
Energy system analysis of Volvo Penta’s
micro grid with optimized battery stor-
age

An energy analysis of the micro grid test-site Krossholmen

Master thesis project report in the Programme Sustainable energy systems

Jonathan Sjölander

DEPARTMENT OF ENERGY AND ENVIRONMENTAL SYSTEMS

CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2024
www.chalmers.se

www.chalmers.se




Degree project report 2024

Energy system analysis of Volvo Penta’s
Micro-grid with optimized battery storage

An energy analysis of the micro grid test-site Krossholmen

Jonathan Sjölander

Department of Energy and Enviromental systems
Chalmers University of Technology

Gothenburg, Sweden 2024



Master thesis Energy system of Volvo Penta’s Micro-grid with optimized battery
storage
An energy analysis of the micro-grid test site Krossholmen
Jonathan Sjölander

© Jonathan Sjölander, 2024.

Supervisor: Rickard Steffansson, Chief Engineer Site Management at Volvo Penta
Examiner: David Steen, Researcher, Electric Power Engineering, Electrical Engi-
neering

Degree project report 2024
Department of Energy and Environmental systems
Chalmers University of Technology
SE-412 96 Gothenburg
Sweden
Telephone +46 73 776 7331

Cover: Krossholmen test site from above.

Typeset in LATEX, template by Kyriaki Antoniadou-Plytaria
Gothenburg, Sweden 2024

iv



Master thesis Energy system of Volvo Penta’s microgrid with optimized battery
storage
An energy analysis of the microgrid test-site Krossholmen
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Abstract
This thesis investigates the integration of battery storage solutions within marine
micro grid environments, focusing on the Krossholmen test site operated by Volvo
Penta. A systematic literature review employing integrative and meta-analysis ap-
proaches establishes the theoretical foundation, covering topics such as linear opti-
mization, energy-systems modeling, and future energy scenarios. Detailed descrip-
tions of the Krossholmen micro grids technical specifications, including demand pro-
files and energy system components, are documented to facilitate accurate modeling.
Future energy scenarios, reflecting variations in electricity markets and renewable
energy adoption, are developed to assess the effectiveness of battery energy storage
solutions under different conditions. Linear optimization techniques, implemented
through Python-based modeling modules, are utilized to determine the optimal op-
eration of the micro grid. A minimize-cost objective function, incorporating various
constraints, guides the modeling process, with provisions to incorporate non-linear
data, such as battery degradation, in later stages. The project encompasses seven
major milestones, each aligned with specific deliverables, ensuring the project’s suc-
cessful execution within the allocated timeframe. Through this comprehensive ap-
proach, the thesis contributes to advancing understanding and practical applications
of battery storage within marine micro grid contexts.

Keywords: Microgrid, Energy Storage, Solar PV, Wind turbines, Electrification,
Electrical motor boats, Test site
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

BES Battery Energy Storage
DOD Depth of Charge
ES Energy System
LP Linear Programming
MILP Mixed Integer Linear Programming
MPRESS Volvo Penta’s prototype battery storage container
PV Photovoltaic
RES Renewable-based Energy Sources
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Nomenclature

Below is the nomenclature of sets, parameters, and variables that have been used
throughout this thesis.
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Sets
t 2 hours Set of time periods in hours during a year hour
Parameters
Cmax Maximum battery capacity kWh
Cinitial Initial battery capacity kWh
Chrate Maximum charge rate of the battery kW
Dchrate Maximum discharge rate of the battery kW
kcalendar Calendar aging coe�cient -
kcycling Cycling aging coe�cient -
Ea Activation energy J/mol
R Universal gas constant J/(mol· K)
� Temperature °K
� bat Battery e�ciency %
� boat Boat battery e�ciency %
Av t Availability status at time t binary value (0 or 1)
Pdiesel

max Maximum diesel power capacity kW
Pgrid

max Maximum grid power capacity kW
� t Grid power price at time t $/kWh
� diesel Diesel power price $/kWh
Pwind

t Wind power at time t kWh/h
P solar

t Solar power at timet kWh/h
D t Load demand at timet kWh/h
D boat

t Boat charge demand at timet kWh/h
D car

t Car charge demand at timet kWh/h
Variables
SOCt State of charge of the battery at timet kWh
Cht Charging rate of the battery at time t kW
Dcht Discharging rate of the battery at timet kW
Acalendar

t Calendar aging at timet -
Acycling

t Cycling aging at time t -
A total

t Total aging at time t -
Ce�

t E�ective capacity of the battery at time t kWh
SOCboat

t State of charge of the boat battery at timet kWh
Chboat

t Charging rate of the boat battery at time t kW
Dchboat

t Discharging rate of the boat battery at timet kW
Pdiesel

t Diesel power at timet kWh/h
Pgrid

t Grid power at time t kWh/h
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1
Introduction

1.1 Background

Volvo Penta, along with the rest of the Volvo Group, is forging ahead with the
electri�cation of its industry and products. This initiative aligns with the United
Nations Sustainability Goals 7 and 13:
7. Ensure access to a�ordable, reliable, sustainable, and modern energy for all 13.

Take urgent action to combat climate change and its impacts
UN Sustainability Goals [1] [2]

The electri�cation of global industry, transport, and production is an essential pre-
requisite for increasing the share of renewable energy in the global energy mix ef-
�ciently. Without the implementation of Renewable-based Energy Sources (RES)
technologies, society will continue to rely on fossil fuel-based energy production. The
current infrastructure needs to be updated to move away from this heavy reliance on
fossil fuels to reduce greenhouse gas emissions in time to mitigate disastrous climate
change. Projects like the one described in this paper help create knowledge about
best practices for regulating battery storage technologies coupled with RES, which
have signi�cant variations in energy availability.
Volvo Penta has embraced these sustainability goals, among others. The company
is committed to reducing its emissions by 50% by 2030 and achieving net-zero emis-
sions by 2050. Additionally, Volvo Penta aims to create resource circularity in its
operations and improve safety conditions for its employees and customers [3]. Volvo
Penta has signed up for the Science Based Targets initiative (SBTi), which includes
actions to electrify maritime transportation within the transport sector [4]. These
guiding initiatives have driven Volvo Penta to invest in the infrastructure of their
test site to demonstrate the bene�ts of micro grid applications with battery storage.
As more RES solutions are integrated into the Swedish electricity grid, there is
a growing need for solutions that can manage the increasing variation in energy
availability and electricity prices. The primary bene�ciaries of this project are boat
owners and marinas, who will gain from cheaper electric charging. Additionally,
there is potential to provide ancillary services to the grid with battery storage. Volvo
Penta envisions assisting their customers in the marine business by constructing a
state-of-the-art electric charging test site for boats at Krossholmen. Customers
will be invited to this test site to engage with Volvo Penta's latest knowledge and
developments regarding electric charging at marinas.
The test site's main goal will be to replicate realistic conditions for an average ma-
rina, supplemented by local power generation from solar and wind. Most marinas
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1. Introduction

have very limited transport capacity to and from the national grid and relatively
small budgets for electricity generation. This project aims to understand the op-
portunities available from the optimal use of energy storage under these constraints,
using the developing energy solutions at Volvo Penta.

1.2 Purpose

The main goal of this master thesis is to analyze and evaluate the potential of micro
grid applications of vehicle charging and energy storage in a marine context using
linear optimization programming of energy models.

1.3 Goals

The Krossholmen test site is currently in the early stages of developing its control
systems. With this in mind, the project is heavily focused on the initial phases of
modeling and conceptualizing the energy model, using rough estimations of future
potential. The following seven chronological goals are to be achieved, aiming to
provide valuable insights for Volvo Penta regarding the use of micro grids.

1. A literature study of available control technologies available for micro grid
management and how to utilize them with tools such as machine learning/AI
at the test site.

2. A detailed description of the entire energy and electrical system at the
Krossholmen test site from a consumer and producer perspective. Including a
summary of short-term challenges.

3. Design a model to simulate di�erent future energy scenarios for 2035 and
2050 that showcase the role and potential bene�ts of battery storage.

4. Analysis of cost optimized use of the energy storage solutions , with
regards to grid connected batteries, Boat2Grid technologies and when to buy
or sell electricity to the national grid from the Krossholmen test site.

5. A graphic representation of how the di�erent components and actors will
interact within the test site's ES for the di�erent energy scenarios mentioned
in delivery 3. The representation should be at a laymen level of complexity.

6. A suggestion for the future development of the energy system at the
Krossholmen test-site.

1.3.1 Priority of the goals application

The evaluation of Krossholmen can be conducted in various ways, depending on the
underlying objectives of the work. To align the results with Volvo Penta's vision
for the test site, an interview was conducted with the site manager of Krossholmen,
Rickard Ste�ansson. Based on his insights, the following priority list was created.

1. Maintain a stable energy supply to the operation at Krossholmen.
2. Limit the energy input as much as possible.
3. Create a digital clone of the site to enable long term planing.

2



1. Introduction

4. Maintain an energy storage backup security on site that can sustain major
changes in loads and availability from the grid.

5. Economic pro�tability of the micro grid.

1.4 Limitations

The energy model analysis is limited to micro grid conditions and utilizes real-life
data from the Krossholmen test site, as well as synthetic data from ongoing research
at Chalmers University. Parameters outside this system's boundary are limited to
market-related data, such as electricity and diesel prices.
For the purpose of evaluating battery storage as an energy storage solution, and not
necessarily as an ancillary service for frequency regulation, the project is limited to
an hour-to-hour time domain. There is potential for calculations in faster domains
if the possibility of selling ancillary services to the grid is to be analyzed, but this
is outside the scope of this project.
The main aim of this project is to evaluate the role of battery storage within a
marine context for di�erent energy scenarios. Therefore, the current business model
through which the Volvo Group purchases electricity is not considered. Contracts,
hedging policies, and grid fees change drastically over the time span in which this
project compares di�erent energy scenarios. Instead, the cost of electricity is derived
from the marginal cost of energy production, according to ongoing modeling work
by PhD Simon Öberg at Chalmers University [20].
A technical limitation that a�ects the time schedule and accuracy of the energy
model analysis is the availability of measurements within the system. As the project
progresses, more data will become available. Even after this master's thesis is
concluded, there will still be bene�ts from adding more up-to-date data once the
Krossholmen test site is �nished.
Another technological restriction of the energy model is the use of the Python coding
language. Since the conclusions from this work will be handed o� to Volvo Penta
for further development, it is important that the implementation can be easily in-
tegrated into their existing operations. Although coding languages such as GAMS
and Julia have the potential for more e�cient energy system modeling, they were
discarded for this project due to the aforementioned reason.

1.4.1 Implications on Society

Developments in the energy �eld a�ect all aspects of modern society. Innovations
such as solar PV, nuclear power, and the water wheel have signi�cantly changed
how humans live and perceive the world. Therefore, it is important to consider the
implications of enabling the electri�cation of society as a result of this master thesis.

1.4.1.1 Ecological Aspects

The main advantage of using battery storage is to shift power load on the grid from
high-demand peak periods to low-demand periods, usually from day to night in most
residential and industrial areas. This enables more stable use of renewable energy

3



1. Introduction

sources, which have variable availability due to seasonal and daily changes. Any
development that brings us closer to electri�cation and reduces dependence on fossil
fuels is bene�cial. However, the negative aspect of battery technologies and their
associated control systems is the increased demand for rare materials such as cobalt,
copper, silicon, and others needed for components. The environmental footprint
of increased extraction of these materials needs to be balanced with the bene�ts
gained. This argument is similar to the current electric vehicle debate [6], where the
mitigation of fossil fuel usage will eventually o�set the higher production footprint.
As climate change is an ongoing process, it may not be enough to electrify the
transport sector alone to prevent disastrous damage to society. However, batteries
could also be used as energy storage when vehicles are parked, smoothing energy
demand across a day and between seasons.

1.4.1.2 Ethical and Societal Aspects

The implications of new insights regarding the e�cient use of battery storage in
micro grids vary depending on the region where they are applied. In developed
countries, this practice presents new business opportunities for the electri�ed trans-
port sector. In developing countries, it may be critical for households to transition
to clean energy supplies for home appliances. Modern grid-connected batteries are
still expensive, and any measures to improve the payback period on the investment
may aid the electri�cation of institutions that would otherwise be unable to bear the
risk. The ethical aspects of mining the necessary materials for these technologies
in developing countries, where people work under questionable conditions, as well
as the safety regulations surrounding the operation of grid batteries on-site, are im-
portant but beyond the scope of this master thesis to thoroughly investigate. This
thesis will be conducted with these aspects in mind, but no signi�cant actions will
be taken within the planned time frame.

1.5 Disposition

This report covers the entirety of the master thesis project. Chapter 2 Theory,
includes the theoretical background for the chosen methodology. The method by
which the project was performed is described in Chapter 3, Method, divided into the
di�erent sub-tasks of the project. The description of Krossholmen's energy system is
presented in Chapter 4. The results of optimizing the di�erent energy scenarios are
provided in Chapter 5. Finally, the analysis of the results is summarized in Chapter
6.

4



2
Theory

In this chapter the governing principles for energy analysis is described. Firstly the
basics of mathematical programming models and how it is used to to set up an
optimization model. Then the energy modelling topics regarding the markets and
batteries are described in the context of this work.

2.1 Mathematical programming models

It is bene�cial to summarize complex mathematical relationships in ES into abstract
models for several reasons. It reveals previously unknown relationships for people
that are not directly involved in the entire system, provides and mathematically
analysis's the aspects of the model to determine future actions and preform exper-
imentation that is not economically or otherwise possible in real life. Just like a
dish is only as good as its ingredients, the usefulness of the mathematical model is
dependent on the data in which it describes the relationship in between. It is impor-
tant to distinguish mathematical programming modelsfrom computer programming.
The programming refers toplaning and do not necessarily have anything to do with
computers. Several programming languages are however a very e�cient way of set-
ting up a mathematical model which is why its usually close connected in most
contexts. Models are usually produced with the purpose of optimizing a certain
performance value wither byminimizing or maximizing something. [10]. The data
collection and utilization of mathematical programming models are performed in
three characteristic steps as described in the following subsections.

2.1.1 De�ning objectives

Depending on what is the aim, one can apply di�erent objectives to a given set
of data and constraints to �nd di�erent optimal solutions. Di�erent relevant pa-
rameter such as cost, pro�t, utility, Net Present Value(NPV) and so on can be
maximized/minimized under the given constraints for the model. Single objective
functions are usually expressed such as Equation 2.1 werex ij is the number of i
products made with process j to meet demandD i for product i.

X

j

x ij = D i for all i (2.1)

Such a minimize cost function would likely result in the best solution being to pro-
duce nothing without further context. By instead of determining that the demand
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2. Theory

is a constant set but rather a variabledi , the objective can instead be expressed as
a maximize pro�t function as follows in Equation 2.2.

X

j

x ij � di = 0 for all i (2.2)

By implementing a pro�t coe�cient Pi to this function, it can derive the optimal
value for di . The pro�t may however be depended on variabledi which would then
mean that the function has entered the non-linear realm. The objective function is in
this manner further developed to suit a certain aim. It can for example be adapted
for di�erent time periods and scenarios by discounting future monetary gains and
change the models conditions in what is known as dynamic models. As there is a
cost associated to the process j to produce product i, the prices should be added to
the function. In the case of this project there are several products that can ful�ll the
demandD i . By studying the energy systems di�erent producers, storage solutions
and prices for di�erent energy sources we arrive at the equations for demand balance
Equation 3.12 and the minimize cost function Equation 3.1
Several objectives may be relevant to apply for a single model. In these cases one can
solve the objectives on after another resulting in two di�erent solutions to be weighed
against each other. Another method to handle these situations is to comprise a linear
combination of all objective functions. This will result in that some relative weight
to each of the objectives which the programmer of the model needs to be aware of
and clearly state to actors taking part in the results. When combining the objectives
one may arrive in the conclusion that these are in con�ict. A general way to resolve
the con�ict is to formulate the con�icting objective as constraining goals instead.
In the case of this project the prioritization between di�erent, possibly con�icting,
goals has been established in Chapter 1.3.1 in line with the vision of Volvo Penta's
operation at Krossholmen.

2.1.2 De�ning constraints

The key to successfully calculating accurate results when using a programming model
is to de�ne the constraints of the model in accordance to the relevant resolution of
the case being studied. In this case the constraints re�ect the technical speci�ca-
tion of the site and how each component functions in relation to the rest of the
system. There are some typical constraint categories that describe the ones used
in this model. Productive capacity constraints that restrain how much energy that
can feasibly be produced in order to satisfy the given demand for the site such as
the transmission capacity from the national grid or the charging rate of batteries.
Then there is market demands and limitations that dictates the dynamics of how a
produced commodity will sell. In this model, the demand is a hard constraint that
is to be satis�ed strictly to ensure that the operation at the Krossholmen workshops
can continue without hindrance. The electricity price is also a set value for each
hour that depends on market factors. In models that are signi�cantly greater in
scope then this project there would be impacts in the market price by the decisions
of the model that needs to be accounted for [10].
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2.2 Energy modeling

The de�nition of an energy model is a computer-based model that comprehensively
describe energy �ows within a set of boundaries. These boundaries can be geograph-
ical, within a certain energy system such as electricity or heat, economical zones and
so on. The mathematics that lies behind the model also di�er between models. For
instance this project utilizes normative models for optimization purposes[15]. The
main bene�t of using this methodology is to summarize the complex system in which
you want to optimize in a way that is simple yet representative of reality. Other gain
comes from the increased understanding of the system that lead to better decision
making and planing when developing the energy system under new conditions. It is
bene�cial to develop energy models iteratively by comparing it to the real system
and customer demands as represented in Figure 2.1. One can never take the results
of a model at face-value, but use it for its intended purpose to provide insights rather
then to draw direct conclusions. For the model to improve the understanding of the
involved actors they need to be consulted continually as the model is developed [17].

Figure 2.1: Modelling processes [15]

2.3 De�nition of a micro grid

A de�nition of micro grids is established in order to ground this broad concept
speci�c context. A micro grid is a localized group of electricity sources and loads
that operates with a limited connection to the national power grid or independently
as an isolated entity. It typically includes local production with renewable energy
sources, such as solar panels and wind turbines, combined with traditional generators
and energy storage systems, like batteries. MG:s are designed to enhance energy
reliability, improve power quality, and increase energy e�ciency. They can supply
power during main grid outages, support the integration of renewable energy, and
provide localized control over energy resources. This is a typical setup for remote
marines where a majority of leisure boats are harboured. As these boats switch to
electric drive lines there will be an increase in micro grid practices to accommodate
the charging of these vessels.
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2.4 Electricity markets

In this project the electricity market in the Nordics is studied which is organized as
a day ahead spot market by Nordpool. This means that energy producers bid their
energy o�er 24 hours ahead of a certain demand hour. The price is then determined
by the producer on the margin of the demand. This is what is called marginal
cost[16] for the consumer. As demand change throughout the day the marginal cost
moves along the aggregate supply curve that the producers have o�ered as seen in
Figure 2.2. During two hours on 14th of February 2024 the price across all economic
zones in Sweden change signi�cantly due to the sudden change in demand as the
population wakes up and starts to increase the consumption of electricity by turning
on lights, breakfast cooking and industrial machines starting at the beginning of
production shifts. The availability also changes depending on the producers ability
to supply the grid. Sweden, consuming a signi�cant share(about 20% currently
[18]) of wind power, have signi�cant variation in power availability which means
that the supply curve change over time and thereby also a�ect the spot price. The
optimization model for this project determine when during a full year it is most
bene�cial to draw energy from the electricity to the grid when the price is low and
when its better to save as much energy as possible when prices are high, also known
as load following or peak shaving. The model uses total cost for an entire year as an
objective variable and can therefor �nd the optimal utilization of on-grid batteries
for either daily or seasonal variation.

Figure 2.2: Spot price 2024-02-14 for 05:00-06:00(CET) and 06:00-07:00(CET) [8]
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2.5 Battery degradation

The potential wear and tear on batteries that are utilized for peak shaving is a
signi�cant drawback of the practice that the owner of the unit needs to take into
account. The signi�cance and scale of this drawback is considered a vital factor to
account for in this analysis as it is one main argument against investments i vehicle
electri�cation. Battery degradation is de�ned as the gradual loss of the batteries
ability to hold charge and deliver power over time. This is due to the undesired
reaction happening in electrolyte solvent, damages in electrode material or loss of
connection between the lithium-containing active electrode material and the bulk
electrode [22].
Two of the most signi�cant factors for a battery that charges and discharges regularly
is calendar aging and cycle aging. Calendar aging refers to the degradation that
occurs over time depending on the state of charge of the battery. The amount of
degradation is also in�uenced by factors such as temperature, storage conditions,
and how the chemical composition processes that naturally occur within the battery
over time. Cycle aging occurs as a result of the actual charging and discharging
cycles that a battery undergoes during its operational life. Each charge-discharge
cycle causes stress on the battery's electrodes and electrolyte, leading to chemical
and physical changes that can diminish the battery's capacity and overall lifespan.
Factors such as depth of discharge, charging rate, and operating temperature can
also in�uence the rate of cycle aging. From a recent study it is calculated that the
implementation of V2G practices results in only a slight increase in cycle aging[19].
The battery degradation has been modelled in a simpli�ed manner in order to enable
linear programming to be used for this analysis. The expressions used to determine
the total battery degradation during a given year of optimal operation are declared
in Chapter 3.13 and Chapter 3.14.
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3
Methods

The di�erent methodologies used to derive the results of this project is described in
this chapter.

3.1 Literature review

At the start of the project, appropriate information sources relevant to the purpose
of this project are identi�ed through a literature review to establish a sound basis
for the work. The literature review will be conducted using two di�erent approaches
for the descriptive and analytical parts of the project. The descriptive part pertains
to goal #2, which aims to create an extensive description of the micro grid at
Krossholmen. An integrative search strategy, as suggested by H. Snyder [7], is the
appropriate approach for gathering existing speci�cations and applying them to the
energy modeling methodology.
Volvo Penta has already collected a wealth of information in the development of
the micro grid at Krossholmen. However, not all the data needed for the necessary
conclusions for the linear optimization is available at the start of the project, as
many components of the EMS system are yet to be delivered. Once the available
data and the data that needs to be arti�cially produced are collected, the resource
planning and scope of tasks for the project can be established. Previous �ndings
and assumptions regarding the micro grid will be critically reviewed as part of the
integrative review to create a new framework that meets the needs of the analytical
part of the literature review.
The linear optimization of the micro grid's ES is a new research area for the devel-
opment at Krossholmen. For this purpose, a systematic approach to the research
question is most suitable [7]. The topics researched in this paper are relevant to the
energy modeling of the micro grid.

ˆ Linear optimization
ˆ Energy-systems modelling
ˆ Energy-systems modelling modules for Python
ˆ Future energy scenarios
ˆ Future potential of the developing technologies

The best practices for modeling the Krossholmen case will be identi�ed using the
meta-analysis methodology for the aforementioned technological and mathematical
topics. The scope of the review is limited to the established technological limitations
outlined in Section 1.4.
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3.1.1 Graphic representation

For the �nal delivery, a graphic representation of the entire system and its operation
under di�erent conditions is being produced. The aim of this representation is to
showcase the pro�tability for marinas that adapt their operations to support boat
charging using local grid batteries. The graphic will be designed for display at Volvo
Penta's demo center at Krossholmen for visiting customers to view.

3.2 Future energy scenarios

The general public has become increasingly aware of the variability in energy prices
over the past year. With the continued introduction of RES technologies, the avail-
ability of a�ordable power will also remain variable. Innovation and long-term plan-
ning are necessary for micro grids to handle these new challenges. All scenarios will
be divided into two distinct time periods: on-season and o�-season. The operation
of marinas is distinctly di�erent in the summer, when leisure boats are used the
most, compared to the winter, when they are on land for 6-8 months. This seasonal
variation presents di�erent opportunities for energy storage. Using the best avail-
able estimates of future energy technologies and electricity market developments,
�ve di�erent energy scenario variations have been determined for analysis. The hy-
pothesis is that BES solutions will become more pro�table in the future under these
new conditions and that local storage will have signi�cant pro�tability in relation
to investment costs. Each of the �ve scenarios modeled and analyzed in this project
is described below.

3.2.1 Current Conditions

The current conditions are modeled using average market prices from the past couple
of years, applied to the currently planned speci�cations of the Krossholmen test site.
The data is based on the electricity costs during 2023 from the Nordpool database
for SE3, where the test site is located [8].

3.2.2 Electricity Markets of 2030 and 2040

As Volvo Penta looks to future developments within an electri�ed society, the best
available prognosis of the Swedish energy market is applied to the analysis. This
data is based on the ongoing work by PhD Simon Öberg [20], which predicts that
the energy mix will become more electri�ed in the coming years, while demand and
electricity prices steadily increase. The energy model in this project only considers
the marginal cost of producing electricity as the cost, and does not take into account
business practices such as price hedging, taxes, or day-ahead bids being much higher
or lower than the cost of production.

12



3. Methods

3.2.3 Impact of Local Renewable Energy Production

A common characteristic of remote micro grids is their poor connection to a national
grid, with a focus on security and local production. Volvo Penta has decided to
demonstrate this potential for its customers' marinas by installing a 4.5 kW wind
turbine and 37 kW worth of solar panels at the Krossholmen test site. These have
been implemented into the energy model to highlight the role of these producers
within the micro grid and their interaction with local battery storage.

3.2.4 Impact of Local Energy Storage with On-grid Batter-
ies

The Volvo Group is currently developing a BES container known as MPRESS. The
unit dedicated to the test site's micro grid has a capacity of 500 kWh and is capable
of delivering 350 kW, with the purpose of reducing electricity costs for operations at
Krossholmen and providing short-term backup in case of a blackout. This project,
a collaboration between Volvo Penta and Volvo Energy, aims to give lithium-ion
batteries from electric trucks a second life as an ancillary service. This technology
has been considered in the energy model to demonstrate its capabilities within a
marine micro grid context.

3.2.5 Impact of Boat2Grid

Since leisure boats usually remain on land for most of the year and is usually used
around 40-80hours in total during a full year, there is great potential for the batteries
to be used as energy storage for the grid. The appropriate number of boats and their
speci�cations was determined through interviews with Volvo Penta's sta�, as shown
in Chapter 4.1.1.5, and a charging schedule was then generated using a Python
script, see Appendix A.

3.3 Linear optimization

To determine the optimal operation of the micro grid under di�erent conditions,
modern linear programming is used [10]. Since the micro grid consists of many
di�erent systems, optimizing its operation becomes quite complex. With several
interrelations and con�icting constraints between production and storage systems
within the micro grid, it is essential to analyze opportunities across di�erent time
dimensions (seasonal, daily, milliseconds, etc.). By applying linear optimization
tools, the problem can be handled e�ciently, encompassing a variety of functions
to meet the project's aims. The Energy System (ES) of Krossholmen is de�ned as
a cost-minimization linear objective function with multiple constraints [10]. The
cost of the operation's energy usage is the single objective function, while all other
variables are treated as constraints.
All model inputs are divided into four categories: decision variables, objectives, ex-
plicit constraints, and implicit constraints. Once all relevant inputs are identi�ed
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and properly de�ned for constructing a linear optimization model, they are imple-
mented in a suitable Python optimization module. The project will be conducted
in Python, and the appropriate module will be determined by the literature review
mentioned in Chapters 1.4 and 3.1. Once all functions and constraints are properly
set up, the model will determine the best possible use of the micro grid, including
when and how much the di�erent batteries in the system should be used to minimize
monetary costs.
Insights from the ongoing Boat2Grid project at Volvo Penta may also be incorpo-
rated as the initiative develops in parallel to this work. Given that the most signi�-
cant conclusions are expected to be derived from simpli�ed linear relationships, this
will be a priority in terms of resource management.

3.3.1 Objective function

Within the system, the micro grid needs to purchase energy in two ways to meet the
demand: power from the grid, denoted asPgrid ;t , and diesel for the GENSET unit,
denoted asPdiesel;t . These are priced at their respective prices, the hourly rate of� t

for grid power and set rate� diesel for diesel. To minimize these costs, the following
function is used to optimize the system:

min
X

t2 hours

�
� grid

t � Pgrid
t + � diesel � Pdiesel

t

�
(3.1)

This objective function aims to minimize the total cost of energy by summing the
costs of grid power and diesel power over all hours.

3.3.2 Constraints

The appropriate constraints for performing the energy optimization are outlined
below. These constraints re�ect the technical capabilities of the various components
at Krossholmen and their interactions with one another.

3.3.2.1 Battery Capacity Constraint

This constraint ensures that the state of charge (SOC) of the battery in kWh at
time t does not exceed the maximum battery capacity.

SOCt � Cmax (3.2)

3.3.2.2 State of Charge (SOC) Constraint

The constraint below de�nes the state of charge (SOC) of the battery in kWh at
any time t. It considers the initial charge/discharge att = 0 and the subsequent
SOC as a function of previous SOC, charge, and discharge.

SOC(t) =

8
<

:
Chbat

t � Dchbat
t if t = 0

SOCbat
t � 1 + Chbat

t � Dchbat
t if t > 0

(3.3)

14



3. Methods

3.3.2.3 Battery Charge Constraint

This constraint ensures that the charging rate of the battery at timet does not
exceed the maximum charge rate.

Chbat
t � Chbat

rate (3.4)

3.3.2.4 Battery Discharge Constraint

This constraint ensures that the discharging rate of the battery at timet does not
exceed the maximum discharge rate.

Dchbat
t � Dchbat

t (3.5)

3.3.2.5 Boat Battery Capacity Constraint

This constraint ensures that the state of charge (SOC) of the boat battery at time
t does not exceed its maximum capacity. The actual charge demand is determined
by Equation 3.12 (Demand Balance Constraint) and is sourced from the speci�ed
boats listed in Section 4.4.

SOCboat
t � Cboat

t (3.6)

3.3.2.6 Boat SOC Constraint

This constraint de�nes the state of charge (SOC) of the boat battery at any time
t. It considers the initial charge/discharge att = 0 and the subsequent SOC as a
function of previous SOC, charge, and discharge. Here it should be mentioned that
this constraint only applies to the a hours when the boats are available for charging
as stated in Equation 3.8.

SOCboat
t =

8
<

:
Chboat

t � Dchboat
t if t = 0

SOCboat
t � 1 + Chboat

t � Dchboat
t if t > 0

(3.7)

3.3.2.7 Boat Battery Charge Limit

This constraint ensures that the boat battery is only charged if the boat is available,
and limits the charging rate when it is unavailable.

Chboat (t) =

8
<

:
Chboat

t = 0 if Av t = 0

Chboat
t � Chboat

rate if Av t > 0
(3.8)

3.3.2.8 Boat Battery Discharge Limit

This constraint ensures that the boat battery is only discharged if the boat is avail-
able (described above as the binary variableAvt ), and limits the discharging rate
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when it is unavailable.

Dchboat (t) =

8
<

:
Dchboat

t = 0 if Av t = 0

Dchboat
t � Dchboat

rate if Av t > 0
(3.9)

3.3.2.9 Diesel Power Constraint

This constraint ensures that the diesel power generated at timet does not exceed
the maximum diesel power capacity.

Pdiesel
t � Pdiesel

max (3.10)

3.3.2.10 Grid Power Constraint

This constraint ensures that the grid power used at timet does not exceed the
maximum grid power capacity.

Pgrid
t � Pgrid

max (3.11)

3.3.2.11 Demand Balance Constraint

This constraint ensures that the total power supply from wind, solar, the grid, diesel,
and discharging batteries meets the total demand from load, boat charging, and car
charging at time t. Speci�cally, wind, solar, and the three demand values are static
and based on data from the site, while the grid power, diesel, and battery charging
values are variables. A complete list of which values are static parameters and which
are variables subject to optimization can be found at the beginning of this document
in the front matter.

Pwind
t + P solar

t + Pgrid
t + Pdiesel

t

+

 

Dchbat
t � � battery �

Chbat
t

� bat

!

+

 

Dchboat
t � � boat �

Chboat
t

� boat

!

= D t + D boat
t + D car

t

(3.12)

3.3.3 Expressions

Battery aging is calculated using expressions rather than binding constraints in this
model. This approach is due to the limitations in computational time when using
an open-source solver on local machines. However, the calculations provided o�er
insight into how the battery will be a�ected in a given year under optimal operation,
even though the cost of lost capacity is not included in the objective function.

3.3.3.1 Calendar Aging Expression

The following expression calculates the calendar aging of the battery at timet,
taking into account the state of charge, charging and discharging levels each hour,
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temperature data from the Gothenburg weather station for 2023 provided by SMHI
[23], and the constants for calendar aging. This simpli�ed approach to modeling
calendar aging is based on the Arrhenius model [24], which describes the temperature
dependence of reaction rates. In the context of battery aging, the Arrhenius equation
is adapted to model the degradation mechanisms a�ecting the battery over time.
The speci�c factors included in the equation are based on empirical data and a
theoretical understanding of how these factors in�uence battery aging.

Acalendar
t = kcalendar � e� E a

R � � �

 
SOCt

Cinitial

!

(3.13)

3.3.3.2 Cycling Aging Expression

This expression calculates the cycling aging of the battery at timet, taking into
account the depth of discharge as well as the amount of charge and discharge. It
is based on empirical studies of battery degradation due to cycling. Cycling aging
models aim to quantify the wear and tear on the battery from repeated charging
and discharging cycles, which are in�uenced by both the depth of discharge and the
total amount of charge and discharge [25].

Acycling
t =

8
<

:
kcycling � Cht if t = 0

kcycling � jSOCt � SOCt � 1 j
Cinitial

� (Cht + Dcht ) if t > 0
(3.14)

3.3.3.3 Total Aging Expression

With this expression the total aging of the battery at timet is computed by summing
the calendar and cycling aging.

A total
t = Acalendar

t + Acycling
t (3.15)
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4
Krossholmen description

4.1 Detailed description of Krossholmen

A detailed description of Krossholmen is essential for accurately modeling the En-
ergy System (ES). In addition to a general description of the test site, speci�c
representations are either requested by Volvo Penta or necessary to establish the
appropriate boundary conditions for the linear optimization.

Figure 4.1: A simple schematic of how the di�erent technologies at Krossholmen
interact
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4.1.1 Technical speci�cation

The micro grid consists of several components, each with speci�cations that impact
their role in the ES. These speci�cations reveal attributes such as energy storage ca-
pacity, transformer capacity, power output, and relevant meteorological conditions.
All of these attributes need to be mapped and categorized to establish the boundary
conditions for the linear optimization.

4.1.1.1 Demand

At the Krossholmen test site, the model considers three distinct load demands, which
are met by drawing power from the national grid, utilizing local power production,
or discharging grid-connected batteries on site. These demands include the power
required for the site's facilities, charging needs for cars, and charging needs for
marine vessels. The facility's power demand primarily stems from electrical heating
and heavy machinery used in the boat workshop. Data for these demands, with
hour-to-hour resolution, has been provided by the electricity provider for Volvo
Group from the past year.

Table 4.1: Total, peak and average energy demand of the three di�erent consumers
at Krossholmen

Demand groups
Demand Total[kWh/yr] Peak[kWh/h] Average[kWh/h]
Facilities 907 000 250 95

Cars 212 540 158 24
Boats 199 459 320 23

4.1.1.2 Power grid

The Krossholmen test site is unique among marinas due to its substantial transmis-
sion capabilities. The site features a 10kV connection with a contracted maximum
power delivery of 1600 kW�conditions that are not commonly found at marinas
in Sweden. To make the results more broadly applicable to future electric boat
owners, the model should be adjusted to re�ect more typical conditions. However,
the analysis in this project is focused solely on the Krossholmen test site to vali-
date the results and ensure that the Python code can be easily transferred between
programmers for future development.

4.1.1.3 Producers

Based on data from the online simulation tool Renewables.ninja [21] and the tech-
nical speci�cations of the planned energy producers at the test site (see Table 4.2),
load pro�les for wind and solar power production were generated for the analysis, as
shown in Figure 4.2. The energy produced, along with purchased energy from the
grid and diesel reserves, is used to meet the site's energy demand while optimizing
the use of the grid-connected batteries.
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Table 4.2: Solar and wind production data

Solar Panels Wind Turbine

Capacity (kW) 37 4.5
Yearly Use (kWh) 35500 15100

4.1.1.4 Batteries

Three di�erent types of energy storage are available on the site:
1. On-grid Battery Container (MPRESS): This system uses recycled bat-

teries from the automobile industry.
2. Diesel Generator (GENSET): Primarily used as a backup for security

purposes, the GENSET is also modeled to optimize normal operations. It is
included in the model to determine when it is more economical to use diesel
energy instead of electricity, or when it is pro�table to charge the on-site
batteries using diesel, especially when diesel prices are lower.

3. Electric Boats: All connected electric boats function as a uni�ed battery,
similar to the MPRESS. However, their usage is constrained by the charging
habits of the boat owners, unlike the MPRESS, which discharges only to meet
the micro grid's demand as described in Equation 3.12.

Table 4.3: Generator and Boats Performance

MPRESS GENSET Boat2Grid

Power capacity (kW) 350 400 320
Storage capacity (kWh) 500 3170 1185

4.1.1.5 Boat2Grid

For the accuracy of the model, it is crucial that the boats in the marina are mod-
eled to re�ect future energy scenarios where fully electric boats have become more
common. Since current designs for such vessels have not yet reached the market,
rough estimates have been made about their potential operation. These estimates
are based on interviews with the workshop manager, Robin Andersson, and data on
the current usage of leisure boats.
The estimates, including some standard deviation on charging habits, are used to
create a realistic charging pro�le based on the vessels described in Table 4.4 below.
The data set includes two types of boat characteristics: prototype boats that operate
year-round, and leisure boats that are inactive during the winter. These operational
characteristics are speci�ed as the start and end dates of the active boating season,
as well as the number of trips per week.

21




	List of Acronyms
	Nomenclature
	List of Figures
	List of Tables
	Introduction
	Background
	Purpose
	Goals
	Priority of the goals application

	Limitations
	Implications on Society
	Ecological Aspects
	Ethical and Societal Aspects


	Disposition

	Theory
	Mathematical programming models
	Defining objectives
	Defining constraints

	Energy modeling
	Definition of a micro grid
	Electricity markets
	Battery degradation

	Methods
	Literature review
	Graphic representation

	Future energy scenarios
	Current Conditions
	Electricity Markets of 2030 and 2040
	Impact of Local Renewable Energy Production
	Impact of Local Energy Storage with On-grid Batteries
	Impact of Boat2Grid

	Linear optimization
	Objective function
	Constraints
	Battery Capacity Constraint
	State of Charge (SOC) Constraint
	Battery Charge Constraint
	Battery Discharge Constraint
	Boat Battery Capacity Constraint
	Boat SOC Constraint
	Boat Battery Charge Limit
	Boat Battery Discharge Limit
	Diesel Power Constraint
	Grid Power Constraint
	Demand Balance Constraint

	Expressions
	Calendar Aging Expression
	Cycling Aging Expression
	Total Aging Expression



	Krossholmen description
	Detailed description of Krossholmen
	Technical specification
	Demand
	Power grid
	Producers
	Batteries
	Boat2Grid



	Results
	Reviewing different Python libraries for energy optimization applications
	Optimization of energy scenarios 
	Base case - No renewables, No battery capacity
	Impact of Renewables
	Impact of the on-grid battery container - MPRESS
	Impact of Boat2Grid


	Conclusion
	Python Libraries for Energy Optimization
	Comparing Future Scenarios
	Impact of Renewable Energy
	Impact of MPRESS Battery Container
	Impact of Boat2Grid
	Summary
	Future Work
	Commercial MILP Solver
	GUI Development, API, and Portability
	Real-World Data on Fully Electric Boats
	Implications for Society


	Bibliography
	Appendix 1 - Python Code
	Appendix 2 - Boat charging function

