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Techno-Economic Assessment of Hydrogen Generation and Storage in a Future
Swedish Energy System

An investment and dispatch analysis for an electrified industry and society

FELIX HORNFELDT

Department of Environmental and Energy Sciences

Chalmers University of Technology

Abstract

Sweden’s ambitions to reach net-zero emissions by 2045 requires an electrification
of industry and society. One key factor in driving the decarbonization of sectors is
hydrogen. Today, hydrogen is produced using fossil fuel technologies, but there are
fossil free alternatives, such as hydrogen production through electrolysis. Hydrogen
production through electrolysis requires electricity, which, if implemented, will drive
up Swedish electricity demand. To investigate the impact of hydrogen generation, a
Swedish energy system model, aiming to minimize total system costs, was created.
The model was created with a bottom-up approach, where existing hydropower
and nuclear power were expected to have the same capacities in the target year
of 2040 as today. The study investigated three cases, where one was used as a
reference. The first case, called base case, investigated how a future Swedish energy
system could look like. Here, the total system cost amounted to 4.88(4.36) G€
with electricity production mainly coming from weather dependent technologies,
onshore wind being the largest national producer. The second case investigated the
impacts of removed ability to invest in hydrogen storage. The results showed an
increase in total system cost by 6-7% and increased average electricity prices, in a
perfect energy-only market, across all Swedish electricity price regions, compared to
reference case. Larger investments and generation in onshore wind and solar PV were
also seen. In the third case, the impact of electrolyser investment cost was studied.
The results showed that total system costs could increase with 15%, for a 170%
higher electrolyser investment cost, compared to reference case, and that average
electricity prices increase with higher electrolyser investment cost. The results shows
that hydrogen production will have a large impact on a future electrified Sweden
and that hydrogen storage will be essential to incorporate with green hydrogen
production to minimize total system costs.

Keywords: hydrogen production, hydrogen storage, energy system modelling, linear
optimization, decarbonization, electrification
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Nomenclature

Below is the nomenclature of indices, sets, parameters, and variables that have been
used throughout this thesis.

Indices
P Indices for technologies
r Indices for regions
t Indices for timestep
k Indices for start-up interval timestep
Sets
K Set of start-up interval timesteps
P Set of technologies
pBAT Set of battery technologies
pceHP Set of Combined Heat-and-Power technologies
PELEC Set of electricity generating technologies
pESOC Set of electricity storage technologies
pH250C Set of hydrogen storage technologies
PHEAT Set of heat generating technologies
pHeatElec Set of heat generating technologies driven by electricity
pHSOC Set of heat storage technologies
psoc Set of all storage technologies
pTHERM Set of thermal generation technologies
PVRE Set of weather-dependent technologies
R Set of price regions

RSE Set of Swedish price regions
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1

Introduction

According to the International Energy Agency (IEA) the world electricity demand
in 2035 will be about 40% higher than in 2025 and in the last decade the demand
for electricity has increased twice as fast as the need for energy [1]. With more focus
being put on reaching the 2050 climate goals worldwide, we see an increased need
for electricity. Behind the increasing electricity demand are many factors and new
initiatives, such as an increasing worldwide electric vehicle fleet and new high-speed
datacentres.

In Europe there is a transition towards sustainability and meeting the 2050 net-zero
climate goals. The EU is at the frontline of this transition, writing into law that the
EU will be climate-neutral by 2050 [2], requiring their members to take action both
on EU and national level to meet the targets. According to IEA [3], in 2023, renew-
ables stood for approximately 42% of Europe’s power generation and CO5 emissions
in Europe had dropped with 26% between 2000-2023, marking a significant shift
towards renewable and net-zero technologies.

With an increasing demand for renewables, in order to meet the climate goals, new
challenges arise due to the weather dependency of renewable technologies such as
wind power and solar PV. Weather dependent technologies encounter challenges such
as unpredictability, uncertainty, intermittency, and more [4]. One way to handle the
variability of weather dependent technologies is to integrate flexibility solutions, for
example batteries or hydrogen storage, into the system. These flexibility solutions
can ensure that a system with a high share of weather dependent technologies can
make use of all available energy, reducing the total system losses from, for example,
curtailment.

1.1 Aim and Scope

The aim of the thesis is to analyse how storage and flexibility solutions can enable
and facilitate the transition to more renewable power production. To investigate
the integration of such solutions, an optimisation model was used. The model was
created from the ground up, with inspiration from an existing model, and used to
evaluate how an energy system with a proposed high electrification can supply elec-
tricity at a low total cost.

The model evaluates the energy system in Sweden for the target year 2040 and aims
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to help understand the impacts of an increased electrification in an energy system.
The thesis evaluates the system from a techno-economic perspective with an aim to
minimize cost for the whole society. The questions investigated are as follows:
Q1. Which technologies are invested in to support an electricity system with high
electrification, resulting in a large electricity demand?
— In which regions are technologies invested in?
— What is the electricity price in a future system?
Q2. What storage and flexibility solutions are invested in and what role do they
take?
— What is the system impact if hydrogen storage technologies are not avail-
able?
— How do different costs of electrolyser impact hydrogen production? What
is the impact on hydrogen storage?

1.2 Limitations

The thesis scope of study has been constructed with some boundaries as specified
below.

The thesis and model are limited to investigate Sweden and the effects on the
Swedish electricity production system. The scope is limited to Sweden’s existing
electricity price regions, SE1-SE4, and will not consider or discuss the effects of
other proposed electricity price regions. This is mainly due to the uncertainty of
how the new regions will be constructed and that data is available for the existing
regions.

Transmission between Sweden and neighbouring regions are considered for existing
infrastructure and the model will not be able to build new transmission infras-
tructure. Predicted transmission capacities for 2040 are considered, with predicted
completion of proposed new infrastructure such as NordSyd [5].

Vehicle-to-Grid (V2G) is not implemented in the model or considered as an available
technology.
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Background

This section includes an overview of the key aspects of the thesis and aims to give
an introduction into the background of the thesis work. Section covers the Swedish
energy system, role of hydrogen in the energy system, energy system modelling and
basics of optimization.

2.1 Sweden’s energy system

Sweden has been one of the global leaders in decarbonization with their efforts to
reduce their climate footprint [6]. In 1991, they were one of the first to introduce a
carbon tax, with a "polluter pays” principle [7]. The initiative has served as a key
factor in climate objectives and has provided incentives to, among others, increase
the share of renewable energy technologies [7]. The carbon tax has since been com-
plemented with the European Union Emissions Trading System (EU ETS), which
is a carbon market where polluters in the EU pay for their emissions [8].

In 2024, emissions of carbon dioxide (COsz) equivalents amounted to 47.5 MtonCOxe,
a decrease by a third since the introduction of the Swedish carbon tax in 1991 [9].
Of the total emissions in 2024, almost 2/3 came from transport and industry sectors.
Therefore, large focus has been put on decarbonizing these sectors, for example with
the introduction of the reduction obligation in petrol and diesel [9] and ear-marked
subsidies for bio-CCS (Carbon Capture and Storage) initiatives [10].

In 2024, Sweden’s energy mix consisted of approximately 20% renewable energy,
26% nuclear energy, 25% biofuels, 26% fossil energy and 3% other energy [11], were
Biofuels and fossil energy are mostly used within industry and transportation. The
electricity production in Sweden comes mainly from nuclear power and renewable
energy technologies, standing for approximately 93% of production in 2024, the rest
coming from biofuels, waste incineration and fossil sources [6].

Renewable energy technologies stood for approximately 64% of Sweden’s electricity
production in 2024, with hydropower as the largest producer at 38% [6]. But the
share of wind- and solar power has increased exponentially in the last 10 years, with
wind power production increasing with 260% from 2014 to 2024 and solar power
increasing with 8700% in the same time span, according to IEA [6]. With the in-
creasing share of weather-dependent technologies comes the need for shifting and
complementing technologies when the plants can’t produce at required capacity.

3



2. Background

Hydropower’s flexible ramping capabilities have acted as a complementing strategy
to wind power, while simultaneously producing a lot of base power for the northern
regions. Simultaneously, batteries have been incorporated in households with solar
panels, acting as a shifting strategy to the regular solar production.

The future electrification in Sweden, required to reach net-zero emissions by 2045,
have been investigated by Swedish energy agency (SEA) [12], Swedish TSO (Trans-
mission system operator) [13] and in independent reports [14]. SEA and Swedish
TSO, "Svenska Kraftnit” (SVK), have presented four different scenarios for future
electricity need in Sweden in 2050. The projections for electricity demand in 2050
range between 210-365 TWh [12, 13], where the span is constructed based on future
electricity use and share of renewable energy sources. Models used for investigating
the future Swedish electricity need have shown that Sweden is equipped to facilitate
an electrified society [14] but is dependent on clear energy policy initiatives that sets
the guide-path for production actors. One actual energy policy today, is the deci-
sion on providing subsidies for construction of new nuclear reactors. In SVKs LMA
("Léangsiktiga marknadsanalys”) the main differentiation between their highest de-
mand levels, is the incorporation of nuclear power [13], marking the importance of
the strategic decision. Furthermore, both SEA and SVK have declared that hydro-
gen could be a key factor in the ambitions of Sweden’s net-zero emission goal, as it
could help decarbonize multiple sectors.

2.2 The role of hydrogen in the energy system

In the last couple of years, the role of hydrogen has gone from a small actor in the
aim for net-zero emissions, to one that can create opportunities for a more secure
energy and industry infrastructure [15]. Hydrogen is an important product within
refining and production industry, where it is used in critical parts of their manu-
facturing processes. Hydrogen demand amounted to 100 Mton in 2024, an increase
with 30 Mton compared to 2019 [16], with demand being driven by industry needs.

The reason that hydrogen is now considered as a key factor in the goal to reach
climate neutrality, is because of its large possibility to help decarbonize large indus-
try and transportation sectors. As such, EU has classed its hydrogen strategy as
essential to reach their 2050 carbon neutrality goal [17]. Decarbonizing of hydro-
gen mainly consists of decarbonizing its manufacturing process, of which in 2024
generated roughly 980 Mton CO, [15].

2.2.1 Hydrogen production

Today, 99% of hydrogen production comes from unabated fossil fuels and by-product,
of which unabated fossil fuels stood for more than 80% of production in 2024 [15].
Hydrogen production can be categorized into different categories, with grey, blue
and green being relevant in this thesis [18]. Hydrogen production through steam
methane reforming, which uses natural gas as fuel, is categorized as grey hydrogen
[18]. Production of hydrogen using natural gas as fuel can also be produced through

4
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Electricity
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Figure 2.1: Schematic of green hydrogen production using electrolysers.

partial oxidization, auto-thermal reforming and gasification. All 4 processes generate
COy as a bi-product and is rarely equipped with carbon capture to reduce emissions.
Grey hydrogen production benefits from the established industry infrastructure and
access to low-cost natural gas [15]. These benefits locks-in the hydrogen production
to the grey alternative, rather than enabling a pathway for blue and green alterna-
tives.

Blue hydrogen and green hydrogen are two pathways to reduce emissions in the
hydrogen supply chain. Blue hydrogen stems from grey hydrogen but with the ad-
dition of carbon capture and storage (CCS) [15, 18]. The incorporation of CCS can
largely reduce emissions from the hydrogen production and is seen as a transitional
pathway from grey to green hydrogen. Blue hydrogen is beneficial for existing hy-
drogen production infrastructure, where there is a low share of renewable energy
infrastructure. Thus, allowing for renewable energy technologies to mature in the
area before transitioning to green hydrogen production technologies [18].

Green hydrogen is produced using water and electricity, where hydrogen is gathered
by separating hydrogen and oxygen in the water through an electrochemical pro-
cess [19], see example schematic in Figure 2.1. This electrochemical process is done
with electrolysers, where the most common types are Proton Exchange Membrane
(PEM), Alkaline and Solid Oxide [16]. For green hydrogen to be considered green,
the electricity used in the electrochemical process needs to originate from renewable
energy sources, such as wind, solar and hydropower. With this the hydrogen pro-
duction becomes CO4 neutral, with no emissions in its production chain, and could
lead to a full reduction in emissions from the hydrogen supply chain.

2.2.2 Hydrogen storage

In combination with green hydrogen production, hydrogen storage is being consid-
ered as a complement to handle the intermittency of the hydrogen production. Due
to the variability of renewable energy sources, that provide the needed electricity in
the electrochemical process in electrolysers, hydrogen storage can be used to shift
hydrogen production to balance variable production and simultaneously bring down
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costs. [15]. To make use of hydrogen storage an investment in a hydrogen pro-
duction technology larger than the hydrogen demand is needed. Thus, because the
hydrogen production needs to meet the hydrogen demand and additional hydrogen
to be stored. An investment in hydrogen production larger than demand is referred
to as overcapacity investment.

Hydrogen storage technologies can be divided into physical- and chemical storage
[20]. In this thesis physical storage of hydrogen is considered. Physical storage of
hydrogen is either done in its gaseous or liquid form. Liquid storage of hydrogen
consists of cooling down the hydrogen below its boiling point, turning it to its liquid
state [20]. This form of storage can store large densities of hydrogen in a compressed
space, but requires lots of energy in the liquefying process, making it less preferable
for large scale storage [20]. In its gaseous form, hydrogen can be stored at different
pressures which requires different amounts of compression. Thus, there is different
technologies that can be used for physical storage.

For large physical storages of hydrogen, the following technologies have been pro-
posed as alternatives: Salt cavern storage, Lined Rock Cavern (LRC) storage, hy-
drogen tank storage and storage in porous rocks [21, 22, 23|. For all 4 technologies
the gas is compressed to a certain pressure and then stored inside the medium. Of
the 4, storage in hydrogen tanks, above ground, is best for short-term storage, where
it is important to access the hydrogen in a short time-period [22]. Therefore, it has
been used for transportation and space travel, where access is needed quickly. For
industrial applications, hydrogen storage tanks could add short-term flexibility to
hydrogen production at an industry plant. For large storage of hydrogen, it is better
to make use of underground hydrogen storage (UHS).

As mentioned, UHS is mainly concentrated to caverns and porous rocks. UHS
in salt caverns have been used for large projects in the US for some time, while
pilot studies have been completed in the last years in some European countries [15].
Projects in Europe, and US, have shown that salt caverns could offer high flexibility,
with possibility to operate with frequent cycles [15, 21]. The downside of salt cavern
storage is that it requires geographical conditions to operate, that are not found in
all locations where large hydrogen storage is of interest [24]. Therefore, have LRC
emerged as a UHS technology for use in geographical locations without conditions
for salt caverns. However, no large projects with LRC as UHS have been done and
therefore the costs, and feasibility, is not fully established. A LRC pilot in Sweden,
part of the HYBRIT project [25], have shown it is possible to use LRC for UHS.
However, the pilot had a limited storage size of 100 m?*, 70 MWhy, [15], which
is far from proposed sizes of large UHS [26]. Lastly, UHS in porous rocks have
been proposed as method, but is less appealing due to its limitations in cycles and
possibility to inject/withdraw from the storage [26].
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2.2.3 Hydrogen in Sweden

In Sweden, hydrogen is used in refinery-, plastic- and chemical industries, with an
annual consumption amounting to roughly 6 TWhy, [27]. The biggest production
of hydrogen is done using natural gas, grey hydrogen, with a third coming as a
by-product from industries. The hydrogen usage is concentrated to the west coast
of Sweden, where refinery- and chemical industries are mainly located [28]. As said,
hydrogen in Sweden is mainly grey and with established infrastructure the supply
chain is locked in. But, with Sweden’s ambitions to reach net-zero emissions by 2045
[29], and with a growing industry, hydrogens role is becoming more important.

The Swedish hydrogen demand is projected to increase to 20-25 TWhpy, by 2030,
and estimates are projecting a hydrogen demand of 90 TWhy, by 2045 [27]. The
projections for both 2030 and 2045 is largely based on industry increases, especially a
decarbonization of the steel industry in the north, that also has the ambition to grow
its industry in the coming years. Decarbonisation of the steel industry in Sweden
focuses on the transition to usage of electric arc furnaces instead of blast furnaces,
which would increase electricity demand by 15 TWh, together with hydrogen-based
direct reduction of iron ore, which if paired with green hydrogen production through
electrolysis, could increase electricity demand substantially [27]. Similarly, there are
ambitions to grow the chemical industry in the west-coast of Sweden, leading to a
future hydrogen demand of 4.9-14 TWhy,, /year [28].

The ambition to grow Swedish industry, while aiming for net zero emissions by 2045,
means that if the additional hydrogen demand should be covered with the use of
electrolysis, the electricity demand could increase by as much as 160 TWh, assuming
electrolyser with 65% efficiency. This increase is larger than the annual usage in
Sweden in 2024 [30] and it would require significant investments in new electricity
production to power the green hydrogen production. To investigative what is needed
to cover the additional electricity demand from green hydrogen production, energy
system modelling can be used.

2.3 Energy system modelling

To evaluate and analyse complex energy systems, energy system models are used.
Energy system models are a simplified representation of a complex energy system
with the aim to be suitable for comprehensive analysis of consequences from policy
changes related to the energy system [31]. Energy system models can be used for
analysing different kinds of systems, from a single household to the whole EU. The
models are usually a simplified, but representative, version of the actual system, but
could also be very detailed if required. A principle is that a more detailed model
is good for analysis of a small system, where the aim of the investigation is to see
more detailed changes in the system, at the cost of increased complexity and in
return increased computing-time. For large systems, for example the whole of EU,
the system needs to be simplified to reduce complexity and computing-time.
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The benefits of energy system models are that it enables actors and policy makers
to evaluate the system consequences of policy changes. Models also give a better
understanding of the system which makes it easier to evaluate the future of the
system [31]. It also gives actors a chance to test and analyse the changes of certain
parameters and the effect on the complete system. Thus, it is easier to project how
the system will act and what could be a bottleneck in the system after the change,
instead of seeing the consequences after actual implementation.

The formulation and use cases of the models can differ depending on the investiga-
tive case. Some models are descriptive, for example simulation models, and some
are normative, for example optimization models [31]. Some models can also make
use of different formulations to give a full comprehensive overview of the system
[32]. Furthermore, models make use of a bottom-up or top-down approach for their
description of the system [31], in this thesis bottom-up approach is used. Bottom-up
models are generally used when the focus of the study is to investigate technology
changes within the system, for example what technologies are needed to meet the
energy demand within a system with net-zero policy.

As mentioned, models can be descriptive or normative, in this thesis a normative ap-
proach is taken. A normative approach aims to find what should be done to achieve
a certain outcome, for example what technologies should be used to minimize costs.
Optimization models are therefore a good approach for normative models, as the
aim of the optimization model is to find the optimal solution. Two common energy
system optimization approaches are investment and dispatch models. Investment
models consider the investments in new technologies to meet demand. The aim is
commonly to minimize the costs of meeting the demand. Dispatch models instead
consider the production capabilities of technologies to meet demand. Here, the aim
is to find the optimal solution to meet the demand, for example when and if a stor-
age should be discharged during a certain time-period. A combination of the two is
called an investment and dispatch model, in which the goal is related to costs and
dispatch of supply to meet demand. Optimization models usually make use of a
linear optimization approach, in which the energy system is described using linear
functions.

2.4 Linear programming

Linear programming (LP), or linear optimization, is the practice of finding an opti-
mal solution to a linear objective function constrained by other linear functions [33].
The objective function is either minimized or maximized, for example minimizing
costs or maximizing profits, and is the goal of the problem. The optimal solution
to the objection function is found in a corner point created by an intersection of
constraints. The constraints are linear functions that constrain the problem within
certain given parameters. Constraints can either be explicit, for example that no
CO; emissions are allowed, or implicit, for example that hydrogen production from
an electrolyser must be positive. The constraints that bind the optimal solution, in
other words the constraints that make up the corner point, are called active con-
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straints, while the others are called inactive constraints. Solutions to LP problems
can have different status, generally the solution is either optimal, infeasible or un-
bounded. An optimal solution is the best feasible solution to the LP problem. An
infeasible solution means that the region of feasible solutions is empty and that there
exists no corner point of intersecting constraints. Finally, an unbounded solution
is a feasible solution, but where the objective function can go to infinity [33]. A
simple linear optimization formulation is seen below, where the constraints are ex-
plicit constraints and there exist an implicit constraint that x;, 2o > 0. The optimal
solution to the LP problem is (z1,x2) = (2, 3).

max 10231 + 4.%’2

st 1 <2
i) §4
T+ T2 <5

2.4.1 Shadow price

Furthermore, if the right-hand-side of one of the constraints, in the formulation
above, were to change by a small amount, the resulting change in the objective
function is called shadow price [33]. Shadow price represents the value of the con-
straint and is very useful when doing energy system analysis. For example, the
shadow price on an electricity demand constraint for a given hour, is the marginal
cost of electricity which is the electricity price at that given hour in a perfect energy-
only market. The shadow price therefore also indicates which technology that is on
the margin, setting the price, in the energy system. For the example LP problem
above, changing the right-hand side of the third constraint to 6 would increase the
objective with 4. Therefore, the shadow price of this change is 4 and the variable
X9 is on the margin.
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Method

To investigate the impact of storage and flexibility solutions for a future electric-
ity production system, a linear optimization model was developed. The model is a
cost-minimizing investment and dispatch model of Sweden for a given year at hourly
time resolution with the objective of minimizing the total system costs, hereby re-
ferred to as SEmLa (”Svenska Energisystemmodellen for Lagringslosningar”). The
model covers the four existing Swedish electricity price regions, SE1-SE4 [34] shown
in Figure 3.1, and includes transmission from, to and within Sweden.

SEmLa is created from the ground up, taking inspiration from the eNODE model
originally developed by Goéransson et al. [35], and further developed by, among oth-
ers, Walter et al. [36]. The model includes transmission, similarly as Walter and
Goransson [37], but with an alternative formulation and notation.

The eNODE model has previously been used to evaluate different variation man-
agement strategies (VMS) for a large system, many times for multiple countries in
Europe, for example by Walter et al. [38]. The focus has not been on the impacts
of singular country but rather the whole system. In the instances where Sweden
has been the focus of the case study using the eNODE model, it has mostly been
concentrated to a singular electricity price region [38] or as a concatenation of the
north and south price regions [36].

The aim of SEmLa is instead to focus on a singular country, in this case Sweden,
and analyse the impact that storage and flexibility solutions have on the national
electricity production system. With Sweden’s four electricity price regions the model
also aims to optimize where the solutions are most cost-effective and their needed
capacity. The purpose is to give insights on what technologies are needed, in the
studied regions, to meet net-zero emission targets, while satisfying an increased de-
mand through electrification of, among others, industry and transportation. The
model uses a bottom-up approach, where existing hydropower, nuclear power and
expected transmission infrastructure is pre-set, and assumes that no new investments
are made in technologies that release CO,, with exception of biogenic CO5 emissions.

SEmLa makes use of an hourly time resolution and is run for one specified weather
year, further discussed in Section 3.2.1. The model makes use of a discount rate of 5%
for the calculation of the Capital Recovery Factor (CRF) to investigate investments
from a societal perspective. The model is run for a target year of 2040, for which
cost and technical data are taken. Data is presented in Section A.

11
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Figure 3.1: Map of electricity price regions used in model, produced by Simon
Oberg at Division of Energy Technology at Chalmers University of Technology [39].
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3.1 Model description

SEmLa is a linear investment and dispatch optimization model with the objective
to minimize the total cost, C** of a system given by Eq. (3.1).

min OtOt — Z Z waznp + Z Z Z (Orungr t7p/77p :ytvclll’>

reRSE peP reRSE teT peP

+ Z Z Zcﬁg%dezhmm

r ERSE ro e RINT teT

(3.1)

Here the investment cost C;””, annualized using 5% discount rate, for technology p is
scaled by the invest capacity i, in technology p in region r. The running cost C7*"
for technology p is scaled by the generation grtp in region r at all timesteps ¢, and
then added together with the cycling costs Crtp, from cycling technologies p. The
generation is divided with the efficiency 7, to account for fuel usage. Lastly, the cost
of import/export with external regions C’ﬁgf‘tde is scaled by the transmitted electricity
Zr, .m0t Detween national region r; and neighbouring region ry for all timesteps. The
transmission between Swedish regions is not considered as a cost to the system, but
acts as flexibility measure to meet the demand in each region.

The electricity generation, g, ,, from all technologies p in a region r at each timestep
t needs to meet the electricity demand, Dgf¢, in each region r at each timestep ¢.
The inclusion of storage technologies and transmission in the model constructs the

demand balance as in Eq. (3.2),

Die < > gpt Y. (SOCEE,—SOCH )+ Yz Vre RSP VEeT, (3.2)

pcPELEC pE PESOC ro€R\r

where SOC’Ch/ % denotes the discharge and charge of a state-of-charge (SOC), stor-
age, technology and z,,,; denotes the transmission between two regions. The elec-
tricity generation is constrained by the installed capacity i,, for each electricity
generating technology p in region r, as in Eq. (3.3).

Grtp < lrp, vr € R%P vt e T, Vp e PFLEC (3.3)

For weather-dependent technologies, solar and wind, the production each hour is
also limited by their weather potential W, ., and the available regional resources
RR,,, as in Egs. (3.4)-(3.5).

Grtp < trpWrip, Vre R vt eT, ¥pe PVEE (3.4)
» < RR,,, Vr € R9E vp e PVEE

The weather profiles and regional resource capacities are produced using Mattsson
et al. [40] GlobalEnergyGIS tool and is further discussed in section 3.2.5.

Generation technologies that are thermal based, such as turbines, take on addi-
tional constraints in accordance with Goransson et al. [35]. Egs. (3.6)-(3.7) limits
the generation to the available active generation ;ff;”e and the required minimum
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load Lg”", given for each thermal technology p. The amount of started capacity
is controlled by (7}, as per Eq. (3.8), while Eq. (3.9) controls that the capacity is
deactivated for at least the required start-up time interval K which encompasses all
the start-up timesteps k.

Grp < G, Vr e RSF, Yt e T, Vp e PTHERM (3.6)

agve L < gt Vre RP, VteT, vpe PTIFI(37)
e — G <G s vre R, VteT, vpe PTIFI (338
oy <y — U, Vre RP, Yk e K, Wpe PTHERM(3.9)

The total cycling costs C’M » is given by Eq. (3.10) and is scaled based on the start-
up cost CJ" and part-load cost Cg“”t of each thermal technology. Both costs are
calculated using methods by Goéransson [41].

Ccycl Cron ( active_gnt?p)_crgart’ Vr € RSE, Vit € T, \V/p c PTHERM (310)

rt,p = rtp rt,p

Next, SEmLa incorporates transmission within the country and with neighbouring
regions, where there is existing transmission infrastructure. No investments in new
infrastructure is considered. Export and import of electricity is done at the same
point, therefore one transmission cable can only import or export electricity during
each hour. Export of electricity is negative as it decreases the available electricity,
while import is positive as it increases the available electricity. The transmission
between two regions at a given timestep ¢ is described by 21,2, and is limited by
the installed capacity, as seen in Eq. (3.11).

—CCryry < 2yt < COCry 4y, V11 € R9E Vry € R\ 7y, VtET (3.11)

For transmission within Sweden the following constraint, controlling that the import
from one region is the same as the export from the other region [37], is added.

Z’rl,TQ,t - _Z’I’Q,’I’l,tu v/rl, T2 S RSE, Vt - T (312)

3.1.1 Storage

Storage solutions, such as batteries and heat storage, are implemented in the model
with the following energy balance:

SOCy 111 < SOCy 4, + SOCH: -0t — SOCH?  /nds, wr e R®F, Vte T, vp e P5OC (3.13)

where SOC,;, is the storage level for technology p, in region r at time ¢. Although
not all storage technologies are batteries the SOC notation is used for simplicity.
n, is the dis-/charge efficiency of the given technology, SOCﬁft’p is how much the
technology is charged with at timestep t and .S OC’g@fp is how much is discharged from
the storage and delivered to the grid. The storage level is limited by the installed
capacity while the charge and discharge is dictated by the installed capacity and the

power-to-storage factor C'F), as below. C'F, is used for all non-battery technologies.

SOCrtp >~ Zr,p, \VIT < RSE, Vt < T, Vp - PSOC (314)
SOCH <y, CFM, Vre R%E VteT, ¥p e P5O° (3.15)
S0CH: <y, CFd’S vre R%® vt e T, ¥p € P5°° (3.16)
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The power-to-storage factor C'F' is calculated by using the energy storage capacity
and input/output capacity. The capacities are given for one unit of energy and the
capacity factor gives how fast one can charge or discharge the storage. The formula
for C'F is given by Eq. (3.17). The unit for CF is 1/h.

Input/Output capacity for one unit [MW]

CF =

= 3.17
Energy storage capacity for one unit [MWHh] (3.17)

For battery technologies, charge and discharge is also governed by investment in
their power capacity component, Eqgs. (3.18)-(3.19). The power capacity component
governs how fast and for how long the battery takes to charge or discharge.

SOCH, < if9c vr e R%", vteT, vpe PPAT (3.18)
SOCH: < if9c vr e R%", vteT, vpe PPAT (3.19)

3.1.2 Hydropower equivalent

Due to the magnitude and flexibility of hydropower generation, it needs a represen-
tative modelling when evaluating different storage and flexibility solutions. When
modelling hydropower it is usually done using equivalent models, to limit the com-
putational effort. Among others, Prianto [42] have shown that equivalent repre-
sentations of hydropower produce accurate results with a significant reduction in
computational time.

The representation of hydropower in SEmLa is based on work by Oberg et al. [43],
specifically their Bi-level equivalent. This equivalent differs from the simple equiv-
alent in that it incorporates additional constraints on up- and down-ramping with
seasonal variations in generation and reservoir limits.

Egs. (3.20)-(3.22) describes the simple equivalent constraints where the reservoir
level s, ¢ hydropower 1S dependent on the inflow L}f’ fd into the hydropower reservoir and
the hydropower generation ¢, ; hydropower- The hydropower generation is constrained
by an upper and lower limit HydP,; while the reservoir level is limited by HydL, ;.
Both limits are seasonally dependent, based on three different inflow periods.

hyd SE
Sr t+1,hydropower S Sr.t,hydropower + Ir,t = Grt,hydropower Vre R ) vieT (320)

HydP™ < gpt hydropower < HydPI™, Vre R%¥ WteT (3.21)
Hyd L™ < Syt hydropower < Hyd L™, Vre R%¥ vteT (3.22)

Oberg et als. Bi-level equivalent includes limitations on up- and down-ramping, as
in Egs. (3.23)-(3.24), where maximum up- and down-ramping during one timestep
t is given by HydRamp,,. HydRamp,, is also dependent on the inflow period in
region r at the given timestep ¢.
gr,tJrl,hydropower - gr,t,hydropower S HydRampr,t7 Vr e RSE, YiteT (323)
Gr.t—1,hydropower — Gr.t,hydropower S HydRampr,t7 Vr e RSE, VteT (324)

The values and inflow period descriptions are taken from Oberg et al. and presented
in Tables A.11-A.12.
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3.1.3 Hydrogen

With increasing need for green hydrogen, produced without emissions, in industry,
comes a large increased electricity demand. Green hydrogen produced using water
and electricity, can be paired with hydrogen storage to shift its production from
peak electricity demand hours.

Hydrogen is integrated in a similar manner as Rosén et al. [44], where demand
of hydrogen is a fixed hourly profile value, calculated from a yearly demand. The
hourly value is fixed as the estimate is that industry will require a constant amount
of hydrogen each hour. The demand of hydrogen can either be provided from an
electrolyser or from discharge of hydrogen storage. The hydrogen demand balance
is presented in Eq. (3.25).

) + Gr t,electrolyser — gT‘7t,FC’ Vr e RSE, Vit € T, (325)

DIz < SOC%s _ soC"
r,t Z ( nFC

- rt,p rt,p
pePH250C

where fo is the fixed hourly hydrogen demand for each region r, g, + eectroiyser is the
hydrogen production from the electrolyser, g,: rc is the electricity generation from
fuel-cells, included as it uses hydrogen as fuel, and the hydrogen storage technologies
in the set PH259C are constrained by Eqs. (3.13)-(3.16). For LRC, there is an
additional constraint on maximum 20 allowed cycles throughout one year, described
by Eq. (3.26).

> SOCH | pe v <irpre 20, Vr€ RSP (3.26)

teT

As the electrolyser is producing hydrogen using electricity, its generation increases
the electricity demand. Therefore the left hand side of the electricity demand bal-
ance, Eq. (3.2), is updated as

pelee 4 Intelectrolyser ¢ RSE ype T, (3.27)

Nelectrolyser

while the right hand side is kept the same as in Eq. (3.2). The hydrogen production
from electrolyser is constrained by Eq. (3.28).

Grtelectrolyser S 7;7",elecz‘,rolyser7 Vr € RSE7 VieT (328)

3.1.4 Heat

Due to Sweden’s geographical position it encounters all four weather seasons, with
especially cold weather in the northern parts of the country. The cold weather re-
quires buildings and services to receive heating from heat producing plants. In the
last 10 years the heat consumption in Sweden has been around 50 TWh, where
multi-family dwellings stand for the majority share, according to SCB [45]. The
District-Heating (DH) demand is met by combined heat-and-power (CHP) plants,
fuel based heat plants, together with electric boilers and heat pumps who run on
electricity.
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SEmLa incorporates heat generation technologies to meet the DH demand. gffjf;f

the heat generation by heat generating technology p for each region r at timestep
t. The model makes use of heat producing technologies and the heat generation is
governed by Eq. (3.29).

is

gret <i,,. VreRSE VieT, vpe pHPAT (3.29)

For heat generating technologies with a startup time longer or equal to 1 hour is
also constrained by Egs. (3.6)-(3.10), similar to thermal technologies.

The heat demand Df}jat in each region r at timestep ¢ is met by the demand balance
in Eq. (3.30), where the heat storage technologies in the set P799¢ are constrained
by Egs. (3.13)-(3.16).

Dﬁ,iat < Z giﬁi?g’ + Z (SOCgltS’p - SOCS,};,P) + Z g;t@’ Vr € RSE'7 Vit € T,
pc PHEAT pePHSOC pEPCHP p

(3.30)
Heat generation from CHP plants is dictated by its electricity generation and power-
to-heat factor y,. CHPs take on cycling properties in accordance with Eqs. (3.6)-

(3.10).

Heat generating technologies that make use of electricity as fuel increases the elec-
tricity demand, similarly as the hydrogen producing electrolyser. Therefore the left
hand side of the electricity demand balance, updated in Eq. (3.27), is changed to

heat

Diltec + Grt.electrolyser + Z gr,t,p S o Vr € RSE, Vit € T, (331)
’ Nelectrolyser pe PHeatElec Mp

with the right hand side kept the same as in Eq. (3.2).
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3.2 Model Parameters

The following section describes the most important parameters used in the model
and thesis work.

3.2.1 Weather year

To ensure consistency between different parameters, such as weather profiles, water
inflows and demand profiles, we make use of reference weather years. For this
thesis the meteorological weather years 1991 and 1992 have been used. The reason
being that they have opposite characteristic for hydropower inflows. Year 1991 is
considered a dry year and year 1992 is considered a wet year, according to Oberg et
al. [43], where the dry year has less inflow into hydropower reservoirs compared to
the wet year. In numbers, the dry year has 11 TWh less electricity generating inflow
compared to the wet year. The weather year parameter is used for construction
of wind and solar profiles, discussed in Section 3.2.5, for demand profiles and for
predicted electricity prices from external regions, discussed in Section 3.2.4. Hereby,
1991 is referred to as Dry weather year (DWY) and 1992 as Wet weather year
(WWY). Weather years are representative representations of years with different
amount of hydropower inflow and results are not applicable to every year where the
hydropower inflow is the same as those used in this thesis.

3.2.2 Demand

SEmLa incorporates demand on electricity, hydrogen and heat. The demands are
dependent on the scenario and case of which is investigated, described in Section 3.3.
This section describes how the demands are constructed. All demands have been
provided by Division of Energy Technology at Chalmers University [39].

Electricity demand

Electricity demand data is divided in two parts, historical load and future load. The
historical load is dependent on the reference weather year to match wind, solar and
hydro behaviour. Total demand of historical load is the total demand in the given
weather year. The future load comes from industry and road transport sectors and
is a constant hourly load. The categories contributing to the total load is shown in
Table 3.1, where demand for EVs are taken from Taljegard et al. [46] and rest from
Chalmers Division of Energy Technology [39].

Electric vehicle (EV) demand is implemented using the Aggregated Vehicle Profile
(AGG) method presented by Taljegard et al. [46]. Here the EV fleet, for the dif-
ferent categories, is aggregated into one profile and handled as one large unit with
a fixed driving and charging profile. Reason for the AGG approach is to limit the
complexity and computational demand of the model. Another reason is that V2G is
not implemented in the model and therefore a more detailed approach is not needed,
see Taljegard et al. [46].
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As seen in Eq. (3.31), electricity demand is also dependent on hydrogen- and heat
production from technologies using electricity as fuel. Therefore a large increase in
electricity demand comes from electrification of those sectors.

Sector Category Region Total yearly demand [TWhg]
Historical load SE1 2.8
SE2 6.8
SE3 89.4
SE4 26.7
Industry Fossil free steel SE1, SE3 7.6
Plastic (Chemical) SE3 11.3
Concrete and Cement SE3 2.4
Battery factories SE1, SE3 5
Road Transport (EV) Passenger cars SE1-4 17
Light trucks SE1-4 3.6
Heavy trucks SE1-4 10.7
Buses SE1-4 14

Table 3.1: Electricity demand sectors, categories and applicable regions.

Hydrogen demand

Hydrogen demand is handled as a constant hourly load over each timestep of a year.
Reason is that hydrogen demand in this study only comes from industry, which is
assumed to have production running constantly throughout the year. The hydrogen
demand is broken down into categories, similar as electricity demand, and shown in
Table 3.2.

Category Region Total yearly demand [TWhy,|
Fertiliser SE1 3.5
Refineries SE3 3.2
Electrofuels SE2 2.8
Plastic (Chemical) SE3 10.7
Fossilfree steel SE1, SE3 15.6

Table 3.2: Hydrogen demand categories and applicable regions.

From Table 3.2 we see that regions SE1-SE3 have an hourly demand, while SE4 does
not. For SE1-SE3, Table 3.3 shows the hourly demand. Investments in electrolyser
above the hourly demand will be referred to as Overcapacity as it enables generation
over the constant demand. This is essential for investments in hydrogen storage
technologies, as overcapacity is needed to charge the storage.
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Region Hourly demand [GWhp, /h]
SE1 1.85
SE2 0.32
SE3 1.92

Table 3.3: Hourly hydrogen demand per Swedish electricity price region.

Heat demand

Heat demand, specifically DH demand, is handled with a historical year load profile,
where the total demand is given for the weather year. As previously mentioned in
Section 3.1.4, the heat demand in Sweden has been around 50 TWh for the last years
and comparing loads from chosen weather years with today we see a small difference.
One reason for shifts in heating demand, of different years, is how cold or hot the
winter period is. Looking at the total heating demand it is mostly connected to how
cold or hot it is in SE3 as it stands for ~60% of total heat demand [39].

3.2.3 Transmission capacity

Transmission between Swedish electricity price regions and with external neigh-
bouring price regions are controlled by the transmission capacity between regions.
Table 3.4 defines the cable capacities between price regions, both internally and ex-
ternally for Swedish price regions. The capacities are taken from Division of Energy
Technology at Chalmers [39] who bases capacities on ENTSO-E [47] for the given
target year of 2040. Values are maximum allowed capacity in the transmission line at
a given hour, and together with electricity prices from neighbouring regions, SEmLa
decides how much to import/export for each Swedish price region. Transmission
losses are not included in the model.

Region SE1 SE2 SE3 SE4

SE1

SE2
SE3
SE4
DK1
DK2
NO1
NO2
NO3
FI
LT
PO3
DE4

3300

10700

6200

1005
2095

Table 3.4: Cable capacities for trade between Swedish- and neighbouring electricity

price regions in 2040. Values given in MW and region index from Figure 3.1.
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3.2.4 Electricity prices for neighbouring regions

Electricity prices for neighbouring regions are produced by the ELLI model, devel-
oped by Division of Energy Technology at Chalmers [39]. The model is a European
energy system model which can model several European regions. To produce the
electricity prices the model is run for the specified target year of 2040, with param-
eters for a given weather year. The electricity prices are handled as a parameter
in SEmLa to determine the cost of trade between Swedish price regions and neigh-
bouring regions.

3.2.5 Weather profiles - GlobalEnergyGIS tool

The GlobalEnergyGIS tool developed by Mattsson et al. [40] is used to create wind
and solar PV profiles and potentials. The tool uses a specified weather year as input
when creating the profiles and potentials. For this thesis onshore wind, offshore
wind, utility-scale PV and rooftop PV was used. For each technology 5 different
resource classes were used, which are based on annual capacity factors [40]. The tool
makes use of a mask which removes protected areas, water, roads, cities and streams,
similarly as in Walter and Goéransson [37], therefore limiting the total available area
for each technology to be installed.

For onshore wind farms a density of 5 MW /km? was used and 8% of total land area
was assumed to be available after removal of mask, see Figure 3.2a. Full-load hours
and max capacities for onshore wind classes are shown in Table A.5 and A.9.

. bad land type
. high population
. protected area
. no grid

solar plant

. bad land type
. high population
. protected area
. no grid

. wind plant

. near shore
. protected area
. no grid

. wind offshore
. too deep water

(a) Total area for on- (b) Total area for off- (c) Total area for Solar PV
shore wind after removal of shore wind after removal after removal of mask, of
mask, of which 8% is avail- of mask, of which 33% is which 5% is available for
able for onshore wind in- available for offshore wind Solar PV installation.
stallation. installation.

Figure 3.2: Available area for onshore wind, offshore wind and solar PV produced
by GlobalEnergyGIS [40].
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For offshore wind farms a density of 8 MW /km? was used and 33% of total area was
assumed to be available after removal of mask, see Figure 3.2b. For offshore wind
the following constraints were also made: max distance of 150 km to nearest grid
connection, minimum distance of 5 km to shore and a max depth of 40 m. Full-load
hours and max capacities for offshore wind classes are shown in Table A.6 and A.9.

For Solar PV farms a density of 45 MW /km? was used and for both utility-scale
and rooftop Solar PV 5% of total area was assumed to be available after removal
of mask, see Figure 3.2c. Solar PV farms are constrained to be within 150 km of
nearest grid connection and cannot be built in populated areas with more than 150
persons/km?. Rooftop Solar PV are constricted to populated areas with at least

200 persons/km?. Full-load hours and max capacities for utility-scale and rooftop
PV classes are shown in Table A.7, A.8 and A.10.

3.3 Cases definition

The thesis investigates three different cases, where one is used as a base case and
reference when evaluating the other two. The cases are run for two different weather
years, as specified in Section 3.2.1, and demands specified in Section 3.2.2.

3.3.1 Base Case

In the base case, all technologies are available for investments and no restrictions
are put on any model parameter. The base case is run for the specified weather
years and is used as a reference when investigating the below cases.

3.3.2 No Hydrogen Storage Case

In the no hydrogen storage case (NoH2S), it is not allowed to invest in any hydrogen
storage technologies, neither Hydrogen tanks or lined rock caverns. This forces
SEmLa to only invest in electrolysers to cover the hourly hydrogen demand. This
case seeks to investigate the impacts on the whole system for the continuous hourly
load that comes from the required hydrogen production and the difference compared
with the base case.

3.3.3 Electrolyser Cost Case

The electrolyser cost case (ECC) seeks to investigate how different investments costs
for PEM Electrolysers impacts hydrogen production and storage. The case inves-
tigates 5 different investments costs, including base case cost, and is specified in
Table 3.5. The Fix O&M cost of the electrolyser is set to 2% of the investment cost.
All other technologies are kept the same as in base case and the model is run with
the same parameters as the base case. Electrolyser investment costs are taken from
the Danish Energy Agency [48].
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PEM Electrolyser Investment cost [k€/MW]

325 450 600 900 1200

Table 3.5: Investment cost for PEM Electrolyser for 5 different investigated levels.
Base case cost was 450 k€/MW.

3.4 Code development
The SEmLa model is developed using the Julia language [49]. To construct the LP

model the JuMP package [50] was used together with an optimizer of choice. In this
thesis the Gurobi optimizer was used.
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Results

Results are presented for each investigated case and weather year. References to
additional results relates to results found in Appendix B. Cost results were scaled
by an inflation factor 1.23, to convert from Euro2020 to Euro2025, as all cost data
is given in Euro2020. Inflation factor was calculated with the Inflation Tool [51].

4.1 Base Case

The system costs for the base case of each weather year are displayed in Table 4.1.
The majority of costs comes from Capex, while export of electricity to neighbouring
regions brings down the costs, even though Sweden is net importer for both weather
years as presented below. Hydrogen production, hydrogen storage and heat storage
include their respective Capex and O&M costs, while electrolyser electricity cost is
not included in total cost.

Base Case Costs [G€]

Cost DWY WWY
Total 4.88 4.36
Capex 4.17 3.79
O&M Fix 1.98 1.85
O&M Var 0.60 0.59
Trade -3.27 -3.08
Cycling 0.004 0.001
Fuel 0.41 0.34
Hydrogen Production 0.56 0.49
Electrolyser Electricity Cost 1.4 1.28
Hydrogen Storage 0.30 0.27
Heat Storage 0.12 0.11

Table 4.1: System costs for Base case of each weather year. Hydrogen production,
hydrogen storage and heat storage include their respective Capex and O&M costs.
Electrolyser electricity cost is not included in total cost.

Figure 4.1 shows the electricity production mix for DWY and WWY. For both
weather years, the demand is ~ 263 TWh, with a total production of 251(249)
TWh for DWY(WWY). For both weather years, Sweden becomes a net importer of
electricity, making use of cheap electricity from neighbouring regions to help meet
the electricity demand, while simultaneously exporting electricity when profitable.
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Base case (Dry year) Base case (Wet year)

140 140

< 120 <120
= =
= =

< 100 = 100
Re] o
© ©

o 80 o 80
c c
3 3

> 60 > 60
2 kS

S 40 5 40
i i
w |

20 20

0- 0

SE4 SE1 SE2 SE3
EZA Existing Nuclear ~ EEE Onshore Wind EZZA Existing Nuclear [ Onshore Wind
28 Hydropower [ Utility-Scale PV B3 Hydropower [ Utility-Scale PV

Figure 4.1: Electricity generation per Swedish electricity price region for Base
case.

In both weather years, the production mix consists of nuclear, hydropower, onshore
wind and utility-scale solar PV. Onshore wind is the largest producer, generat-
ing 110-114 TWh of electricity, with nuclear generating 55-57 TWh of base power
for SE3. No new investments are made in nuclear power, production only coming
from existing nuclear power with prolonged life. The weather year characteristic im-
pacts hydropower generation mostly, with an 8 TWh difference between the weather
years. The reduction in available hydropower flexibility results in larger investments
in utility-scale solar PV, especially in SE3, where production increases with 13 TWh
for DWY compared to WWY. For both weather years an investment in Li-Ion bat-
teries of ~ 2 GWh, coupled with a power component investment of 0.65 GWh, was
made in SE4, which act as a shifting strategy to Solar PV.

As mentioned, Sweden becomes a net importer of electricity for both weather years,
where main import comes from Norwegian electricity price regions NO2 and NO3.
NO2 and NO3, like SE1 and SE2, have lots of available hydropower [52], generating
electricity at a low cost. For DWY there is a small reduction in import from these
regions and a large increase in export to NO1. As hydropower in NO2 and NO3
cannot deliver as much cheap electricity to NO1, it enables SE3 to sell electricity
to NO1 for a high price. Furthermore, SE3 and SE4 imports electricity from the
Danish regions, where cheap electricity is produced by wind farms [53]. Total trade
with external regions is presented in Figure B.1.

Figure 4.2 shows the marginal cost of electricity curves for base case of both weather
years, which is the electricity price duration curve in a perfect energy-only market.
The lower available hydropower generation in DWY impacts the average price across
all regions, giving higher prices compared to WWY. Especially, WWY has 4500 —
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4850 price hours above 40 €/ MWh while DWY has 5100 — 5900 price hours above
40 €/MWh, contributing to the higher average prices.

Price duration curve - Base case (Dry year)
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Figure 4.2: Electricity price duration curves for Base case.

There are large fluctuations in electricity price throughout the year, for both weather
years. For DWY there is 760-1450 zero price hours, 700-1550 price hours above 100
€/MWh and 30-115 price hours above 250 €/MWh. The difference in price is es-
pecially significant for SE4 which has the most low, high and very high price hours
of all regions. Reason being that SE4’s electricity production mix consists of only
variable renewable energy (VRE) technologies, which production curve depends on
the weather conditions of the given hour. Thus, it receives low prices when there are
a lot of available generation and higher prices with lower available generation. Dur-
ing the higher price hours, it depends on transmission with neighbouring regions, of
which many have higher average electricity prices. SE1-SE2 have roughly the same
amount of low and high price hours, in the lower end of the interval, and SE3 have
price hours roughly in the middle of each interval.

For WWY there is 640-1680 zero price hours, 550-1450 price hours above 100
€/MWh and 1-45 price hours above 250 €/MWh. Reduction in zero price hours
happens in SE1-SE3 while it increases in SE4 compared to DWY. Reduction in high
and very high price hours is seen throughout all regions, with largest reductions seen
in SE1-SE2 due to their increased flexibility of hydropower production.
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Figures 4.3-4.4 shows the investments in hydrogen generation and storage. For both
weather years it is preferable to invest in hydrogen storage, both tank and LRC
storage, together with investments in electrolyser overcapacity. For DWY there is
overcapacity investments of 51-79% across the regions, while for WWY the overca-
pacity investments are 31-58%. In SE1-SE2 the larger investment in DWY is coupled
with larger investments in hydrogen storage, as larger overcapacity enables larger
charging of the increased storage. In SE1-SE2 the hydrogen storage consists of both
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Figure 4.3: Capacity investment in hydrogen generation in Base case.
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Figure 4.4: Capacity investment in hydrogen storage in Base case.
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tanks and LRC for DWY, for WWY there is no tank investment in SE2. LRC is the
main storage technology because it has a smaller investment cost than tanks, but
with downside of not being able to charge and discharge as fast. Therefore, LRC is
used for long time storage while tanks are used for short time storage.

In SE3 there is a 0.4 GW larger overcapacity investment in DWY compared to
WWY, but the same storage capacity investment. The storage investment amounts
to 192 GWhyp,, of which 1% equals the hourly hydrogen demand in SE3. This is
also the maximum withdrawal that can be made in one hour from the LRC. The
larger overcapacity investment for DWY can be linked to the amount of high price
hours. In DWY we have more high price hours compared to WWY, for which there
is an incentive to lower electricity demand. One way is to limit hydrogen production
to either make use of storage or operate electrolyser at demand capacity. Therefore
there is less hours where its preferable to charge the storage, which leads to larger
investment in overcapacity to produce more hydrogen during low price hours.

In both weather years, charging and discharge of hydrogen storage align with wind
and solar production, as previously presented by Walter et al. [36], and with trade.
Figure 4.5 shows this behaviour for 3 summer days in SE3 for WWY. Here, the
charging of the storage follows the solar and wind production along with net import
of electricity. The import comes mainly from SE2 and SE4, where SE2 makes use
of its flexible hydropower and SE4 provides electricity from daily peaks in solar PV
production. These hours also correspond to low price hours where there are large
amounts of available electricity to match the demand. During nights, when solar PV
production goes down, discharge of hydrogen storage instead takes over and covers
the hydrogen demand.

In SE1-SE2, the hydrogen production is dependent on wind generation, hydropower
generation and trade. For both regions hydrogen demand is met by hydrogen stor-
age discharge when hydropower production is ramped up, seen in Figures 4.6-4.7.
This because the hydropower ramping is made to transmit electricity to neighbour-
ing regions, both internally and externally. The hydrogen storage is then charged
when wind and hydropower generation goes down. The large amount of hydropower
production in SE2 provides additional electricity to SE1 to charge the hydrogen
storage. The behaviour is the same for DWY as WWY.
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SE3 Electricity dispatch plot 2040 - Base case (Wet year)
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Figure 4.5: Electricity- and hydrogen dispatch plots for 3 summer days in SE3,
for Base case and WWY. Electricity demand includes hydrogen and heat electricity
demand, as per Eq. 3.31. Everything above electricity demand line is exported. For
hydrogen dispatch, everything above demand line is charged to hydrogen storage.
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Figure 4.6: Electricity- and hydrogen dispatch plots for 3 summer day in SE1,
for Base case and WWY. Electricity demand includes hydrogen and heat electricity
demand, as per Eq. 3.31. Everything above electricity demand line is exported. For
hydrogen dispatch, everything above demand line is charged to hydrogen storage.
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SE2 Electricity dispatch plot 2040 - Base case (Wet year)
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Figure 4.7: Electricity- and hydrogen dispatch plots for 3 summer day in SE2,
for Base case and WWY. Electricity demand includes hydrogen and heat electricity
demand, as per Eq. 3.31. Everything above electricity demand line is exported. For
hydrogen dispatch, everything above demand line is charged to hydrogen storage.

Lastly, heat demand is met by investments in electric fuelled technologies, electric
boilers and air heat pumps, in combination with large hot-water tanks (LHWT)
and biogas HOB, as seen in Figures 4.8-4.9. Heat pumps are acting as base heating
with coverage by discharge of LHWT. Electric boilers are mostly activated to charge
the heat storage. Heat dispatch plots for 4 winter weeks in SE1 and SE3, for both
weather years, are displayed in Figures B.2-B.3.

For DWY there is larger investments in Biogas HOB which is activated during peak
winter. The HOB is activated at the same time for all regions, indicating a high heat
demand where it is not financially optimal to increase production from electricity
fuelled heating technologies. In addition to activation of HOB, the heating demand,
in this period, is covered by discharge from LHWT. For DWY, this period is also
the period where we find the highest electricity prices in all regions, indicating high
demand with low available resources to produce or import electricity.

For WWY there is one small investment in Biogas HOB of 1 MW in SE1, which is
activated for ~ 250 hours in the later part of the year. Remaining hours heating
demand is met by electric fuelled technologies and storage discharge. As in DWY,
heat pumps act as base heating, with electric boilers mostly activated to charge the
heat storage.
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Figure 4.8: Capacity investment in heat generation in Base case.
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Figure 4.9: Capacity investment in heat storage
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4.2 No Hydrogen Storage Case

In the case of no hydrogen storage, the main impact is seen on hydrogen production.
The capacity investment in hydrogen production matches the hourly demand with
no overcapacity, as presented in Table 3.3 and shown in patterned part of bars in
Figure 4.3. As the hydrogen production can not store excess produced hydrogen,
it is not economically viable to invest in a larger PEM electrolyser, as it will not
operate above the hourly demand.

System costs for NoH2S case are presented in Table 4.2. As in base case, hydrogen
production, hydrogen storage and heat storage include their respective Capex and
O&M costs, while electrolyser electricity cost is not included in total cost. Not
allowing hydrogen storage increases the total system cost to 5.24 G€ for DWY
and 4.63 G€ for WWY increases of 7.4% and 6.2% respectively compared to base
case. For both weather years the hydrogen storage cost is removed and the cost of
hydrogen production lands at 0.33 G€, a decrease of 32-40% compared to base case.
But, the electrolyser electricity cost increases by 33-40%, indicating a large increase
in running costs of electrolyser, independent of weather year. The largest increase
in electrolyser electricity cost is seen in SE3. The decrease in hydrogen production
and storage costs is countered by increases in system Capex and Trade costs.

No Hydrogen Storage Case Costs [G€]

Cost DWY WWY
Total 5.24 4.63
Capex 4.42 4.05
O&M Fix 2.04 1.92
O&M Var 0.59 0.58
Trade -2.69 -2.74
Cycling 0.005 0.002
Fuel 0.38 0.34
Hydrogen Production 0.33 0.33
Electrolyser Electricity Cost 1.96 1.7
Hydrogen Storage 0 0
Heat Storage 0.14 0.14

Table 4.2: System costs for NoH2S case of each weather year. Hydrogen produc-
tion, hydrogen storage and heat storage include their respective Capex and O&M
costs. Electrolyser electricity cost is not included in total cost.

For both weather years, the increase in Capex is mainly driven by increased ca-
pacity investments in Onshore wind in SE3 and utility-scale PV investments in
SE3 and SE4. Consequentially, total wind production increased with 2.2 TWh for
DWY and 3.9 TWh for WWY, while solar production increased with ~ 2 TWh for
both weather years, compared to base case. The increased production comes as a
consequence of the reduced flexibility to shift hydrogen production with the use of
hydrogen storage. The majority of increased capacity is placed in SE3, as it has the
largest electricity and hydrogen demand.
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To help with the intermittency of the increased share of VRE technologies, capacity
investments are made in Li-Ion batteries in SE3 and SE4. As hydrogen production,
and its share of electricity demand, can not be shifted with the use of hydrogen
storage, it makes use of the batteries to shift the electricity production instead. Fig-
ure 4.10 shows the capacity investments in Li-Ion batteries for the respective weather
years. In SE4 there is a capacity increase in energy component of 115(122)% and
82.5(113)% in power component compared to base case for DWY(WWY). Batter-
ies supports the regions by discharging during mornings and nights, where solar
production is limited, and is charged during daytime. To charge the batteries and
meet the demand during high solar production, import into SE3 and SE4 increases,
mainly due to low electricity prices in neighbouring regions. Figure 4.11 displays
this behaviour in SE4 for one day.

Larger capacity investments in electricity storage is made in DWY compared to
WWY, as a consequence of the reduced flexibility in hydropower production, which
decreases the transmission capabilities from northern to southern regions, mainly
SE2 to SE3. Therefore, larger investments in storage technologies are made, in or-
der to shift more production in DWY compared to WWY.

In both weather years, Sweden remains a net importer of electricity. Net import
amounts to 11.5 TWh for both weather years, which is an increase of 1 TWh for
DWY and a decrease of 3 TWh for WWY |, respectively compared to base case. Total
transmission with neighbouring regions for NoH2S case is presented in Figure B.4.
The increase in net import for DWY is mainly connected with transmission with
FI from SE1 and SE3. For both Swedish regions the net export is reduced due to
the removal of flexible hydrogen production. Because of the removal there is a con-
stant need to meet demand in the respective region and less available electricity to
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Figure 4.10: Capacity investment in electricity storage in NoH2S case.
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SE4 Electricity dispatch plot 2040 - NoH2S case (Dry year)
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Figure 4.11: Electricity dispatch plot for 1 summer day in SE4 in NoH2S case.

export. The decrease in net import for WWY comes from decreased net import in
SE3 and SE4. Both regions are supported by SE1 and SE2 as both regions have lots
of available hydropower. This decreases the need for import from external regions
and in the total net import.

Figure 4.12 displays the price duration curves for NoH2S case, of both weather years,
in a perfect energy-only market. Table 4.3 shows the difference in average electricity
price for each region between NoH2S and Base case. The smallest difference occurs
in SE4, where the electricity price is marginally increased for both weather years.
As SE4 do not have any hydrogen demand to account for, it is not impacted as much
by the removal of the hydrogen storage flexibility compared to other SE regions.

Region DWY WWY
SE1 +4.9% +3.0%
SE2 +6.3% +3.7%
SE3 +10.4% +6.8%
SE4 +2.0% +0.8%

Table 4.3: Average electricity price difference between NoH2S case and base case
for both weather years.
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Remaining regions see increases of 3-10%, with higher increases for DWY. Reason
being that DWY is less resilient to removed flexibility compared to WWY, as it
has less flexibility in its hydropower production, which makes it hard to shift and
support its electricity production with existing hydropower. This contributes to an
increase of 100-260 price hours above 100 €/ MWh for SE1-SE3, with SE4 kept the
same, for DWY. Especially significant is the increase of 45-77 price hours above 250
€/MWh for NoH2S case compared to base case, indicating more hours with really
high electricity prices throughout all regions. SE3 has the highest percentage-wise
increase, which connects to its high electricity and hydrogen demand. SE3 therefore
made use of a large LRC storage to flex its hydrogen production in both weather
years, which in this case is not possible. Thus, resulting in more expensive tech-
nologies being activated, or expensive trade with neighbouring regions, during peak
demand, driving up the average electricity price in the region.

For WWY, hydropower production is more flexible, which drives down electricity
prices in both the Base and NoH2S case. But, the lack of flexibility in hydrogen
production creates more high priced hours compared to base case in SE1-SE3. Price
hours above 100€/MWh increases by 300-350 hours for SE1-SE3 and 90 hours for
SE4, compared to base case. Price hours above 250 €/MWh is not affected as the
flexibility in hydropower is used to minimize the peak high price hours.

Lastly, like in base case, heat demand in NoH2S case is covered by investments in air
heat pumps, electric boilers, biogas HOB and LHWT. There is however differences
in the size of the capacity investments. For both weather years, capacity investments
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Figure 4.12: Electricity price duration curves for NoH2S case.
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in biogas HOBs is reduced, for WWY there is no HOB investments in either region,
investments in electric boilers are increased and investments in LHW'T are increased
compared to base case, seen in Figures B.5-B.6. Investments in air heat pumps are
kept at the same levels as in base case.

The increased investments in electric boilers and LHW'T is made to increase the
flexibility from heating. With reduced flexibility in hydrogen production, increased
flexibility in heating act as a measure to decrease electricity demand during peak
hours. Therefore, larger investments are made in heat storage, which can discharge
more heat during peak hours, which decreases the need for production by electric
boilers and HOBs. Larger investments in electric boilers are made in order to charge
the larger heat storage, while investments in HOBs decreases with the reduced need
of peak plants due to the larger heat storage.
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4.3 Electrolyser Cost Case

In the Electrolyser cost case (ECC), SEmLa is run for 5, including base case, dif-
ferent investment costs of PEM Electrolyser, as specified in Table 3.5. Figure 4.13
displays the normalized total system costs for each investment level compared to
the base case, which had an investment cost 450 k€ /MW. As can be seen for both
weather years, the total system cost steadily increases with the increasing investment
cost of the electrolyser. Total system cost for each investment level and respective
weather year is presented in Table B.1.

For all investment levels, and both weather years, the change in total system cost is
linked to the electrolyser cost, capacity investment in hydrogen storage and income
from transmission. The change in total system cost, for each ECC investment level,
can be described by the following:

Higher Electrolyser cost — Less Hy storage — Less flexible Hy production
— Less available electricity for trade — Decreased income from trade —
Higher total system costs.

In short, a higher electrolyser cost leads to an increase in hydrogen production cost,
in order to meet the demand capacity each hour. A high electrolyser cost minimizes
the benefits of electrolyser overcapacity investments, which in return leads to less
capacity investments in hydrogen storage which reduces the flexibility of hydrogen
production. Thus, more electricity is needed to cover the regional Swedish demand
and less electricity is available to export to neighbouring regions, during high-price
hours especially. Therefore, income from electricity export decreases, which in-
creases the total system cost. Investment levels above base case follows this path,
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Figure 4.13: Total system costs trend plot for ECC case of both weather years.
Values normalized on Base case total system cost, see Table 4.1, and shown as
percentage values of increase/decrease compared to base case.
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while the low investment level has the opposite trait, as the electrolyser cost is lower
compared to base case.

Figure 4.14 displays the normalized overcapacity investment in electrolysers, for each
electrolyser investment level and weather year. As mentioned above, higher electrol-
yser cost reduces the incentive to invest in overcapacity, which is clearly shown here
for each region and weather year. For the highest electrolyser investment cost level,
the overcapacity investments in SE1 and SE2 are reduced by around 90% for both
weather years. Instead of flexing its hydrogen production, the regions make use of
their flexible hydropower to shift their electricity production. In SE3, the reduction
in overcapacity investments is larger for DWY compared to WWY. Thus, because
there is less available low-cost electricity to power the electrolyser overcapacity to
charge the hydrogen storage.

Figures 4.15-4.16 shows the capacity investment in hydrogen storage for ECC case
of both weather years. In SE1, LRC capacity investment decreases with increased
electrolyser cost. LRC follows the same trend as investments in electrolyser overca-
pacity, seen in Figure 4.14. For DWY, the reduction in LRC capacity is met with
increased capacity investments in hydrogen tanks. Because hydrogen tanks can be
charged and discharged with its full capacity, it makes it preferable to use for short
peak durations. For SE1, tanks are used to lower peak demand during high price
hours, and is increased in size for higher electrolyser costs where overcapacity in-
vestments are lower. For WWY, the tank storage investments decreases with higher
electrolyser cost. This, because the increased flexibility of hydropower in the region
can help with short- and long time shifting.

In SE2, like SE1, the capacity investment in LRC follows the trend of electrolyser
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Figure 4.14: Overcapacity investment in PEM Electrolyser for ECC case of both
weather years. Values normalized on Base case overcapacity investment, see Fig-

ure 4.3, and shown as percentage values of increase/decrease compared to base case
(450 k€/MW).
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overcapacity investments for the respective weather year. The main difference hap-
pening for the lowest investment level, where there is a small difference compared to
base case, that is complemented by hydrogen tanks instead. For DWY, investments
in tank storage increases when LRC investments decrease. Making use of the tank
storage in peak hours. For WWY, the investments in tank storage is kept static
throughout all electrolyser investment levels. Thus, because the region makes use
of tank storage during peak hours, while the large hydropower flexibility handles
long-term shifting.

SE3 has the same behaviour as SE2, with increase in tank storage when LRC invest-
ments decrease. But, investments in LRC capacity don not follow the electrolyser
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Figure 4.15: Capacity investment in LRC for ECC case of both weather years.
Values normalized on Base case capacity investment, see Figure 4.4, and shown as
percentage values of increase/decrease compared to base case.
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overcapacity trend in the respective weather year. For both weather years, the in-
vestment in LRC is kept static for the 3 lowest investment levels, with small decreases
for the second to highest investment levels. This because SE3 lacks technologies to
shift production for a long period. SE1-SE2 makes use of their existing hydropower,
while SE3 makes use of a large LRC storage. For highest electrolyser cost, LRC
capacity investment is reduced by 30% in both weather years, while capacity invest-
ment of 3 GWhy, in hydrogen tanks are made to cover peak hours.

Figure 4.17 shows the average electricity price for ECC case of both weather years.
For DWY, the average electricity price in all regions increases with increased elec-
trolyser cost. Reason being that less investments are made in flexible hydrogen
production which shifts less production to low price hours. Smallest increase is seen
in SE4, due to the region not having any hydrogen demand, but is impacted as it
receives less support from SE3 during peak hours.

For WWY, the electricity price difference for each investment level differs between
regions. In SE1 and SE2, there is a steady increase in average electricity price be-
tween lowest and second to highest investment level. This is connected to lowered
investments in hydrogen storage which in return shifts less production. For highest
electrolyser investment level there is an increase in tank storage for both regions,
compared to second to highest investment level, while LRC investment decreases.
Therefore, both regions make use of larger tank storages during peak hours, while
their flexible hydropower shifts production long term, which decreases prices in the
respective region. In SE3, there is a steady increase throughout all investment lev-
els, as expected with the reduced flexibility in hydrogen production. In SE4, there
is less impact on the average electricity price, due to it not having any hydrogen
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Figure 4.17: Average electricity price in each region for ECC case of both weather
years. Values normalized on Base case electricity prices, see Figure 4.2, and shown
as percentage values of increase/decrease compared to base case.
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demand and the availability of cheap hydropower in the northern regions, which is
transmitted down to the southern regions.

For each electrolyser investment level in ECC case, the electricity production mix
remains the same as in base case. Generation from each production technology is
roughly kept the same depending on the investment level, for both weather years,
compared to base case. Investments in electricity storage, for both weather years,
is kept the same as in base case. For each investment level, heat production is
made by the same technologies as in base case, for both weather years. Increasing
electrolyser investment cost results in larger investments in electric boilers and heat
storage, in all regions and for both weather years. This as a result of the reduced
flexible hydrogen production, which gives incentives to invest in more flexible heat
production, as also seen in NoH2S case.
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Discussion

It is important to note that the results presented in this thesis assumes a perfect
energy-only market, and that results are optimized with the objective to minimize
the total system cost, in other words the lowest cost for society. The results aim to
show how a future energy system could look like, particularly how different technolo-

gies and demands impact the energy system, rather than what the future system
will look like.

The model was run for one year, in which there is an assumption that every technol-
ogy could be placed in each region, except nuclear and hydropower. This assumption
creates a scenario where it is easy to meet the demand, without considering build
time, permit time and social acceptance. Onshore wind becomes the main electricity
producer throughout all investigated cases, which show that onshore wind will be
a key technology to meet future demand. The risk, however, is that the realization
of the needed expansion of onshore wind does not materialize, as there are already
indications today that its expansion will decrease in the coming years.

There is also a factor of social acceptance when it comes to granting permits for
weather-based technologies, especially wind farms, that could prevent needed ex-
pansion in areas with future large industry demand, such as SE1 and SE3. These
factors are not captured fully through the works of this model, as it makes use
of price region scope. Although, the wind profiles and potentials produced from
the GlobalEnergyGIS tool makes use of a mask to limit available area, it does not
capture social acceptance. The inclusion of social acceptance could impact assumed
max capacities for wind and solar. With a reduced amount of available area to install
weather-based technologies, the result could lead to a reduction in weather-based
production, which in turn could lead to higher total costs. For this work, social
acceptance is simplified, using a percentual number of total areas after application
of mask as specified in Section 3.2.5, to limit model complexity. It is however im-
portant to keep in mind when discussing the feasibility of the future energy system
constructed by the model.

As mentioned, the model was run for one year, where parameters, for example de-
mand and weather profiles, where taken from a representative weather year. The
weather years mainly differed in their hydropower inflow, to capture the effects of
available flexibility in hydropower. It is important to note that these weather years
are not absolutes, and that another year with the same hydropower inflow could
generate other results. Thus, because another year could, for example, have been
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hotter or colder which impacts multiple parameters. Therefore, the results should
be interpreted as possible cases of a future energy system with different hydropower
flexibility. To run the two weather years after one another could have generated
different results, but due to time constraints this was not possible.

Another aspect is that the electricity prices, produced by the ELLI model, are pro-
duced using the cost and technical parameters for base case of the respective weather
years. These electricity prices are subsequently applied in the NoH2S and ECC cases,
where the available technologies and cost assumptions differ from those used when
producing the electricity prices in ELLI. Therefore, there is a margin of error when
it comes to the transmission behaviour for these cases. As prices produced by ELLI,
with correct parameters for each case, could yield differently to those in base case.
For both weather years this could mean an increase in high price hours in NoH2S
and ECC cases across neighbouring regions, as the Swedish hydrogen production is
less flexible and less electricity is available for export during peak hours.

Another assumption is the prolonged life of existing nuclear reactors in SE3. It is
unclear whether the life-extension will happen, as no final decision has been made
[54]. Therefore, the electricity production mix, especially in SE3, could look sig-
nificantly different compared to presented results. The probable result would be
a capacity increase in wind technology, primarily onshore wind, to cover the lost
generation from nuclear, as it has the capabilities to act like a base power when
combined with complementing strategies.

Although the results are impacted by the assumptions above, the study shows that
hydrogen, that could only be produced through electrolysis, has a large impact on a
future energy system. Sweden’s ambitions for net-zero by 2045 will include a tran-
sition from grey- to green hydrogen production and will require increased capacity
investments in new electricity production. Together with the transition to green hy-
drogen, the study shows that usage of hydrogen storage reduces total system costs
and makes it possible to limit high electricity price hours, in a perfect energy-only
market. With usage of hydrogen storage, the hydrogen production can be used flex-
ibly and decrease electricity demand during peak hours. The impact of no hydrogen
storage is higher total system costs, higher average electricity prices (especially for
a year with low hydropower inflow) and less flexibility across the system. Although
there are additional investments in heat and electricity storage, they do not offer
the same flexibility to shift production as the hydrogen storage.

Hydrogen storage consists primarily of LRC across all investigated cases, but hy-
drogen tanks are also included in the northern regions and in the cases of a high
investment cost for electrolysers. The tanks offer more short-term flexibility, peak
hours, due to its high investment cost and high ability to charge and discharge.
LRC instead offers long-term flexibility with lower investment cost, paired with low
ability to charge and discharge. There is however a margin of error when it comes to
LRC, as no project have been commercially built. Cost and operating parameters
for the storage are based on small scale pilot studies, like HYBRIT, or on com-
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mercially built LRC storing natural gas. Therefore, it is hard to say exactly how
beneficial LRC will be for storing hydrogen. In this thesis, conservative assumptions
for both cost and technical parameters of LRC have been used, and despite this, its
use remains part of the optimal solution. This shows that LRC long-term flexibility
is essential for reducing system costs, especially in SE3, where the absences of large
flexible hydropower resources, as in the northern regions, limits the ability to shift
production during peak hours.

The thesis results show a shift in Sweden’s role in the Nordic energy system. Today,
Sweden is a large net exporter of electricity, supporting its neighbours with its large
production from VRE technologies. The results instead indicate that Sweden could
become a net importer of electricity in a future system, becoming dependent on its
neighbours to bring down costs of the total system. As seen in every case, Sweden
becomes a net importer, but costs of trade are negative. This indicates that Sweden
is making use of its neighbouring regions to import cheap electricity to support its
demand, while simultaneously exporting electricity during high price-hours to bring
down total system costs. It is however worth noting that other studies have shown
that Sweden stays a net exporter for future scenarios, so results are uncertain in
that aspect [14].

Additionally, future demand, and fundamentally the extent of electrification in Swe-
den, remains uncertain. This thesis assumes that Sweden will achieve its net-zero
target and that the energy system will consist solely of carbon-neutral technologies.
However, this represents an ambitious scenario that requires substantial progress in
the coming years. Future demand is also particularly uncertain, especially concern-
ing industries demand for hydrogen. Reports have a shown a large span concerning
future hydrogen demand, across Swedish industries. In northern Sweden, demand
could be significantly higher if all planned expansions in iron and steel production
are realized, but considerably lower if these plans do not materialize. A similar
uncertainty exists on the west coast. Given these uncertainties, this thesis adopts
a slightly conservative approach to demand projections, while still assuming that
Sweden will meet its net-zero ambitions.

5.1 Future work

This thesis work has set a stable ground for future work to be done, where the SEmLa
model can be used to investigate different areas of the Swedish energy system. There
is however some work needed in the model, primarily regarding cycling constraints.
The following is a list of subjects that could be of interest for future work and
studies:

o Improved code formulations for cycling constraints. The start-up time of cy-
cling technologies is to progressive in its code implementation and would need
some work in order to achieve accurate results in accordance with previous
studies.

« Expansion of model to include more countries and demands. This could enable
a more detailed analysis of Swedish interactions with neighbouring regions.
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Study on the impact of LRC cost and technical parameters. As mentioned
above, the cost and technical parameters for LRC are based on assumptions
due to no project being commercially built. A study, similar to ECC case in
this thesis, on impact of LRC parameters are therefore of interest.

Further analysis of ECC case with more investment levels for the ECC. An
investigation into what cost of electrolyser that hydrogen storage is not uti-
lized, in other words when is it not profitable to make use of hydrogen storage
because of electrolyser cost?

What happens to the energy production mix when electricity demand exceeds
300 TWh? In this thesis the electricity demand amounted to about 260 TWh,
but there is projections that Swedish electricity demand could amount to over
300 TWh by 2050.

What is the implications if Sweden was to become totally self-sufficient and
not be able to trade with its neighbouring regions? There is increasing interest
in strengthening Swedish interests in order to be self-sufficient in the case of
war. An investigate study on what is needed to have a fully self-sufficient
energy system is possible with the use of the SEmLa model.

What happens if cost and technical parameters for technologies are more con-
servative or progressive? In this thesis, data has been taken as a projection for
2040, but cost are continuously updated each year depending on multiple fac-
tors. An investigative study of more conservative and/or progressive estimates
is therefore preferable to do as a sensitivity analysis to these thesis results.
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Conclusion

This study has investigated how the future energy system could look like in Sweden,
if industry and society were electrified. For a future electrified Sweden, the study
shows that a cost-optimal system could mainly consist of VRE technologies to cover
the electricity demand. Onshore wind becomes the largest electricity production
technology, with capacity investments being made in each region. Existing flexible
hydropower enables electricity to be transmitted from the northern regions to the
southern regions, especially helping SE3 to cover its large demand. The flexibil-
ity of hydropower production is dependent on the hydropower inflow, where a dry
weather year, with low hydro inflow, limits the flexibility of hydropower generation
and leads to increased total system costs, with increased investments in onshore
wind and utility-scale solar PV.

Average electricity prices, for a perfect energy-only market, range between 40-60
€/MWh depending on Swedish electricity price regions. The highest price is found
in SE4, with largest changes, depending on investigated case, being in SE3. Higher
prices across all regions are found for a dry weather year compared to wet weather
year, due to the limitations in hydropower.

Removal of hydrogen storage have large impacts on the total energy system. With
removal of flexible hydrogen production, as hydrogen storage is not allowed, brings
with it increased total system costs and higher average electricity prices across all
regions. Largest increase in regional total cost and average electricity price is seen
in SE3, where average electricity price increases with 6-10% depending on weather
year. Additional capacity investments in electricity storage and heat storage are
made in the system, to shift electricity production.

Electrolyser investment cost impacts hydrogen production, capacity investments in
hydrogen storage and average electricity price. Higher electrolyser investment cost
leads to reduced investments in hydrogen storage and electrolyser overcapacity, re-
sulting in less flexible hydrogen production, which leads to increased average elec-
tricity prices across all regions, for both weather years.

In conclusion, the thesis shows that hydrogen will play a large part in a future
energy system where industry and society is electrified. It will be essential to include
hydrogen storage together with overcapacity investments in hydrogen production to
minimize total system costs, regardless of electrolyser investment cost.
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Usage of Al

Throughout this thesis AI has been used for generating illustrative images, example
code for data handling in result production, spell checks and reference inspiration
for background section. Optimization model has been developed without AI help,
relying instead on inspiration from other developed models provided by supervisors.
AT has helped with example data-handling code and example plot code during the
production of results, but no result data has been included in prompts with the
Al and final plots have been produced through code scripts. Microsoft Copilot and
ChatGPT are the Al tools that have been used.
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Model data

A.1 Model overview

An overview of the SEmLa model is presented in Figure A.1
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Figure A.1: Overview of core components in SEmLa model.



A. Model data

A.2 Cost and Technical data

Biogas and biomass cost data is produced by Chalmers Division of Energy Technol-
ogy [39]. Uranium is taken from Dillén [55], recalculated to €/ MWh by Goéransson
et al. [14]. Waste cost is calculated by assuming an EU-ETS price for CO5 of 250
€/ton [14], that 50% of incinerated waste releases CO5 and an input capacity of 0.3
ton/MWhgeam.

Fuel Type Cost [€/MWh]
Biogas 77.14
Biomass 40
Uranium 1.65
Waste 8.25

Table A.1: Cost data for fuels in 2040.

Cost- and technical data for generation- and storage technologies are taken from
the Danish Energy Agency (DEA) [48] for target year 2040, with the exception of
Nuclear which is taken from Dillén [55], recalculated to Euro2020 by Géransson et
al. [14]. Existing Nuclear power takes the same costs as new nuclear, except for the
investment cost. CRF of each technology is calculated using a 5% discount rate and
given lifetime of each technology.
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A. Model data

Technology Investment Fix O&M Variable O&M  Lifetime [yr] 7 [%]
[k€/MW,] [k€/MW.] [€/MWHh,]
Electricity Generation
Wind
Onshore 1109.69 15.97 1.89 30 100
Offshore - Fixed 2140.57 30.00 2.99 30 100
Solar PV
Rooftop 460.00 8.00 0 40 100
Utility-scale 320.00 8.10 0 40 100
Thermal
OCGT 574.22 19.46 4.36 25 42
CCGT 866.65 28.60 4.36 25 59
Nuclear 6181.00 123.00 7.10 80 33
Hydropower - - 0 50 100
Fuel Cell 1010.2 50.51 0 10 50
Combined Heat-and-Power (Heat production given by power-to-heat ratio o)
Biomass CHP 3461.28 98.89 4.92 25 27
Waste CHP 8071.00 187.69 27.68 25 21

Heat Generation [MW (h)]

Air Heat Pump 808.16 2.13 1.80 25 390

Electric boiler 63.80 1.03 1.06 25 99
Heat-Only-Boiler

Biomass HOB 435.98 34.40 3.81 25 115

Biogas HOB 53.17 1.91 1.06 25 104

Hydrogen Generation

PEM Electrolyser 450.00 9.00 0 25 62

Table A.2: Cost and technical data for generation technologies in target year 2040.
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A. Model data

Technology Investment Fix O&M Variable Lifetime n (ch./dis.)
[k€/MW]| [k€/MW]| O&M [yr] (%]
[€/MWHh]
Pumped hydro storage 4253.60 8.51 0 50 100/75
Batteries
Li-Ton (energy) 174.60 - 0 30 98.5/97.5
Li-Ton (power) 72.80 8.68 - 30 100
Redox Flow (energy) 198.00 - 0 35 100/83
Redox Flow (power) 250.00 2.93 - 35 100
Na-S (energy) 164.83 - 1.91 24 100/85
Na-S (power) 350.92 5.26 - 24 100
Na-NiCly (energy) 154.19 - 0.64 23 100/87
Na-NiCl, (power) 350.92 5.26 - 23 100

Heat storage
PTES 0.98 2.50 0 30 100
Large hot-water tank 3.04 0.01 0 40 100

Hydrogen storage
Tank 28.77 0.53 0 30 89.6/100
Lined rock cavern 11 0 0 100 99/100

Table A.3: Cost and technical data for storage technologies in target year 2040.

Technology Injection rate (CF5™) [1/h] Withdrawal rate (CFS") [1/h]
Pumped hydro storage 1 1
Batteries
Li-Ton 1/0.6 1/0.6
Redox Flow 1/1.3 1/1.3
Na-S 1/6 1/6
Na-NiCl, 1/9.2 1/3.5

Heat storage
PTES 1/22.5 1/22.5
Large hot-water tank 1/60 1/60

Hydrogen storage
Tank 1 1
Lined rock cavern 1/40 1/100

Table A.4: Power-to-storage factor for storage technologies in target year 2040.
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A. Model data

A.2.1 Wind and Solar Parameters

Wind- and solar profiles together with max capacities are produced using the Glob-
alEnergyGIS tool developed by Mattsson et al. [40]. The possible full-load hours
of each wind and solar technology are presented in Table A.5-A.8, and the max
capacities of each technology are shown in Table A.9-A.10.

Full-Load Hours [h]

SE1 SE2 SE3 SE4
Omnshore Wind Class 1991 1992 1991 1992 1991 1992 1991 1992
1 1265 1492 1294 1424 1221 1291 0 0
2 1855 2159 1906 2084 1916 2020 2100 2134
3 2485 2838 2515 2714 2653 2805 2640 2714
4 3169 3518 3230 3385 3241 3419 3222 3305
5 3968 4269 4052 4116 3938 4117 3840 3957

Table A.5: Full-load hours for Onshore Wind classes 1-5 produced by GlobalEn-
ergyGIS tool [40].

Full-Load Hours [h]

SE1 SE2 SE3 SE4
Offshore Wind Class 1991 1992 1991 1992 1991 1992 1991 1992
1 0 0 0 0 2222 2348 0 0
2 2984 3483 2602 2690 2297 2425 0 0
3 3603 4137 3596 3833 3467 3638 0 0
4 3921 4426 4035 4467 4202 4449 4259 4402
5 0 0 4351 4692 4538 4721 4639 4752

Table A.6: Full-load hours for Offshore Wind classes 1-5 produced by GlobalEn-

ergyGIS tool [40].

Full-Load Hours [h]

SE1 SE2 SE3 SE4
Utility-scale PV Class 1991 1992 1991 1992 1991 1992 1991 1992
1 975 984 1051 1056 1158 1182 1181 1196
2 0 0 0 0 1290 1288 1273 1318
3 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0
) 0 0 0 0 0 0 0 0

Table A.7: Full-load hours for Utility-scale PV classes 1-5 produced by GlobalEn-

ergyGIS tool [40].



A. Model data

Full-Load Hours [h]

SE2 SE3
Rooftop PV Class 1991 1992 1991 1992 1991 1992 1991 1992
1 0 0 0 0 1165 1200 1196 1175
2 0 0 0 0 1266 1284 1241 1290
3 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0

Table A.8: Full-load hours for Rooftop PV classes 1-5 produced by GlobalEnergy-

GIS tool [40].
Max capacity [GW]
Onshore Wind Offshore Wind

Class SE1 SE2 SE3 SE4 SE1 SE2 SE3 SE4
1 2.54 1.54 1.15 0.00 0 0 0.006 0

2 16.34 16.85 6.74 0.002 0.001 0.01 0.03 0

3 13.75 23.11 29.32 8.61 2.40 0.21 0.27 0
4 3.27 4.60 11.44 4.04 10.67 9.31 19.74 3.77
5 2.74 1.93 0.91 1.01 0 1.45 22.24 26.67

Table A.9: Max capacities for Onshore and Offshore Wind classes 1-5 produced
by GlobalEnergyGIS tool [40].

Max capacity [GW]

Utility-scale PV Rooftop PV
Class SE1 SE2 SE3 SE4 SE1 SE2 SE3 SE4
1 64.31 32.05 21.31 6.32 0 0 6.03 2.93
2 0 0 6.18 6.71 0 0 4.74 0.74
3 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0

Table A.10: Max capacities for Utility-scale and Rooftop PV classes 1-5 produced
by GlobalEnergyGIS tool [40].

A.3 Hydropower data

Hydropower data is taken from Oberg et al. [43] with supplementary data provided
by Division of Energy Technology at Chalmers University of Technology [39]. Data
is only valid for the specified weather year and additional weather years are not

specified.
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A. Model data

Inflow periods

Region Weather Year
Low Medium High
1-2351
1991 7464 - 760 4608 - 7463 2352 - 4607
SEL 1-2831
R P eososmo  TEURR O RO
1-2303
SE2 1991 - 7879 - 8760 2304 - 7871
. 1992 _7368-8760_ 1-2908 2904 - 7367
1- 1895
SE3 1991 7944 - 760 4656 - 7943 1896 - 4655
. 992 _1-18%9 ¢ 3334 - 8760 _ 1560 - 3333
1991 5544 - 8760 - 1- 5543
SE4 1992 1-359 360 - 4607
4608 - 7007 i 7008 - 8760

Table A.11: Data detailing timesteps for each region and different inflow periods
of a historical weather year.

Region Inflow period HydP,in HydP,,qx HydLin HydL a0 HydRamp
[GW] [GW] [GWh] [GWh] [GW]
Low 1 4.89 6117 12324 2.13
SE1 Medium 0.7 4.21 4094 14420 0.96
High 0.81 4.36 1745 14610 0.84
Low 0.77 6.23 7700 11610 0.97
SE2 Medium 1.81 6.38 2348 8567 1.53
High 1.38 6.14 1507 12475 2.37
Low 0.47 1.43 536 1567 0.52
SE3 Medium 0.29 1.26 671 1789 0.32
High 0.48 1.25 541 1875 0.24
Low 0.01 0.11 0 109 0.22
SE4 Medium - - - - -
High 0.02 0.12 0 21 0.07

Table A.12: Hydropower parameters given for each region and inflow period.
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Additional Results

B.1 Base Case

Following section shows additional results from Base case runs.

External Transmission - Total 10.52 TWh (Net Import) External Transmission - Total 14.58 TWh (Net Import)
Base case (Dry year) Base case (Wet year)
8 8
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Figure B.1: Total transmission with neighbouring regions in Base case.
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B. Additional Results

SE1 Heat dispatch plot 2040 - Base case (Dry year)
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SE1 Heat dispatch plot 2040 - Base case (Wet year)
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Figure B.2: Heat dispatch plot for 4 winter weeks in SE1, for Base case and both
weather years.

SE3 Heat dispatch plot 2040 - Base case (Dry year)
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SE3 Heat dispatch plot 2040 - Base case (Wet year)
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Figure B.3: Heat dispatch plot for 4 winter weeks in SE3, for Base case and both
weather years.



B. Additional Results

B.2 No Hydrogen Storage Case

Following section shows additional results from No Hydrogen Storage case runs.

External Transmission - Total 11.48 TWh (Net Import) External Transmission - Total 11.6 TWh (Net Import)
NoH2S case (Dry year) NoH2S case (Wet year)
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Figure B.4: Total transmission with neighbouring regions in NoH2S case.
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Figure B.5: Capacity investment in heat generation in NoH2S case.
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B. Additional Results

Capacity Investment Heat Storage Capacity Investment Heat Storage
NoH2S case (Dry year) NoH2S case (Wet year)
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Figure B.6: Capacity investment in heat storage in NoH2S case.

B.3 Electrolyser Cost Case

Following section presents additional results for Electrolyser Cost case.

ECC Case Costs [G€]

350 600 900 1200
DWY WWY DWY WWY DWY WWY DWY WWY
Total Cost 4.71 4.22 5.05 4.52 5.35 4.80 5.62 5.06
Capex 4.19 3.78 4.15 3.79 4.12 3.75 4.15 3.80
O&M Fix 1.99 1.84 1.98 1.86 1.97 1.85 1.98 1.86
O&M Var 0.61 0.59 0.60 0.59 0.60 0.59 0.60 0.59
Trade -3.42 -3.10 -3.14 -3.02 -2.92 -2.82 -2.83 -2.80
Cycling 0.004 0.001 | 0.004 0.001 | 0.004 0.001 | 0.004 0.001
Fuel 0.41 0.34 0.40 0.34 0.40 0.34 0.39 0.34
Hydrogen Production 0.46 0.38 0.66 0.60 0.84 0.79 1.03 1.00
Electrolyser Electricity Cost — 1.83 1.24 1.45 1.32 1.55 1.42 1.63 1.47
Hydrogen Storage 0.36 0.28 0.26 0.25 0.21 0.18 0.16 0.14
Heat Storage 0.12 0.10 0.13 0.11 0.14 0.12 0.14 0.12

Table B.1: System costs for ECC case, given for each investigated electrolyser
investment cost. Hydrogen production, hydrogen storage and heat storage include
their respective Capex and O&M costs. Electrolyser electricity cost is not included
in total cost.
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B. Additional Results

The following figures shows the electricity price duration curves for each electrolyser

investment level in ECC case for dry weather year.
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Figure B.7: Electricity price duration curves for ECC case. Electrolyser investment
cost: L=325 k€/MW, H=600 k€/MW, VH=900 k€ /MW, EH=1200 k€/MW.
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