that the charging
infrastructure considered cannot satisfy the charging demand of the battery fleet. The charging demand
required number of stations of the first scenario (two charging spots of 1.000kW) was determined and two
of them were significantly less demanded than the other three (stations in T1 and T4). Then, these two
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stations were set with a smaller design. The results obtained do not show an improvement in both cases in
terms of cost per vessel, batteries per vessel or docking stations per vessel. However, it can be of relevance
to determine the demand of each docking station, as having idle capacity can be useful if an increase in
demand is expected, but less profitable if this is not so.

Scenario 4: number of docking spots on board of vessels
The obtained results for this scenario are shown in the tables below for the same route for two and three
vessels.

Table 7: Results of Scenario 4: number of docking spots on board variations for two vessels sailing same fictitious
route

Table 8: Results of Scenario 4: number of docking spots on board variations for three vessels sailing same
fictitious route

The results of the fourth scenario show that no significant improvements are obtained when adding more
docking spots on board. In the case of a two vessel demand on the same corridor adding one more docking
spot on board of the vessels leads to a trade-off of less DS but more batteries, that leads to a reduction of
the total investment cost per vessel. However, more docking spots on board mean larger retrofit costs and
more profit loss for carrying batteries instead of cargo containers. Therefore, the improvement found needs
to be compared against this cost increase on shippers side. Very likely it will not compensate the retrofit
and profit loss costs. In the case of three vessels on the same corridor no benefit is observed when increasing
the number of batteries on board as this does not compensate the need for the investment in 2 DS. For both
cases, a reduction in docking spots on board made the model not feasible, meaning that there is no possible
combination of charging infrastructure and battery fleet that to guarantee electric sailing for the vessels.
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5.3 ZES study case
The vessel demand used for the study case is the one identified by ZES for their first scale up phase and
it consists of seven vessels sailing in four corridors, namely, the Groene, Oost Brabant, Noord Nederland
and Maas corridor. The terminals involved in the vessel’s routes and their representation for the model are
shown below.

Figure 2: Study case network representation

In these locations ZES determined the feasibility of placing docking stations. It is expected to have
different space availability, accessibility to the electric grid and distance to the mooring docks for each
terminal, hence, different Capex and Opex will be modelled for each docking station. The same logic than
for the fictitious sailing profiles was used to analyse the real-life profiles of the case study. The fleet was
simplified to four vessels, the Alphennar, the Gouwenaar, the Den Bosch Max Blauw and the Den Bosch
Max Groene and the four scenarios, as with the fictitious sailing profiles, were run.

5.3.1 Results

Base case:
The table below shows the results obtained for the individual vessels.

Table 9: Results of the Base Case for the case study

Scenario 1: increase in number of vessels
The table below shows the results obtained for vessel demand variations for the same sailing profile and for a
combination of profiles. For the second table, the first column shows the summed results of the independent
sailing profiles (as in the base case), whereas the second column shows the results of the combined profiles.
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Table 10: Results of Scenario 1: increase in demand for the same sailing profile for the case study

Table 11: Results of Scenario 1: increase in demand for the different sailing profile for the case study

As it can be seen in table 10 a reduction of costs per vessel is gained as demand increases for the DB
Max vessel. Deploying a second DB Max vessel (column 2) results in an increase in batteries per vessel but
in a reduction in DS per vessel. This can be of interest as for a first stage might be more convenient to invest
in one DS and more batteries and then expand to one more DS to once more demand is guaranteed. From
two to four vessels the increase in demand represented a reduction of both, batteries and DS per vessel. In
the case of combining the sailing profiles of the four vessels, a total cost reduction per vessel was observed
if compared to the sum of the individual vessels. Also a reduction in needed DS per vessel is seen, though
one more battery is needed in the system.

Scenario 2: capacity variations of batteries
The table below shows the results obtained for battery capacity variations for a combination of profiles.
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Table 12: Results of Scenario 2: capacity variations for the case study

A reduction in battery capacity proved to be unfeasible for the combination of vessels. Both capacity
increases, to 2.500kWh and 3.000kWh, proved to require less batteries and less docking stations than the
base case. However, for an increase of 3.000kWh the cost per vessel is slightly larger. These results should
be further analysed to determine the strategic investment decisions, as reducing one docking station signifies
less operational costs.

Scenario 3: number & capacities of charging spots in Docking Stations
The table below shows the results obtained for different DS designs for a combination of profiles.

Table 13: Results of Scenario 3: DS designs variations for the case study

For all the assessed DS designs one less battery but one more DS were needed compared to the base case.
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From costs perspective the DS design with one charging point of 750kW of capacity is the most optimal.
However, it is important to consider possible further vessel demand increase or expansion to other routes to
decide which option is the most suitable, as charging infrastructure will remain in place for many years.

Scenario 4: number of docking spots on board

Table 14: Results of Scenario 4: number of docking spots on board variations for the case study

Finally, regarding variations in docking spots on board of the vessels, an unfeasible model is obtained
when a reduction to one docking spot is modelled (first column of table 14). If more docking spots are
available, the results show an improvement in terms of DS per vessel. This is an expected result, as DS
Capex is larger than battery Capex. When more docking spots are available on the vessel the more battery
capacity can be carried and less stops at DS are required. Again, it is relevant to mention that more docking
spots on the vessels mean higher retrofit costs and revenue losses on the shippers’ side. Therefore, these
results need to be further analysed to determined the optimal solution for the whole system.

5.4 Results discussion
After running the model for the fictitious and real-life sailing profiles, the obtained results showed the
optimisation opportunities and possible synergies that can be achieved when vessels share the batteries and
charging infrastructure. It is not trivial to determine beforehand the optimal result for different inputs. Four
different scenarios and three KPI’s were evaluated and the main results are stated below.

• Scenario 1: demand increase
A demand increase with the same sailing profile showed the highest battery per vessel reductions.
When combining routes, the results become more unpredictable and they largely depend on which
terminals are shared by the vessels routes, as these are the battery exchange points.

• Scenario 2: battery capacity variations
Battery capacity variations did not show great improvements for the need of batteries per vessel and
only a small improvement in DS per vessel for batteries of 3.000kW. Despite this, larger batteries are
also more expensive. Then, the trade-off of less DS is not compensated leading to larger investment
costs per vessel.

• Scenario 3: DS design
The combination of DS designs did not prove to have better results than the base case, regarding the
above-mentioned KPIs. Only smaller designs for the case study proved to have a reduction in Capex
per vessel.

• Scenario 4: variation in docking spots on vessels
Adding docking spots on board of the vessels led to less DS. However, further analysis on the shipper’s
costs side is needed to determine if the gain is relevant for all stakeholders.

In general, better results in terms of batteries reduction per vessel were found with the fictitious sailing
profiles than with the real study case ones. This can be expected as the former were built in order to show
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most of the model potential while remaining as realistic as possible. In real life, it can be expected to have
fewer synergies.

6 Conclusions & Recommendations
The proposed optimisation model developed in this research integrates the complexities of the three main
components of the exchangeable batteries system to power IWW vessels and allows to analyse different
scenarios. The obtained results showed the optimisation opportunities and possible synergies that can be
achieved when vessels share the batteries and charging infrastructure. Multiple iterations might be required
to obtain the input combination that leads to the most optimal results, as the interactions among the
components of the system are complex.

It is important to notice, that the results highly depend on the sailing profiles, which for the case study
were provided by shippers based on average consumption of diesel. Changes in speed or weather conditions
can alter the power consumption and trip duration, which may affect the results. Prior to run the model,
proper analysis of the sailing profiles is needed, and scenario analysis should be performed for the worse,
average and best cases in order to assess the impact of these variations and adjust the safety margin if
needed, to avoid the risk of running out of battery power while sailing. Moreover, it is worth it to mention,
that the results were obtained for a reduced sample of vessels routes and sailing profiles combinations, with a
limited time horizon. All the considered vessels are container barges with relatively similar characteristics in
terms of power consumption and sailing times and time at terminals. It can be expected to obtain different
results if other vessels are analysed. Whether these results are better or worse, in terms of battery sharing
and infrastructure requirement, will depend on the sailing profiles, power consumption and terminals at
which the vessels stop.

As it was mentioned in the literature review section, no research has been done so far regarding the
implementation of an exchangeable battery system to IWW shipping. This research can be considered as
the first step to investigate the implementation of this promising zero-emission concept, as it contributes to
help assisting the strategic decision of the system implementation from a logistics perspective. Though the
outputs of the model do not answer directly this question, through the analysis of different scenarios with
different input parameters, information that can be useful to asses this can be obtained.

Several assumptions and simplifications were made when developing the model which limit this research.
First, the model aims at minimising the investment costs for the batteries and docking stations, leaving
outside the operational costs and other costs like vessel’s retrofit. Moreover, the battery capacity was
modelled in a simplistic way. A fixed number of maximum available capacity was used per battery and a
linear charge/ discharge was considered. In a real-life setting, the available capacity can be lower than the
one modelled. Apart from this, the vessels’ power consumption were assumed fixed per time step using an
average consumption. This is also not realistic, as weather conditions, waves, wind, among other factors
modify the power requirement from the vessel.

Regarding the model limitations, they will require further research. It is particularly recommended to
perform further research in terms of model improvement (optimisation of running times), incorporation
of operational costs and shipper’s costs (vessel retrofit and loss of revenue for carrying batteries instead
of cargo), incorporation of vessel speed, model non-linear batteries charge/ discharge, charge regimes and
battery ageing. Another recommendation regards the possible use of vessels to reallocate batteries in the
system and adding possible extra stops to the vessels’ routes to exchange batteries.
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C Model code

In this section, the Python code, as well as, examples of the inputs file and the model outputs are given. At
the end of this appendix some general comments on the code and the outputs are stated. This Appendix will
function as guide on how the model works and will help future research on improvements to the model to take
place with ease.

C.1 Input file

The input file is an Excel file with four sheets in which the main attributes of the three system components
and the vessels’ sailing profiles are given. In the following tables examples of each sheet are provided for the
fictitious sailing profiles. 18 batteries (two in each terminal and two in each vessel at p=0), 5 terminals and 4
vessels are used. The parameters are written in blue.

Sheet 1: Batteries
The information given in this sheet is for each battery of the initial fleet: the Capex, the maximum usable
capacity and the initial values (at p=0) for battery capacity, location (at a terminal or on a vessel) and usage
(charging at a DS or being used by a vessel). For the initial location and usage, the number shows the terminal
number or vessel number at which the battery is. The last column works as a check box for the initial location.
Every battery needs to be either at a terminal or on a vessel at p=0.

Table 22: Model code: battery inputs

Sheet 2: Docking stations
The information shown in this sheet regards the terminals that can be docking stations in the model. Starting
with the terminal number, followed by DS Capex, number of charging points and the power of each charging
point. The last column is not used by the model but works to have a reference of the name of the terminal.

Table 23: Model code: DS inputs
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Sheet 3: Vessels
In this sheet the information of the number of docking spots on board of each vessel is given. As in the previous
case, the last column is used to have a reference of the vessel’s name.

Table 24: Model code: vessel inputs

Sheet 4: Sailing profiles
In this last sheet, the information of the sailing profiles is given. The first column correspond to the time steps
considered. Then for each vessel the location and power requirement at each time step is given. Location 0
refers to sailing

Table 25: Model code: vessel sailing profiles
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C.2 Pyhton code

1 from gurobipy import *
2 from openpyxl import load_workbook
3 from tabulate import tabulate
4 import numpy as np
5 import csv
6 import pandas as pd
7 np.set_printoptions(threshold=np.inf) # to see all extension when printing
8

9

10 #-----------Create model ------------------------------------------------------
11 BM = Model (’Basic_Model ’)
12

13

14 #-----------Import data -------------------------------------------------------
15 wb = load_workbook(’Inputs.xls’)
16 ws = wb.active
17

18

19 #-----------Sets --------------------------------------------------------------
20 B = np.array([i[0]. value for i in wb.worksheets [0][’A3’:’A20’]]) # set of batteries
21 V = np.array([i[0]. value for i in wb.worksheets [2][’A2’:’A5’]]) # set of vessels
22 T = np.array([i[0]. value for i in wb.worksheets [1][’A2’:’A6’]]) # set of terminals
23 P = np.array([i[0]. value for i in wb.worksheets [3][’A3’:’A26’]]) # set of time periods
24

25

26 #-----------Parameters --------------------------------------------------------
27

28 ## Batteries
29 cb = np.array([i[0]. value for i in wb.worksheets [0][’B3’:’B20’]]) # Investment cost [

Euro]
30 cap = np.array ([i[0]. value for i in wb.worksheets [0][’C3’:’C20’]]) # Capacity [kW]
31 mbl = 0.1 # Min battery level

at all times
32 Lb0 = np.array ([i[0]. value for i in wb.worksheets [0][’D3’:’D20’]]) # Initial values:

battery level [kW]
33

34 ut_aux = np.array([i[0]. value for i in wb.worksheets [0][’E3’:’E20’]]) # Initial values:
battery location at terminal

35 Ut0 = np.zeros ((len(B),len(T)))
36 for b in range(len(B)):
37 if ut_aux[b]>0:
38 Ut0[b,ut_aux[b] -1]=1
39

40 uv_aux = np.array([i[0]. value for i in wb.worksheets [0][’F3’:’F20’]]) # Initial values:
battery location on vessel

41 Uv0 = np.zeros ((len(B),len(V)))
42 for b in range(len(B)):
43 if uv_aux[b]>0:
44 Uv0[b,uv_aux[b] -1]=1
45

46 k_aux = np.array ([i[0]. value for i in wb.worksheets [0][’G3’:’G20’]]) # Initial values:
battery usage on terminal

47 k0 = np.zeros((len(B),len(T)))
48 for b in range(len(B)):
49 if k_aux[b]>0:
50 k0[b,k_aux[b]-1]=1
51

52 m_aux = np.array ([i[0]. value for i in wb.worksheets [0][’H3’:’H20’]]) # Initial values:
battery usage on vessel

53 m0 = np.zeros((len(B),len(V)))
54 for b in range(len(B)):
55 if m_aux[b]>0:
56 m0[b,m_aux[b]-1]=1
57

58 ## Vessels
59 chv = np.array ([i[0]. value for i in wb.worksheets [2][’B2’:’B5’]]) # Total number of

charging points in vessel
60

61 sp_aux = [np.array([i[0]. value for i in wb.worksheets [3][’B3’:’B26’]]), # Sailing profile of
vessels

62 np.array([i[0]. value for i in wb.worksheets [3][’D3’:’D26’]]),
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63 np.array([i[0]. value for i in wb.worksheets [3][’F3’:’F26’]]),
64 np.array([i[0]. value for i in wb.worksheets [3][’H3’:’H26’]])]
65

66 sp_aux = np.array(sp_aux)
67

68 sp = np.zeros((len(V),len(T),len(P)))
69 for v in range(len(V)):
70 for p in range (len(P)):
71 if sp_aux[v,p]>0:
72 sp[v,sp_aux[v,p]-1,p]=1
73

74 pv_aux = [np.array([i[0]. value for i in wb.worksheets [3][’C3’:’C26’]], dtype=float), # Power
requirement per time step

75 np.array([i[0]. value for i in wb.worksheets [3][’E3’:’E26’]], dtype=float),
76 np.array([i[0]. value for i in wb.worksheets [3][’G3’:’G26’]], dtype=float),
77 np.array([i[0]. value for i in wb.worksheets [3][’I3’:’I26’]], dtype=float)]
78

79 pv = np.array(pv_aux)
80

81 mlv = 1 # Min battery level to be placed on vessel
82

83 ## Docking Stations
84 cds = np.array ([i[0]. value for i in wb.worksheets [1][’B2’:’B6’]]) # Investment cost [Euro]
85 cht = np.array ([i[0]. value for i in wb.worksheets [1][’C2’:’C6’]]) # Total number of charging

points at terminal
86 pw = np.array([i[0]. value for i in wb.worksheets [1][’D2’:’D6’]]) # Power grids provide the

DS [kWh]
87

88 ## Others
89 M1 = 2*len(P) # Large number
90 M2 = 0.0001 # Small number
91

92

93 #-----------Variables ---------------------------------------------------------
94

95 # x[b,t,p]: Binary variable if battery is at ds
96 x = {}
97 for b in range(len(B)):
98 for t in range(len(T)):
99 for p in range(len(P)):

100 x[b,t,p]=BM.addVar (lb=0, vtype=GRB.BINARY , name="x["+str(b)+","+str(t)+","+str(p)
+"]")

101

102 # y[b,v,p]: Binary variable if battery is at a vessel
103 y = {}
104 for b in range(len(B)):
105 for v in range(len(V)):
106 for p in range(len(P)):
107 y[b,v,p]=BM.addVar (lb=0, vtype=GRB.BINARY , name="y["+str(b)+","+str(v)+","+str(p)

+"]")
108

109 # n[b]: Binary variable if a battery is used
110 n = {}
111 for b in range(len(B)):
112 n[b]=BM.addVar (lb=0, vtype=GRB.BINARY , name="n["+str(b)+"]")
113

114 # u[t]: Binary variable if a terminal is used as DS
115 u = {}
116 for t in range(len(T)):
117 u[t]=BM.addVar (lb=0, vtype=GRB.BINARY , name="u["+str(t)+"]")
118

119 # l[b,p]: Continuous variable for battery level
120 l = {}
121 for b in range(len(B)):
122 for p in range(len(P)):
123 l[b,p]=BM.addVar (lb=0, vtype=GRB.CONTINUOUS , name="l["+str(b)+","+str(p)+"]")
124

125 # m[b,v,p]: Binary variable if battery being used on a vessel
126 m = {}
127 for b in range(len(B)):
128 for v in range(len(V)):
129 for p in range(len(P)):
130 m[b,v,p]=BM.addVar (lb=0, vtype=GRB.BINARY , name="m["+str(b)+","+str(v)+","+str(p)
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+"]")
131

132 # k[b,t,p]: Binary variable if battery being charged at a terminal
133 k = {}
134 for b in range(len(B)):
135 for t in range(len(T)):
136 for p in range(len(P)):
137 k[b,t,p]=BM.addVar (lb=0, vtype=GRB.BINARY , name="k["+str(b)+","+str(t)+","+str(p)

+"]")
138

139

140 BM.update ()
141

142

143 #-----------Objective ---------------------------------------------------------
144

145 obj = quicksum(u[t]*cds[t] for t in range(len(T))) + quicksum(n[b]*cb[b] for b in range(len(B
)))

146

147 BM.setObjective(obj , GRB.MINIMIZE)
148 BM.update ()
149

150

151 #------------Constraints ------------------------------------------------------
152

153 #Constraint 1 - Used batteries
154 con1 = {}
155 for b in range(len(B)):
156 BM.addConstr(n[b]*M1, GRB.GREATER_EQUAL , quicksum(quicksum(x[b,t,p] for t in range(len(T))

) for p in range(1,len(P))) + quicksum(quicksum(y[b,v,p] for v in range(len(V))) for p
in range(1,len(P))))

157

158 #Constraint 2 - Used terminals
159 con2 = {}
160 for t in range(len(T)):
161 BM.addConstr(u[t]*M1, GRB.GREATER_EQUAL , quicksum(quicksum(x[b,t,p]*n[b] for b in range(

len(B))) for p in range(len(P))))
162

163 #Constraint 3 - Maximum number of used batteries in vessel
164 con3a = {}
165 for v in range(len(V)):
166 for p in range(1,len(P)):
167 BM.addConstr(quicksum(m[b,v,p] for b in range(len(B))), GRB.LESS_EQUAL , 1)
168

169 con3b = {}
170 for v in range(len(V)):
171 for p in range(1,len(P)):
172 BM.addConstr(quicksum(m[b,v,p] for b in range(len(B))), GRB.GREATER_EQUAL , pv[v,p]*M2)
173

174 #Constraint 4 - Battery level
175 con4 = {}
176 for b in range(len(B)):
177 for p in range(1,len(P)):
178 BM.addConstr(l[b,p], GRB.LESS_EQUAL , l[b,p-1]+( quicksum(pw[t]*k[b,t,p] for t in range(

len(T)))
179 -quicksum(m[b,v,p]*pv[v,p] for v in range(len(V)))))
180

181 #Constraint 5 - Maximum & minimum battery level
182 con5a = {}
183 for b in range(len(B)):
184 for p in range(1,len(P)):
185 BM.addConstr(l[b,p], GRB.LESS_EQUAL , cap[b]*n[b])
186

187 con5b = {}
188 for b in range(len(B)):
189 for p in range(1,len(P)):
190 BM.addConstr(l[b,p], GRB.GREATER_EQUAL , cap[b]*mbl*n[b])
191

192 #Constraint 6 - Minimum battery level to be placed on a ship
193 con6 = {}
194 for b in range(len(B)):
195 for v in range(len(V)):
196 for p in range(1,len(P)):
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197 BM.addConstr ((y[b,v,p]-y[b,v,p-1])*mlv*cap[b], GRB.LESS_EQUAL , l[b,p])
198

199 #Constraint 7 - Battery location
200 con7 = {}
201 for b in range(len(B)):
202 for p in range(1,len(P)):
203 BM.addConstr(quicksum(y[b,v,p] for v in range(len(V))) + quicksum(x[b,t,p] for t in

range(len(T))), GRB.EQUAL , n[b])
204

205 #Constraint 8 - Batteries & vessels routes
206 con8a = {}
207 for b in range(len(B)):
208 for t in range(len(T)):
209 for p in range(1,len(P)):
210 BM.addConstr(x[b,t,p], GRB.LESS_EQUAL , x[b,t,p-1]+ quicksum(y[b,v,p-1]*sp[v,t,p]

for v in range(len(V))))
211

212 con8b = {}
213 for b in range(len(B)):
214 for v in range(len(V)):
215 for p in range(1,len(P)):
216 BM.addConstr(y[b,v,p], GRB.LESS_EQUAL , y[b,v,p-1]+ quicksum(x[b,t,p-1]*sp[v,t,p-1]

for t in range(len(T))))
217

218 #Constraint 9 - Maximum number of batteries at DS
219 con9 = {}
220 for t in range(len(T)):
221 for p in range(1,len(P)):
222 BM.addConstr(quicksum(x[b,t,p] for b in range(len(B))), GRB.LESS_EQUAL , cht[t])
223

224 #Constraint 10 - Maximum number of batteries on vessel
225 con10 = {}
226 for t in range(len(T)):
227 for p in range(1,len(P)):
228 BM.addConstr(quicksum(y[b,v,p] for b in range(len(B))), GRB.LESS_EQUAL , chv[v])
229

230 #Constraint 11 - Battery charging at DS only if it is at DS
231 con11 = {}
232 for b in range(len(B)):
233 for t in range(len(T)):
234 for p in range(1,len(P)):
235 BM.addConstr(k[b,t,p], GRB.LESS_EQUAL , x[b,t,p])
236

237 #Constraint 12 - Battery used in vessel only if it is on vessel
238 con12 = {}
239 for b in range(len(B)):
240 for v in range(len(V)):
241 for p in range(1,len(P)):
242 BM.addConstr(m[b,v,p], GRB.LESS_EQUAL , y[b,v,p])
243

244 #Constraint 13 - Initial battery location & battery ussage (on vessel and terminal)
245 con13a = {}
246 for b in range(len(B)):
247 for t in range(len(T)):
248 BM.addConstr(x[b,t,0], GRB.EQUAL , Ut0[b,t])
249

250 con13b = {}
251 for b in range(len(B)):
252 for v in range(len(V)):
253 BM.addConstr(y[b,v,0], GRB.EQUAL , Uv0[b,v])
254

255 con13c = {}
256 for b in range(len(B)):
257 for t in range(len(T)):
258 BM.addConstr(k[b,t,0], GRB.EQUAL , k0[b,t])
259

260 con13d = {}
261 for b in range(len(B)):
262 for v in range(len(V)):
263 BM.addConstr(m[b,v,0], GRB.EQUAL , m0[b,v])
264

265 #Constraint 14 - Initial battery levels
266 con14 = {}
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267 for b in range(len(B)):
268 BM.addConstr(l[b,0], GRB.EQUAL , Lb0[b])
269

270 #Constraint 15 (optional) - Fix battery or DS
271 con15a = {}
272 BM.addConstr(n[1], GRB.EQUAL , 1) # Example fixing battery 2 of the input file to be part of

the output fleet
273

274 con15b = {}
275 BM.addConstr(u[1], GRB.EQUAL , 1) # Example fixing terminal 2 of the input file as DS
276

277 #-----------Solve -------------------------------------------------------------
278 BM.setParam (’OutputFlag ’, True) # show the gurobi output
279 BM.setParam (’MIPGap ’, 0); # find the optimal solution
280 BM.write ("output.lp") # print the model in .lp format file
281

282 BM.optimize ()
283

284

285 #-----------Print -------------------------------------------------------------
286 ## Batteries
287 batteries =0
288 for i0 in n.values ():
289 if i0.X > 0:
290 batteries = batteries +1
291

292 v_names = np.array ([i[0]. value for i in wb.worksheets [2][’C2’:’C5’]])
293 batt_vessel = []
294 for b in range(len(B)):
295 for v in range(len(V)):
296 usage= sum(m[b,v,p].X for p in range(1,len(P)))
297 if usage >0:
298 batt_vessel.append ([b,v_names[v]])
299

300 ## Docking stations
301 ds_names = np.array([i[0]. value for i in wb.worksheets [1][’E2’:’E6’]])
302 DS = 0
303 uL = []
304 Aux1 = []
305 for i2 in u.values ():
306 if i2.X > 0:
307 DS= DS +1
308 Aux1.append (1)
309 else:
310 Aux1.append (0)
311

312 for i3 in range(len(Aux1)):
313 if Aux1[i3] > 0:
314 uL.append(ds_names[i3])
315

316 ## KPIs
317 Aux2 = 0
318 for i3 in n.values ():
319 if i3.X>0:
320 Aux2=Aux2+1
321 bv = Aux2/len(V)
322

323 Aux3 = 0
324 for i4 in u.values ():
325 if i4.X>0:
326 Aux3=Aux3+1
327 dsv = Aux3/len(V)
328

329 Aux4 = []
330 for i5 in n.values ():
331 if i5.X>0:
332 Aux4.append (1)
333 else:
334 Aux4.append (0)
335 Aux5 = []
336 for i6 in u.values ():
337 if i6.X>0:
338 Aux5.append (1)
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339 else:
340 Aux5.append (0)
341 cxv = (sum(Aux4*cb) + sum(Aux5*cds))/len(V)
342

343 print (’\n--------------------------------------------------------------------\n’)
344 print (’OBTAINED RESULTS\n’)
345 print (’’)
346 print (’Used terminals as docking stations:’,DS)
347 print (’’)
348 print (’Docking stations locations:’,uL)
349 print (’’)
350 print (’’)
351 print (’Used batteries:’,batteries)
352 print (’’)
353 print (’Shared batteries :\n’)
354 print(tabulate(batt_vessel , headers =["Battery #","Vessel"]))
355 print (’’)
356 print (’’)
357 print (’KPIs:\n’)
358 print (’ * Batteries/vessel:’,bv)
359 print (’’)
360 print (’ * DS/vessel:’,dsv)
361 print (’’)
362 print (’ * Capex/vessel:’,cxv)
363 print (’\n--------------------------------------------------------------------\n’)
364

365 #-----------Save outputs in Excel file ----------------------------------------
366 nInfo = []
367 for a1 in n.values ():
368 if a1.X > 0:
369 nInfo.append(a1.varName)
370 uInfo = []
371 for a2 in u.values ():
372 if a2.X > 0:
373 uInfo.append(a2.varName)
374 xInfo = []
375 for a3 in x.values ():
376 if a3.X > 0:
377 xInfo.append(a3.varName)
378 yInfo = []
379 for a4 in y.values ():
380 if a4.X > 0:
381 yInfo.append(a4.varName)
382 lName = []
383 lValue = []
384 for a5 in l.values ():
385 if a5.X > 0:
386 lName.append(a5.varName)
387 lValue.append(a5.X)
388 kInfo = []
389 for a6 in k.values ():
390 if a6.X > 0:
391 kInfo.append(a6.varName)
392 mInfo = []
393 for a7 in m.values ():
394 if a7.X > 0:
395 mInfo.append(a7.varName)
396

397 # Create dataframes for each variable
398 df1 = pd.DataFrame ({’n[b]’: nInfo })
399 df2 = pd.DataFrame ({’u[t]’: uInfo })
400 df3 = pd.DataFrame ({’x[b,t,p]’: xInfo })
401 df4 = pd.DataFrame ({’y[b,v,p]’: yInfo })
402 df5 = pd.DataFrame ({’l[b,p]’: lName ,’Level’: lValue })
403 df6 = pd.DataFrame ({’k[b,t,p]’: kInfo })
404 df7 = pd.DataFrame ({’m[b,v,p]’: mInfo })
405 writer = pd.ExcelWriter(’Output.xlsx’, engine=’xlsxwriter ’)
406

407 # Write each dataframe to a different worksheet
408 df1.to_excel(writer , sheet_name=’Batteries n(b)’)
409 df2.to_excel(writer , sheet_name=’Docking stations u(t)’)
410 df3.to_excel(writer , sheet_name=’Batt. loc. terminal x(b,t,p)’)
411 df4.to_excel(writer , sheet_name=’Batt. loc. vessel y(b,v,p)’)
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412 df5.to_excel(writer , sheet_name=’Batt. level (b,p)’)
413 df6.to_excel(writer , sheet_name=’Batt. ch. terminal k(b,t,p)’)
414 df7.to_excel(writer , sheet_name=’Batt. used vessel m(b,v,p)’)
415 writer.save()

C.3 Outputs

After running the code a brief summary of the results is given in the console. The printed outputs are the
number of needed DS and their locations, total number of needed batteries, the shared batteries, and the KPIs
results (the batteries per vessel, the DS per vessel and the Capex per vessel). Below, and example of the printed
outputs is shown.

Figure 19: Model code printed output example

Apart from this, an Excel file with all the variables values is generated after each run. This file has seven sheets,
one for each variable output.

C.4 Comments

Constraint 15 is an optional constraint that can be used to fix either a specific battery or a DS of the input file.
If more than one battery or DS needs to be fixed this constraint can be copied as many times as needed. The
model will then find the rest of the needed batteries and DS to solve the problem. In the code an example for
fixing the battery 2 and terminal 2 as DS from the input file is given.

Regarding the Excel output file, is importance to notice that in Python the first number considered for variables
numbering is 0, then when looking at the battery, DS or vessel results, this needs to be considered.
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