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Abstract

This thesis explores the integration of hydrogen and battery energy storage systems as a
means to enhance the management of wind and solar power in the pursuit of a greener grid.
The objective of the study is to identify the potential benefits and challenges associated with
hybrid energy storage systems (HESS) and their role in renewable energy integration.

The thesis begins with a literature review, examining the energy system and markets, wind
and solar power production, hydrogen energy storage system (H2ESS), and battery energy
storage (BESS). This review serves as a foundation for the subsequent analysis and simula-
tion.

A simulation method is employed to evaluate the performance and techno-economic aspects
of the HESS. The OpenModelica software is used to model power generation, energy storage
systems, grid infrastructure, and other relevant components. An operational strategy for the
HESS is developed, including a Scheduler algorithm, which is making decisions based on
market patterns, and a Controller algorithm, which assures technical functionality and makes
the renewable variable power production plannable.

The economic decisions are made by the scheduler to maximise profit by either producing
hydrogen, storing electricity, or delivering electricity to the grid. This is based on whichever
market is momentarily most profitable. The scheduler dynamically adjusts the operation of
the energy storage system to exploit price fluctuations and optimise revenue generation.

The techno-economic dimensioning method is utilised to assess the economic viability of
the storage solution. Investment appraisal is conducted at various levels, including system,
solar power plant, battery, electrolyser and hydrogen storage, and fuel cell levels. A simple
optimisation process is employed to determine the optimal dimensions of the storage solu-
tion.

The results of the simulation and techno-economic analysis provide valuable insights. They
demonstrate the potential of a HESS in improving the utilisation of renewable energy re-
sources, enhancing grid stability, and reducing greenhouse gas emissions. The optimised
HESS configuration offers a promising approach for future investments in renewable energy
systems.

The discussion section highlights the implications of the findings, including the implications
for investments in renewable energy and the potential for future market and technological
developments. Furthermore, it identifies areas for further research to advance the under-
standing and implementation of HESS in the transition to a greener grid.

Overall, this thesis contributes to the ongoing efforts towards a sustainable and renewable
energy future by investigating the role of HESSs in effectively managing wind and solar
power, thereby facilitating the integration of clean energy into the grid.
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Bäckhammar wind power plant [15], laid over a map of Sweden’s electri-
city price areas [77]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
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1 Introduction

This chapter will introduce the thesis by presenting its background and objectives. It also
offers a brief method overview, followed by a lead-in to the Bäckhammar wind power plant,
the location of which parts of this thesis is based on. After offering a report outline, the
general system on which the thesis is based will be introduced.

1.1 Background

In light of the climate crisis, the EU announced a series of goals in its European Green Deal
to ensure it becomes a “modern, resource-efficient and competitive economy” (European
Commission [25]). Among these goals are the ambition to have zero net emissions of green-
house gases by 2050 and to decouple economic growth from resource use. One subtarget is
to reduce net greenhouse gas emissions by a minimum of 55% by 2030 compared to 1990.

Meanwhile, Sweden has a set goal to have net zero greenhouse emissions by 2045 (Reger-
ingskansliet [59]). After this point, net negative emissions is the goal. One way to reach
this goal is to increase the amount of renewable energy in the energy mix. However, in-
creasing the amount of renewable, and often intermittent, energy comes with its own set of
challenges. Until today, neither demand side response nor high electricity prices have done
much to change the general electricity demand patterns. These are in large still decoupled
from the solar and wind resource patterns.

Recent high energy prices in Sweden accentuate the need for cost-effective power produc-
tion (Lejestrand [46]). One factor contributing to the high prices is that the electrical energy
cannot be stored, causing dependency on current weather conditions. The higher ratio of
unplannable electricity generation also increases the power system’s sensitivity to smaller
changes in supply and demand, causing a greater price variation.

One way to ensure competitive renewable energy is to shift it in time, through the use of
energy storages. They can provide flexibility, stability, and reliability to the energy system
(European Commission [27]). There are many different kinds of energy storages that each
have different features, making them appropriate for various applications and allowing them
to contribute to a range of decarbonisation goals. For example, batteries are considered
more appropriate for reserve and response service as well as transmission and distribution
grid support, while hydrogen storage is considered to be better adapted for bulk power man-
agement. Energy storage technologies are especially capable of supporting the increased
integration of renewable energy, electrification of the economy, and decarbonisation of other
economic sectors (such as transportation and industry).

Batteries help with integration of variable renewable energy sources (RES) at various scales
(European Commission [24]). In grid and utility systems, they can store surplus energy and
provide essential grid services including frequency and voltage control, peak shaving, con-
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gestion management, and black start services. In commercial and industrial settings, batter-
ies maximise self-consumption of renewable energy, help smoothly integrate electric vehicle
(EV) recharge systems, and offer ancillary services. At the residential level, home batter-
ies support RES and EV services on the demand side, while also providing grid-balancing
services. In specialised applications like telecom or micro-grids, batteries are almost the
only option for storage. With improved performance and cost-effectiveness, batteries are
expected to compete with other storage technologies for long-term and long-duration sta-
tionary applications. Digitisation further amplifies their potential, allowing them to become
an integrated and flexible addition to the grid.

While batteries have been developed for a long time, hydrogen gas as a means of energy
storage is also becoming more important. The EU announced their hydrogen strategy for
a climate-neutral Europe in 2020 as a solution to decarbonise hard-to-reach sectors and ac-
celerate the green transition ([26]). It suggests that hydrogen is vital to support EU goals to
achieve carbon neutrality by 2050 and the global attempt to implement the Paris Agreement.
When produced from renewable sources, hydrogen has no CO2 emissions, and also causes
minimal air pollution when used. Although currently a small fraction of the energy mix,
hydrogen is expected to grow rapidly due to falling renewable energy costs and increased
investments. It has potential to bridge the gap in renewable energy storage, serve as a trans-
port fuel, and replace fossil fuel in carbon-intensive industries. By 2050, it is expected to
make up 13-14% of Europe’s energy mix.

This thesis is done in collaboration with Eolus Vind AB.

1.1.1 Eolus Vind AB

Eolus Vind AB is a Swedish renewable energy company dating back thirty years (Eolus Vind
AB [16]). Its main business areas are both on- and offshore wind power, solar power and
energy storage. Its primary focus is on developing, establishing, and managing renewable
energy projects. As one of the leading wind power developers in the Nordics, it offers
attractive and competitive investment opportunities to both local and international investors
alike. In 2021, Eolus had developed 1414 MW of wind power capacity in Sweden, Norway,
the USA and Estonia, but also boasts business in Finland, Poland and Latvia. It has been
listed on NASDAQ Stockholm since 2015.
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1.2 Objectives

The main objective of this thesis is to examine the possibilities of a hybrid energy storage
system (HESS) including a battery energy storage system (BESS) and a hydrogen energy
storage system (H2ESS) which, together with a solar power plant (SPP), can be added to an
onshore existing wind power plant (WPP). The goal is to make this system as technically
and economically viable as possible. By doing so, it could contribute to the integration
of variable renewable energy sources (VRES) in the power grid. In order to do this, the
following questions will be answered.

• How can hydrogen gas and batteries be combined in an energy storage strategy?

• What dimensions of components make such a system the most profitable in a 2030
scenario?

• What drives profitability in a hybrid energy storage system with wind and solar power?

• How can such a system contribute to the green transition?

1.3 Method overview

The method of this thesis is divided into three parts. This method section provides a brief
overview of the work. Another method chapter discusses the simulation methodology, found
in Section 3. It covers aspects including data analysis, model design, energy storage strategy
and operation, and implementation. This is followed by a techno-economic dimensioning
method, found in Section 4, which includes economic methods, investment appraisal design,
and a process used to dimension the components of the model.

The first part of this thesis consists of a literature study, making up the basis for what will
be simulated in the latter part. For this reason, not all parts of the literature study provide
the same depth, but relate closely to the scope of the simulation. The literature study will
treat background knowledge relating to the Swedish electricity markets and system, the
potential hydrogen market, wind and solar power production, as well as the characteristics
and applications of hydrogen gas and batteries as energy storage.

The second part of the thesis details the operational strategy used to control the model sim-
ulation. This consists of two parts, a Scheduler which sets ideal values and a Controller
which attempts to implement these ideal values while maintaining the system functions.

Then, simulations of the model are carried out using the OpenModelica software to determ-
ine the best dimensions for the model, based on both technical and economical feasibility.
These results are then discussed before a conclusion is formed.
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1.3.1 Scope and demarcations

The scope of this thesis is an investment in 2030 of a system added to complement an
existing onshore wind production site. This means that the WPP itself is not economically
included in the scope, although its production is included. Furthermore, the transportation
of generated hydrogen at the site is not included in the scope, although it is briefly discussed
to ensure technical feasibility. Finally, only one energy market is considered for the model,
namely the future intraday market.

1.4 Case study

This project is based on the Bäckhammar WPP, located in the Kristinehamn and Degerfors
municipalities in Sweden (Eolus Vind AB [15]). It has a total installed capacity of 130 MW,
spread over 31 wind turbines. 22 of these are the Vestas V136 4.2 MW and the remaining 9
are the Vestas V150 4.2 MW. The WPP has been in operation since 2020. The specifications
for the Bäckhammar WPP are shown in Table 1.1 (Vestas [87], Vestas [88]).

Table 1.1: Specifications of the Bäckhammar WPP turbines ([87], [88]).

V136 V150
Rated power (MW) 4.2 4.2
Cut-in wind speed (m/s) 3 3
Cut-out wind speed (m/s) 25 22.5
Rotor diameter (m) 136 150
Swept area (m2) 14527 17671

The WPP has an external owner, KGAL, but Eolus continues to provide technical and ad-
ministrative services. A Power Purchasing Agreement (PPA) has been established between
KGAL and Amazon Web Services to provide the latter with green energy. PPAs will be
further explained in Section 2.8.

The WPP is located in electricity price area 3 in Sweden, as can be seen in Figure 1.1. The
concept of electricity price areas will be further explained in Section 2.1.1.
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Figure 1.1: Map showing locations of Karlstad solar data measuring point [63] and Bäckhammar
wind power plant [15], laid over a map of Sweden’s electricity price areas [77].

The siting of the Bäckhammar WPP can be seen in Figure 1.2. There are three grid connec-
tion points (GCPs), but for the sake of this report, these will be assumed to act as one. The
turbines are connected to a 30 kilovolt (kV) distribution grid. The transformer steps from
30 kV to 130 kV. The maximum active power of the transformer is limited to 130 MW. All
additions in this project will be attached to this same GCP, before the transformer.

Figure 1.2: Siting of Bäckhammar wind power plant, provided by Eolus Vind AB.

One assumption made is that there is ample space at this site to install a SPP. Areas that could
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be appropriate for this are some of the marshes seen to the East of the WPP, for example
Billingsmossarna.

1.5 Report outline

Chapter 1 offers an introduction to the report, which includes background, introduction to
Eolus Vind AB, objectives, method overview, scope and demarcations, a short case study on
the chosen location, as well as a brief system introduction.

Chapter 2 consists of a literature review which covers the Swedish electricity system and
other markets. It then goes on to give an overview of the two renewable power sources used
in this thesis as well as some of their techno-economic characteristics. Then, it provides
insights regarding H2ESS and BESS as well as their techno-economic characteristics. It
also suggests some economic incentives for energy storage which motivate the existence of
this thesis. Finally, it gives some background on management strategies for energy storage
systems (ESSs).

Chapter 3 is the first method chapter which covers the simulation. It begins by reviewing
simulation inputs and the coming initial data analysis. Then, it explains the system to be
constructed as well as the software used. Finally, it explains the operational strategy used to
control the ESS, and how it is implemented in the simulation tool.

Chapter 4 is the second method chapter, which focuses on the techno-economic dimen-
sioning of the system. First, it gives some overview of the economics to be used in the
dimensioning process. Then, it explains the investment appraisal inputs. Finally, the system
evaluation method and optimisation process is presented.

In Chapter 5, results are presented for the simulation and techno-economic dimensioning,
before Chapter 6 opens up for discussion. In Chapter 7, the thesis is concluded.
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1.6 System introduction

In order to meet the objectives, a system containing several components will be constructed.
As aforementioned, it will contain a WPP, SPP, BESS, H2ESS, and GCP. A very basic
overview can be seen in Figure 1.3.

Electricity grid

Figure 1.3: Introduction to system components.
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2 Literature review

The following literature review will offer an overview of the energy markets, renewable
power sources, and energy storages relevant to this thesis. Both technical and economic
perspectives will be reviewed.

2.1 Energy system and markets

Traditionally, the electricity system of Sweden has consisted of large, centralised produc-
tion from hydro and nuclear power (Swedish Energy Agency [74]). Production has been
adjustable to variable needs. However, the contribution of wind and solar power have both
increased significantly since the 2010s. As of 2020, Sweden’s electricity production con-
sisted of 45% hydro power, 29% nuclear power, 17% wind power and 1% solar power, see
Figure 2.1. Although the total amount of solar power is low, the amount of grid connected
solar installations saw a 46% increase between 2020 and 2021.

Figure 2.1: Swedish energy by source between 1970 and 2020 [74]. Note that wind power was
included in hydropower until 1989.

The producer side of the Swedish electricity system is connected to the consumers through
an electricity market (Svenska Kraftnät [69]). Sweden is part of a larger European elec-
tricity system, where electricity can flow freely between the Nordic and Baltic countries.
The market is deregulated, meaning that there is free competition in order to encourage ef-
fective resource use. The Transmission System Operators (TSOs) are responsible for the
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transnational trade and transmission of power to consumers. The Swedish TSO is Svenska
kraftnät.

Electricity trade is done on different markets with different time horizons (Svenska Kraftnät
[68]). The short term markets, consisting of a day-ahead market and an intraday market, are
managed by Nord Pool. The long-term market is managed by Nasdaq OMX. The Nord Pool
Spot market, also known as the day-ahead market, is an auction where electricity producers
leave bids for the electricity they expect to produce the following day. This market closes
at 12:00 the day before the forecasted generation. The intraday market is used to adjust
for miscalculations in the spot market, for example if the weather forecast the day before
generation did not match reality. Contrary to the spot market, this market is not run through
an auction but by matching buyers to sellers continuously. Trade can be done whenever,
but no later than one hour before the time of electricity consumption. Nasdaq OMX has a
long-term market that offers large energy consumers contracts to secure electricity prices
for several years ahead.

2.1.1 Electricity price areas

Sweden is divided into four electricity price areas, shown in Figure 2.2, in order to manage
physical limitations in the transmission network (Svenska kraftnät [70]). The divisions are
made to allow actors to trade under the same conditions regardless of what country they
are in, as required by European legislation. Limitations or bottlenecks appear due to a mis-
match of production and consumption in a given interface. For example, bottlenecks appear
between the north and south of Sweden because of excess cheap electricity production in
the north (hydro power) and excess consumption in the south (population centers). Where
the network is physically unable to transmit enough electricity to meet the market demand,
a division is made in order to send price signals to producers and consumers.

Figure 2.2: Swedish electricity price areas [77].
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2.1.2 Nord Pool

Nord Pool is the organization in charge of the physical electricity trade in the Nordics
(Sweden, Finland, Norway, Denmark, Estonia, Latvia, and Lithuania) (Energimarknadsin-
spektionen [13]). The market was founded in 1993 in Sweden and is owned by its member
countries’ TSOs. Nord Pool owns the day-ahead and intraday markets, which operate on
different time horizons, see Figure 2.3. 85% of the electricity consumed in the Nordics is
traded on a Nord Pool marketplace.

Nord Pool is overseen by its member countries’ TSOs, and also has an overseeing require-
ment from the EU imposed on it. The EU directive REMIT controls the electricity trade
in order to avoid market manipulation and insider trade. Also, market information is made
available to all actors on the market through the Transparency Regulation (Swedish: trans-
parensförordningen).

Figure 2.3: Time horizons for different markets, including the Nord Pool day-ahead and intraday
markets [76].
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Day-ahead

The day-ahead market acts as an auction forum to balance supply and demand. The buying
bids from consumers are matched to the selling bids of producers through an auction. The
bids specify the volumes to buy/sell (MWh/h) and the specific price (EUR/MWh) for each
hour. As aforementioned, these bids are placed no later than 12:00 each morning for the
following day, effectively coining the name day-ahead market. The final prices are published
at 13:00 for the following day. The marketplace dictates the system and spot prices of the
different electricity areas for each hour, one day ahead.

Intraday

The intraday market is an adjustment market acting as a complement for the day-ahead
market. The market adjusts electricity trade contracts up until one hour before delivery the
same day, hence the name intraday market. The adjustments are needed due to production or
consumption not being in line with predictions, such as when the weather does not behave
as expected.

A 15-minute intraday market is going to gradually launch in Sweden starting May 22nd
2023, meaning that bids will be able to be placed up to 15 minutes consumption as opposed
to before one hour before (eSett Oy [21]).

2.1.3 Ancillary service markets

The Swedish TSO, Svenska kraftnät, uses so-called ancillary services to balance and manage
disruptions in the power system (Svenska Kraftnät [72]). To do this, they buy different types
of reserves from market participants in the electricity sector. Reserves are both managed in a
bidding process on the balancing market, but also through longer-term contracts, depending
on the service. The timeline for gate closure of different reserves can be seen in Figure 2.4.
Providing ancillary services is not only very profitable for individual companies, but can
also aid in the sustainable energy transition.

Procurement of capacity for FCR-N

Procurement of capacity for FCR-D upward

Energy bidding mFRR
Procurement of capacity for aFRR

Procurement of capacity for FCR-D downward

Day ahead market open

D-1

Intraday market open

D-2 D

Operation Time

Gate closure for different reserves is presented in Figure 1. The reserves FCR-N, FCR-D upward and FCR-D downward are procured two days 
(D-2) and one day (D-1) ahead. Majority of the capacity for FCR is procured D-2, the rest is procured D-1. The reserve aFRR is procured D-1- 
Energy bids for mFRR accepted during the operating hour if needed. Bids for mFRR shall be submitted no later than 45 minutes before the 

. The reserve FFR, which is not included in Figure 1, is procured on a yearly basis. FFR is cleared two times per week (Monday 

Figure 1. Procurement and pricing of reserves. The reserve FFR is not included in the figure as it is procured on a yearly basis.

More detailed information on the requirements is available in Swedish in the balance responsibility agreeement and associated regulatory 
documents. They are available for download on Svenska kraftnät’s webpage: 
www.svk.se/aktorsportalen/balansansvarig/balansansvarsavtalet/

Figure 2.4: Gate closure time horizons for ancillary service markets, day-ahead market, and
intraday market. [73].
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2.1.4 Hydrogen market

Between late 2019 and early 2022, 15 countries and the EU commission had announced
various hydrogen strategies, with a clear emphasis on both international collaboration and
potential future trade (IRENA [41]). Many of these strategies have resulted in agreements,
feasibility studies, memoranda of cooperation and more. Generally, these strategies fall into
one of two categories - general technology collaboration to exchange knowledge and specific
pilot projects or studies to investigate hydrogen trade between countries. The cumulative
result of projects that have been announced between 2018 and 2022 can be seen in Figure
2.5.

Figure 2.5: Cumulative hydrogen project announcements 2018-2022 [41]. Note that
announcements are only included if they mention hydrogen trade explicitly.

Some countries that show good potential to be strong importers of hydrogen are Germany,
Japan, and the Netherlands. For them, hydrogen can be a promising option considering
lack of domestic renewable sources, limited hydrogen production potential, and restrictions
on technology choices (for example, restrictions on use of nuclear energy in Germany).
To ensure energy security and to hedge risks associated with future technology potential,
their approaches are diversified by two aspects. Firstly, relationships are established with
multiple countries to account for unforeseen events preventing their local hydrogen industry.
Secondly, different hydrogen carriers are tested to see which would be most commercially
feasible.

The EU has a clear commitment to achieve carbon neutrality by 2050, succeed in the imple-
mentation of the Paris Agreement, and emit zero pollution. Hydrogen is seen as a potential
tool to decarbonise industrial processes and economic sectors that struggle to do this in
other ways. In the EU Commission’s “A hydrogen strategy for a climate-neutral Europe”,
three phases to ramp up and decarbonise hydrogen production are introduced (European
Commission [26]).

In the first phase, spanning 2020 to 2024, the aim is to install at least 6 GW of renewable hy-
drogen electrolysers to produce a total of up to one million tonnes of hydrogen. To put this
in perspective, the global installed electrolysis capacity for 2023 (based on projects under
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construction or planned with a set start year of operation) is 5.52 MW, with the EU account-
ing for 30% of this capacity (IEA [40]). Besides this, the goal is to decarbonise existing
hydrogen production, for example in the chemical sector, and to encourage consumption
of hydrogen in new applications, such as in industrial processes and heavy-duty transport
(European Commission [26]). The EU recognizes the need for increased electrolyser manu-
facturing during this phase and proposes that these electrolysers could be installed near the
demand sources, such as steel plants.

To achieve these goals, the EU has identified the need to incentivise the production of low-
carbon, electricity-based hydrogen, particularly with near-zero greenhouse gas emissions,
in order to scale up production and obtain a greater market share. The retrofitting of existing
hydrogen production plants with carbon capture and storage (CCS) technologies is also
emphasised.

Policy making during the first phase will mainly focus on the regulatory framework for
a hydrogen market, as well as incentivising supply and demand in key markets including
making low-carbon hydrogen production less costly to match conventional hydrogen pro-
duction through state aid rules. There will also be an emphasis on implementing framework
conditions that support plans for large-scale renewable hydrogen production before 2030.
The European Clean Hydrogen Alliance will be directing investments, and there will also
be increased funding to support investment gaps in renewable production caused by the
COVID-19 pandemic through various funding mechanisms.

The second phase of the plan, spanning from 2025 to 2030, has a strategic objective of in-
stalling at least 40 gigawatts (GW) of renewable hydrogen electrolysers and producing up
to 10 million tonnes of renewable hydrogen. It is expected that by this point, renewable hy-
drogen will be cost-competitive with other forms of hydrogen production. However, further
policies will be necessary to support the industrial demand for new applications, such as
steel production. In addition, hydrogen will have an increased role in the electricity system
as it will be used for seasonal storage and frequency balance. Retrofitting of existing fossil
hydrogen production with CCS will continue.

To achieve these objectives, there is a need for an EU-wide logistical infrastructure, which
will include attempts to transport hydrogen from areas with good renewable potential to
other member states. Planning for a pan-European grid and establishing hydrogen refuelling
stations will be essential. The existing gas grid will be partially repurposed, and large-scale
hydrogen storage will be developed. International trade with the EU’s neighbours could also
be developed. The policies established in this phase aim to stimulate investments in building
a complete hydrogen system. By 2030, the EU aims to create an open, competitive hydrogen
market with unobstructed cross-border trade and efficient allocation across sectors.

In the third phase of the plan, spanning from 2030 to 2050, renewable hydrogen production
is expected to have matured and scaled up significantly to meet the decarbonisation needs
of all sectors. As a result, renewable electricity production will also need to increase, with a
quarter of it being used for hydrogen production by 2050. Hydrogen-derived synthetic fuels
are anticipated to penetrate a wide range of sectors.

In addition, the United States has made a significant commitment to hydrogen (U.S Depart-
ment of Energy [83]). The Infrastructure Investment and Jobs Act of 2021 has allocated
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9.5 billion USD towards clean hydrogen, and the Inflation Reduction Act of 2022 provides
further incentives for hydrogen through a production tax credit.

Aurora Energy has made predictions for the levelised cost of green hydrogen (hydrogen
produced entirely through renewable energy sources) for 2030 (Aurora Energy Research
[6]). For Germany, this number was put in a range between 3.9 to 5 C/kgH2, in the case
where the electrolysers are not connected to the electricity grid.

2.2 Wind power production

2.2.1 Theory

Electricity production through wind turbines involves converting the kinetic energy of air
into rotational energy in the blades, which is then transferred via a shaft to the generator,
resulting in the production of electrical energy (IRENA [44]). In recent years, wind energy
has experienced significant growth, see Figure 2.6.

Figure 2.6: Installed onshore electricity capacity in Sweden [44].

Since the 2000s, the wind energy sector has witnessed a remarkable expansion, made pos-
sible both by favorable governmental policies and technological advancements. The con-
tinuous increase of capacity factors for wind turbines over time points is one factor pointing
towards technological advancement. A capacity factor is the relationship between the en-
ergy produced by a source and its peak capacity. The capacity factors of wind turbines have
increased over time, as turbines become larger and more powerful. In 2020, the capacity
factor for new installed onshore wind in Sweden was estimated to be about 37% (Svensk
Vindkraft [67]). The same number for 2025 is projected to be about 40%. Onshore wind
turbines have a typical output power between 3 to 4 MW, while the highest performing on-
shore wind turbine has a rated power of 7.58 MW (Enercon [12]). The increase in turbine
size is due to the relationship between power and wind (IRENA [44]). The output of wind
turbines is proportional to the swept area of the blades and the cube of wind speed, and
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as wind speeds are typically higher at a larger height, this makes the development of taller
wind turbines beneficial.

The wind turbines used at the case study location, Bäckhammar, are 22 of the V136 4.2
MW turbines and nine of the Vestas V150 4.2 MW turbines (Eolus Vind AB [15]). Their
specifications are shown in Table 1.1.

To be able to produce power and avoid high stress on the rotor blades, wind turbines have
cut-in and cut-out speeds (Manwell et al. [48]). The output power of the turbine increases
between the cut-in speed and the speed at which it reaches its rated power. The rotors are
stopped at the cut-out speed to prevent excess stress on the blades. This behaviour can be
seen in Figure 2.7.

Figure 2.7: Sample power curve for a wind turbine [48]. Note that the Bäckhammar wind turbines
are pitch-regulated and therefore correspond to the dotted line.

As wind is intermittent by nature, wind power is a VRES. This involves challenges both
with regards to grid connection, and with regards to making applications profitable.

2.2.2 Techno-economic characteristics of wind power

As this thesis is centred around the contribution of adding a SPP and energy storage to an
existing onshore WPP, the techno-economic characteristics of wind power are not within the
scope. However, having some knowledge of how onshore wind power operates is beneficial
to get a deeper understanding of this thesis.

In order to see how WPP production varies throughout one year, the capacity factor can be
studied. Based on simulations by Renewable Ninja, using data from the MERRA-2 data-
base, the daily mean capacity factors for onshore wind power production in Sweden in 2019
could be generated (Pfenninger and Staffell [56], Pfenninger and Staffell [54], Pfenninger
and Staffell [55]). This can be seen in Figure 2.8.
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Figure 2.8: Mean daily capacity factors of onshore wind power for 2019 in Sweden ([56], [54],
[55]).

The pattern of power production reflects typical behaviour for a WPP. WPP production
varies seasonally and generally produces much more power during winter and fall compared
to summer (Heide et al. [36]). There are also daily variations.

The monthly average capacity factors for onshore wind power in Sweden in 2019 is shown
in Figure 2.9.

Jan Feb Mar Apr May Jun

2019
Jul Aug Sep Oct Nov Dec

Figure 2.9: Mean average capacity factors of onshore wind power for 2019 in Sweden ([56], [54],
[55]).

In 2021, The LCOE for new onshore wind power in Sweden was the lowest out of all energy
sources, ranging from 240 to 360 SEK/MWh depending on the plant size (Elmqvist et al.
[11]). The LCOE for onshore wind power in the EU in 2018 ranged between 41 and 89
EUR/MWh, with 75% of countries reporting an LCOE below 66 EUR/MWh (Trinomics for
the European Commission [78]). Considering the average annual exchange rate of 2021,
this amounts to about 670 SEK/MWh (European Central Bank [22]).
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2.3 Solar power production

2.3.1 Theory

Solar power is a popular renewable energy source for electricity generation and desalination
of water (IRENA [43]). This is done mainly through two technologies, solar photovoltaic
(PV) and concentrated solar power (CSP).

PV technology involves the use of electronic devices, namely solar cells, which directly
convert sunlight into electricity. This technology is one of the fastest-growing renewable
energy technologies. It has a modular design that allows for a range of applications, from
small solar home kits and rooftop installations of 3 - 20 kilowatts (kW) to large-scale in-
stallations with hundreds of megawatts (MW) in capacity. The manufacturing cost of solar
PV cells has decreased significantly since the 2010’s, often making it one of the cheapest
forms of electricity globally. In the period 2010 to 2020, a 93% price decrease was seen in
solar modules along with an 85% decrease in LCOE for utility-scale solar PV.

CSP uses mirrors to concentrate the sun’s rays, which heat a fluid that generates steam to
drive a turbine and in turn generate electricity. This technology is typically used in large
scale power plants, in places with a high amount of direct solar irradiation.

In Sweden however, there is not generally enough direct solar irradiation for this technology
to be feasible. Figure 2.10, showing a map of global solar irradiation, makes it clear that
solar irradiation is comparatively quite low in Sweden (Alshahrani et al. [3]). That is one
reason why, after discussions with Eolus Vind AB, the solar panels assumed for this project
are solar PV cells. PV cells are deemed to be the most mature technology for this scope and
are the market standard in Sweden.

Figure 2.10: Map showing global solar energy [3].
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2.3.2 Techno-economic characteristics of solar power

To show the solar power production variation during one year, a simulation was run for
a generic SPP placed in Bäckhammar. The daily mean capacity factors for this SPP is
generated for 2015 and can be seen in Figure 2.11 (Pfenninger and Staffell [56], Pfenninger
and Staffell [54], Pfenninger and Staffell [55]).

Figure 2.11: Mean daily capacity factors in 2015 for a SPP in Bäckhammar ([56], [54], [55]).

This simulation confirms the well-established pattern that solar production is much higher
in the summer months compared to the winter months (Heide et al. [36]). The sun also
follows another distinct pattern - the production increases during the day and is zero during
the night.

The monthly average capacity factors for this simulation are shown in Figure 2.12. It can
be observed that the capacity factors are much higher during the summer months. The total
mean capacity factor is 10.7% for this year and location.

Figure 2.12: Monthly average capacity factors in 2015 for a SPP in Bäckhammar ([56], [54], [55]).

To get the maximum amount of full load hours, it is common practice to overdimension
the peak power of an aggregated PV module compared to its inverters (Möser [51], Hazim
et al. [35]). Oversizing the solar output by 30% compared to the inverter is one method. For
example, if the wanted maximum power output of a SPP is 100 MW, its total direct current
(DC) capacity will be 100 * 1.3 = 130 MW. The production will then be capped by setting
the maximum inverter capacity to 100 MW.

There are advantages and disadvantages to different solar photovoltaic technologies. Some
of these can be seen in Table 2.1 (Ud-Din Khan et al. [79]). In this case, mono-crystalline
silicon PV cells are chosen for their high efficiency and long lifetime of 25 years.
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Table 2.1: Comparison of photovoltaic cell types [79].

PV type Efficiency (%) Advantages Disadvantages

Mono-crystalline silicon 15-20
• Energetically efficient
• Space efficient

• Expensive
• Fragile panels
• Material waste during manufacturing

Poly-crystalline silicon 13-16
• Simple, cost-effective manufacturing
• Less manufacturing waste

• Space inefficient
• Lower heat tolerance
• Energy-intensive manufacturing

Flexible amorphous
thin film 9-12

• Simple mass production
• Cost-efficient
• Enables flexible configurations
• High shading tolerance

• Space inefficient
• High degradation rate

Copper indium gallium
selenide thin film 10-12

• Simple mass production
• Good heat resistance
• Requires fewer toxic materials (cadmium)

• High fabrication cost

It is worth noting that mono-crystalline silicone PV cells are estimated by some to have a
higher efficiency than the one presented in Table 2.1, namely up to 24% (Ameur et al. [4]).

In 2021, LCOE for new utility-scale SPP’s in Sweden ranged from 290 to 520 SEK/MWh
(Elmqvist et al. [11]). In 2018, this same number for the EU was estimated between 43 and
168 EUR/MWh, with 75% of these results being below 112 EUR/MWh (Trinomics for the
European Commission [78]). This amounts to about 1140 SEK/MWh according to the 2021
annual average exchange rate (European Central Bank [22]).

2.4 Combined wind and solar power production

There are many potential benefits to combining wind and solar resources, including sharing
of project costs, improved power generation, and more efficient land use (Agrawal et al.
[2]).

The blend of wind and solar power generation can share project costs through the use of
common resources. Instead of developing separate infrastructure for wind and solar projects,
much of this can be shared - for example the grid infrastructure, including the substation
equipment and transmission lines, as well as support infrastructure.

Also, the intermittent nature of wind and solar power can be mitigated to some extent
through their combination. Wind speeds are generally higher at night and in the early morn-
ing, while solar production peaks during the day. By combining these two resources, the
power generation can be more consistent throughout the day, ultimately improving the ef-
ficiency of the system. It is also evident from Figure 2.8 and 2.11 that the wind and solar
power can complement each other’s seasonal variations to some extent, since wind power
production is higher in fall and winter, while solar power production is higher during sum-
mer.

Finally, because the placement of wind turbines is optimised to avoid wake losses, there is a
lot of excess land between each turbine. This land could be used for solar panel installation,
thus reducing the additional cost of land.
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2.5 Hydrogen energy storage

As the energy demand in the world increases and the transition to more climate neutral
energy is accelerating, the hydrogen market is growing (IRENA [41]). As a fuel that can
be produced to be void of harmful emissions, with only water as its byproduct, it has great
potential to be useful in the path to a sustainable future.

It is a very energy dense fuel by mass, as seen in Figure 2.13, having almost three times
the energy content of gasoline (120 MJ/kg vs 44 MJ/kg) (U.S Department of Energy [82]).
However, on a volume basis, gasoline has a density of 32 MJ/L while liquid hydrogen has a
density of 8 MJ/L. Independent of outdoor temperature, a fuel cell electric vehicle (FCEV)
can drive about 600 km on a full tank (Vätgas Sverige [89]). The range is determined by
both the efficiency of the fuel cell as well as the amount of hydrogen that can be contained
in the vehicle. Today, the cost to fuel a passenger FCEV is about 9 SEK/10 km in Sweden,
which is slightly less than the cost for fueling a passenger car with diesel or gasoline.

Figure 2.13: Comparison of volumetric density (MJ/L or kWh/L) and gravimetric density (kWh/kg
or MJ/kg) for different fuels based on lower heating values [82].

While there are a number of ways to produce hydrogen, and several that are fossil fuel free,
about 95% of all hydrogen produced today is produced through fossil fuels (U.S Department
of Energy [80]). In order to understand hydrogen as a means of energy storage better, its
generation, storage methods, and conversion to useful energy will be summarised in the
following sections.

2.5.1 Hydrogen production through electrolysis

One way to produce clean renewable hydrogen is through water electrolysis using renewable
electricity. Water electrolysis works by splitting water to produce hydrogen gas and oxygen
using electricity. Electrolysers consist of an anode and cathode separated by an electrolyte.
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However, different electrolyser technologies work in slightly different ways (U.S Depart-
ment of Energy [81]).

The configuration of alkaline electrolysers (AEL) are shown in Figure 2.14a. They work by
transporting hydroxide ions from their cathode to their anode through the electrolyte, while
generating hydrogen on the cathode side. The electrolytes that have been commercially
available up to this point are a liquid alkaline solution of sodium or potassium hydroxide,
but there are also new approaches being researched.

Polymer electrolyte membrane electrolysers (PEMEL), their configuration shown in Figure
2.14b, have an electrolyte consisting of a solid specialty plastic material. In this process,
water reacts at the anode to form oxygen and positively charged ions (protons). This causes
electrons to flow through an external circuit while the hydrogen ions move across the mem-
brane to the cathode. Once at the cathode, they combine with electrons from the external
circuit to form hydrogen gas.

Finally, the solide oxide electrolyser (SOEL), uses a solid ceramic material as its electro-
lyte. The configuration of the SOEL is shown in Figure 2.14c. This electrolyte conducts
negatively charged oxygen ions at higher temperatures to generate hydrogen. This process
differs slightly from AEL and PEMEL technologies - steam at the cathode combines with
electrons from the external circuit to generate hydrogen gas and negatively charged oxygen
ions. Then, these negatively charged ions pass through the electrolyte and react to form
oxygen gas and generate electrons to power the external circuit. In order for the electrolyte
to function, this must be done at high temperatures (700 - 800°C) compared to AELs and
PEMELs (which both function below 100°C).

(a) AEL configuration. (b) PEMEL configuration. (c) SOEL configuration.

Figure 2.14: Schematic configuration of alkaline, polymer electrolyte, and solide oxide electrolyser
technologies [61].
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Figure 2.15: Technology readiness
levels of electrolyser
technologies [40].

The electrolytic process is not only fossil free with the
right electricity source, but it also generates a purer
hydrogen compared to steam reformation of natural
gas (Shiva Kumar and Himabindu [61]). There are
currently four types of electrolysers used to produce
hydrogen, the three mentioned previously and anion
exchange membrane electrolysers (AEMEL). As can
be seen in Figure 2.15, AEMEL is the least mature
out of the technologies, and will not be further re-
viewed in this thesis. AEL and PEMEL are both com-
mercially available at scale today while AEMEL and
SOEL are still on the prototype or large scale demon-
stration level (IEA [40]).

There are a number of hydrogen production projects
using water and steam electrolysis already (Clean Hy-
drogen Europe [7]). These projects use AEL, PEMEL
and SOEL technologies and are already scaled up to a
few MWs. Other projects between 20 and 100 MW
are under development with hydrogen costs of 5-8
C/kg.

2.5.2 Transportation of hydrogen

The method of storing hydrogen is significantly influenced by the form in which the hy-
drogen will later be transported or converted back to power. The transportation cost of
hydrogen is mainly a function of two parameters: volume transported and distance (IRENA
[42]). The three ways of transporting hydrogen are via truck, pipeline and ship. When
transporting short distances and small volumes, the truck can be the most cost effective al-
ternative. As the volume and distance increase, the density of the hydrogen needs to be
increased making liquid hydrogen trucks the more appropriate option. With even greater
volumes or distances, transmission pipelines are a better alternative. For very long distances
or for hydrogen transportation across water, ships are the most viable option. In Figure
2.16, the different transportation alternatives and their respective appropriate distances and
volumes are presented as well as the cost per kg of hydrogen transported.
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Figure 2.16: Hydrogen transport costs and options based on distance and volume [42].

For a small and local hydrogen producer on land, the best alternatives are most likely com-
pressed hydrogen trucks or compressed hydrogen through a distribution pipeline. Pipelines
are the most cost-effective at distances up to 1000 km with at least 0.3 - 0.4 million tonnes
of hydrogen transported per year. With less volume and distance compressed hydrogen
trucks become more attractive. Even more so when the delivery of hydrogen might become
intermediate as it’s acting as energy storage for a power producing facility.

2.5.3 Energy storage using hydrogen

In order for hydrogen to be of help during the global energy transition, large-scale hydrogen
distribution is needed (Abdin et al. [1]). Stationary storage is a necessary part of this to
act as a buffer between production facilities and demand fluctuations, and for renewable-
based hydrogen generation systems. Large-scale hydrogen storage does present with some
challenges in terms of safety, economics and efficiency.

Studies have shown that compressed hydrogen gas storage dominates in stationary hydrogen
storage systems. A study by Gahleitner analysed 48 hybrid stationary hydrogen production
plants built between 1990 and 2012. 88% of these stored hydrogen via compressed gaseous
storage, while only 12% used metal hydride storage. Similarly, Abdin analysed 19 renew-
able hybrid stationary hydrogen production plants built between 1989 and 2017, and 74%
of these used compressed gaseous storage, while 26% used metal hydride storage. Com-
pressed gaseous storage being so dominant is likely due to its maturity as a technology and
its commercial availability compared to some other storage methods.

Salt caverns have been used for underground compressed hydrogen storage, and are prom-
ising candidates for large-scale hydrogen storage. However, they are naturally geographic-
ally limited and come with more challenges. Therefore, this technology has not been tried in
many countries. At this point, liquid hydrogen storage has not been a preferred technology
for stationary storage at a large scale, even though cryogenic storage of liquid hydrogen is
already well-established in the space industry. This is because of the energetically drain-
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ing (ca. 10 kWh/kg) and financially draining (ca. 40-50% of system capital expenditure)
liquefaction process it involves.

Another promising alternative to compressed gaseous storage is liquid organic hydrogen
carriers (LOHCs) for stationary hydrogen storage. Several studies have been conducted on
LOHCs, including techno-economic analyses. They concluded that LOHC-based pathways
have potential especially for smaller-scale hydrogen demand.

Other alternatives for stationary hydrogen storage include ammonia and methanol. Ammo-
nia has many different use cases, but most of it is used in fertilisers and other chemical and
process industries. However, it could be used both as a hydrogen carrier and as a hydrogen-
rich fuel or fuel additive in internal combustion engines. Similarly, methanol could be used
as a hydrogen carrier. It also has many use cases, such as fuel and feedstock in various
chemical processes.

All hydrogen storage technologies have some essential elements in common. A generic
H2ESS is shown in Figure 2.17.

Figure 2.17: A generic hydrogen energy storage system [1].

2.5.4 Electricity generation with fuel cells

Fuel cells can be used to transform stored energy in the form of hydrogen to electricity. In
comparison to other energy conversion technologies, such as internal combustion engines
and turbines, a fuel cell operating alone generally boasts a higher efficiency of approx-
imately 65% (Godula-Jopek and Friedrich Westenberger [32]). However, the process of
creating hydrogen, storing it, and subsequently converting it back into electricity incurs
losses from every component involved in the process. As a result, the overall round trip
efficiency is exceptionally low (Kungl. Ingenjörsvetenskapsakademien (IVA) [45]). Figure
2.18 presents the efficiencies of different components involved, as well as the cumulative
efficiency of the entire system, highlighting the substantial losses involved.
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Figure 2.18: Efficiencies of system components and cumulative efficiency in a
power-to-hydrogen-to-power system [45]. Translated from Swedish to English.

The different fuel cell technologies that exist today vary significantly in output power, re-
quired temperature, and efficiency, resulting in a varied range of applications and suitabilit-
ies for different industries and use cases. A comparison of the different fuel cell technologies
can be seen in Figure 2.19

Fuel Cell 
Type

Operating 
Temperature 

Typical Stack 
Size 

Electrical 

(LHV)
Applications Advantages Challenges

Polymer 
Electrolyte 
Membrane 

(PEM) 

<120°C <1 kW - 100 kW
60% direct H 2

40%
reformed fuel

• Backup power
• Portable power
• Distributed generation
• Transportation
• Specialty vehicles

• Solid electrolyte reduces corrosion &
electrolyte management problems

• Low temperature
• Quick start-up and load following

• Expensive catalysts
• Sensitive to fuel impurities

Alkaline 
(AFC) <100°C 1 - 100 kW 60%

• Military
• Space
• Backup power
• Transportation

• Wider range of stable materials
allows lower cost components

• Low temperature
• Quick start-up

• Sensitive to CO2  in fuel and air
• Electrolyte management (aqueous)
• Electrolyte conductivity (polymer)

Solid 
Oxide 

(SOF C)
500 - 1000°C 1 kW - 2 MW 60%

• Auxiliary power
• Electric utility
• Distributed generation

•
• Fuel flexibility
• Solid electrolyte
• Suitable for CHP
• Hybrid/gas turbine cycle

• High temperature corrosion and
breakdown of cell components

• Long start-up time
• Limited number of shutdowns

Efficiency

High efficiency

Figure 2.19: Comparison of fuel cell technologies [84].

2.5.5 Techno-economic characteristics of H2ESS

Electrolysers

All electrolysers consist of their stack (up to 100 cells) and their Balance of Plant (BOP),
and can be configured in parallel using the same BOP infrastructure (IEA [39]). This makes
them highly modular and flexible. However, this means that the effects of economies of
scale are limited for electrolysers, meaning that electrolysers increase linearly in price with
size.

As previously presented, there are four main types of electrolysers in use today. Some of
their key performance indices (KPIs) as of 2020 will be presented in Figures 2.20, 2.21, and
2.22.
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PEMELs and AELs are the most mature electrolysis methods (IEA [40]). PEMELs have the
fastest ramp times (both hot idle and cold start) coupled with a fairly low degradation rate
(Clean Hydrogen Europe [7]). PEMELs and SOELs have the best cost reduction potential
in the future (IEA [39]). PEMELs are especially interesting since they have the highest
current density and operational range, which can reduce capital costs and improve opera-
tional flexibility. Currently, cell lifetime is a limiting factor for both PEMEL and SOEL
technologies.

Figure 2.20: KPIs for polymer electrolyte membrane electrolysers [7].

Figure 2.21: KPIs for alkaline electrolysers [7].

29



Figure 2.22: KPIs for solide oxide electrolysers [7].

Fuel cells

80% of fuel cells in 2015 were used for stationary applications (incl. co-generation, back-
up and remote power systems) (IEA [39]). Although they show potential for hydrogen
conversion, they are still limited by high investment costs and limited lifetimes. Investment
costs depend on manufacturing costs and, unlike electrolysers, could be benefitted by effect
of economies of scale. Polymer electrolyte membrane fuel cells (PEMFCs) for FCEVs have
the greatest cost reduction potential, while investment costs for stationary applications are
expected to reduce their costs more slowly, as the focus for stationary applications is to
increase efficiencies and lifetimes.

Figures 2.23 and 2.24 compare PEMFCs and solid oxide fuel cells (SOFCs) (Clean Hy-
drogen Europe [7]). PEMFCs have a lower capital expenditure (CAPEX), higher electrical
efficiency, and lower availability than SOFCs. Also, PEMFCs have a lower degradation rate
than SOFCs while maintaining a significantly lower stack production cost.
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Figure 2.23: KPIs for polymer electrolyte fuel cells [7].

Figure 2.24: KPIs for solide oxide fuel cells [7].

In the IEA’s Technology Roadmap for Hydrogen and fuel cells, parameters of a few key
electrolyser and fuel cell technologies are given for 2015 and predicted for 2030 (IEA [39]).
These can be seen in Figure 2.25. Among others, predictions for lifetimes were given. The
lifetime for PEMEL’s and PEMFC’s are comparable at 75 000 and 80 000 hours, respect-
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ively. However, the lifetime for AEL’s are quite a bit higher, at 95 000 hours, while alkaline
fuel cells have lifetimes of just 20 000 hours.
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Table 15:  Parameters used in the model for stationary hydrogen generation and conversion technologies 
as well as for energy storage and VRE integration systems today and in the future
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Today Effi-
ciency

- 74% 73% 77% 70% 56% 50% 50% 43% 29% 29% 26% 73% 58% 80% 60% 39%

Life time hours or 
years

75 000 40 000 30 30 30 30 7 000 60 000 40 000 60 000 40 000 40 000 40 000 50 30 30

Invest-
ment 
cost 
conver-
sion

USD/kW 1 150 2 600 550 1 370 1 670 4 930 700 3 200 5 800 4 350 3 230 2 850 4 090 1 500 1 000 500

Invest-
ment 
cost 
storage

USD/
kWh

- - - - - - - - 9 9 9 - - 50 30 -

Fixed 
O&M

- 5% 5% 3% 5% 5% 5% 5% 5% 5% 5% 5% 5% 5% 3% 5% 3%

2030 Effi-
ciency

- 75% 82% 82% 73% 57% 50% 50% 54% 42% 38% 35% 82% 67% 80% 75% 45%

Life time hours or 
years

95 000 75 000 30 30 30 30 20 000 80 000 75 000 75 000 75 000 75 000 75 000 50 30 30

Invest-
ment 
cost 
conver-
sion

USD/
kWh

870 800 440 700 1 280 1 320 450 830 1 620 1 700 1 420 1 050 2 280 1 500 800 500

Invest-
ment 
cost 
storage

USD/
kWh

- - - - - - - - 1 1 1 - - 50 15 -

Fixed 
O&M

- 5% 5% 3% 5% 5% 5% 5% 5% 5% 5% 5% 5% 5% 3% 5% 3%

Figure 2.25: Parameters of key electrolyser and fuel cell technologies in 2015 and 2030 [39].

Hydrogen storage

The choice of hydrogen storage technology depends on several parameters including effi-
ciency, CAPEX, operational expenditure (OPEX), and levelised cost of hydrogen storage
(LCHS).

The charts presented in Figure 2.26 present the efficiency and CAPEX for a 5000 tonne
hydrogen storage system, the OPEX to store 4000 tonnes of hydrogen at different cycle
times, LCHS to store 4000 tonnes of hydrogen for a daily and 4-monthly storage cycle
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length, as well as change of LHCS over time (Abdin et al. [1]). 5000 tonnes of installed
capacity corresponds to about 167 GWh at lower heating value. Note that the storage cycle is
considered to be 4000 tonnes for safety and maintenance reasons, but that it still corresponds
to the storage system with a 5000 tonne installed capacity.

Figure 2.26: Techno-economic characteristics of different hydrogen storage technologies [1].
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Note that:

• CGH2 refers to compressed gaseous hydrogen

• LH2 refers to liquid hydrogen

• SC refers to salt cavern compressed gaseous hydrogen

• MH refers to metal hydride

• LOHC refers to liquid organic hydrogen carrier

• NH3 refers to ammonia

• CH3OH refers to methanol

The conclusion of the paper by Abdin et al. is that above-ground compressed gaseous stor-
age is one of the more economical options, with a low LCHS of around 0.33 USD/kg of H2

for daily storage, but this number jumps to 25.20 USD/kg of H2 for 4-month storage. Storage
in salt caverns has the lowest LCHS at 0.14 USD/kg of H2 for daily storage, while ammonia
has the highest LCHS at about 3.51 USD/kg of H2, followed by methanol at 2.25 USD/kg
of H2. Storage efficiency is highest for compressed gaseous storage, at 92%, followed by
methanol at 50% and ammonia at 42%.

2.6 Battery energy storage

Battery technology has been deployed in all five power circles in Europe, being local, com-
munity, Distribution System Operator (DSO), TSO, and pan-European (European Commis-
sion [24]). The deployment of batteries is not necessarily linear, since it is heavily dependent
on geopolitical circumstances - for example beneficial legal provisions, a weak electrical
grid and climatic conditions that cause periods of excessive solar or wind power supply.
However, BESS costs are still an obstacle for wide deployment.

Batteries can significantly contribute to VRES integration on both grid and utility-scale by
allowing excess energy to be stored and by providing grid services. These include frequency
and voltage control, peak shaving, congestion management, and black start services. They
can also help with smooth integration of electric vehicles and provide ancillary services to
the grid.

The generic layout of a BESS, including its additional functions, can be seen in Figure
2.27 (Hajeforosh et al. [33]). The electrical energy flows between the batteries and the grid
through two power-electronic converters as well as a transformer. Each of these elements
have built-in protective devices, and the power flow through them is controlled locally. This
local control is based on local measurements and information given by the grid controller,
which comes from other remote controllers and/or remote measurements.
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Figure 2.27: A generic battery energy storage system [33].

While there are many different types of batteries, the type chosen for this thesis is the lithium
ion battery, for its long lifetime and low life cycle costs (Diouf and Pode [9]).

2.6.1 Lithium ion batteries

Use of lithium ion batteries for BESSs is the most common strategy, in part due to them
being the only type of batteries used for electric vehicles. Lithium demand continues to
rise due to both the expansion of electromobility and stationary applications. Lithium prices
have been on the rise since 2020, reflecting the rapidly growing demand for electromobility
(Gielen and Lyons [31]).

Lithium cells are electrochemical cells (Åkesson [92]). Inside them, there is a positive
electrode and a negative electrode separated by an electrolyte. The electrons are transferred
via an external circuit, from one electrode to the next, while ions are transferred through
the electrolyte to keep the cell balanced. A secondary cell is a cell able to repeat the cycle
in reverse, and is therefore chargeable. A battery pack consisting of secondary cells is a
rechargeable battery pack.

Lithium ion batteries exist in different configurations, but typically have graphite as its neg-
ative electrode material. This is chosen because graphite has a low potential, making it
highly reactive, and a good ability to add and remove large amounts of lithium ions. For the
positive electrode, different materials are chosen for different properties, but some common
ones are lithium cobalt oxide, lithium iron phosphate, and lithium manganese oxide. De-
pending on the chosen material, the cell voltage is 3 to 4 V. When multiple cells are series
coupled, the voltage capacity can be increased, while parallel coupling increases the total
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capacity of the battery. The desired battery pack can be created by connecting multiple cells
and multiple battery packs.

2.6.2 Techno-economic characteristics of BESS

The base year costs for utility-scale BESS accounts for major components including the
lithium ion battery pack, the inverter, and the BOS necessary to install the BESS (National
Renewable Energy Laboratory (NREL) [52]). When the National Renewable Energy Labor-
atory (NREL) constructed detailed cost models, the base year costs for a 60 MW BESS
were coupled with durations ranging from 2 to 10 hours in 2 hour intervals. These are
shown in Figure 2.28. Figure 2.28a shows dependency on energy capacity ($/kWh) while
Figure 2.28b shows dependency on power capacity ($/kW). The figures demonstrate that
the CAPEX of the installation in terms of energy capacity decreases with increased energy
capacity, while the costs in terms of power rating increases. This is an inverse behavior
which can be seen for all energy storage technologies, and highlights the importance of
differentiating between energy and power capacity.
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(a) Cost per energy capacity (USD/kWh).

(b) Cost per power rating (USD/kW).

Figure 2.28: BESS CAPEX distribution for energy and power capacity [52].

To project BESS costs and performances for 2020 to 2050, NREL performed a literature
review of 13 sources published between 2018 and 2019. Three projections are made, the
conservative scenario, the moderate scenario, and the advanced scenario. These can be seen
in Figure 2.29. The scenarios refer to the projected degree of technological innovation in the
time period 2020 to 2050. The scenarios have several characteristics in common, though.
For all scenarios, the costs for BESS are expected to decline, mainly due to cost decrease
in the battery pack component. Some causes for this are the growth of the battery industry,
changes in the lithium ion chemistry (such as finding alternatives to expensive metals), and
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the amount of research being carried out on batteries. Also, there is an expected growth in
the market (due to learning-by-doing) and diversification of chemistries that is expected to
result in a change of dynamics in the supply chains of the batteries, ultimately resulting in
cheaper inputs for the battery pack.

Figure 2.29: CAPEX ($/kW) and fixed operation and maintenance (O&M) ($/kW-yr) projections in
a conservative, moderate, and advanced technological innovation scenario [52].

Please note that:

• The blue line is the conservative scenario

• The orange line is the moderate scenario

• The green line is the advanced scenario

• The cost recovery period is 30 years

• The battery referred to is a utility-scale battery for four hour storage

Some important terms for batteries are C-rate, lifetime, depth of discharge (DOD), and
state of charge (SOC) (Åkesson [92]). C-rate signifies the current needed to discharge the
battery’s capacity in one hour. So, for example, a battery with a capacity of 4000 mAh is
discharged by a current of 4000 mA, making this its C-rate. The lifetime of a battery is the
number of cycles it can be charged and discharged. The DOD is how deep the battery has
been discharged, where 0% means there has been no discharge (the battery is full) and 100%
means that the battery is fully discharged (the battery is empty). It is related to lifetime,
as a higher DOD decreases the lifetime of the battery. The SOC is inversely related to the
DOD, as it signifies the current energy available in the battery (100% corresponding to a full
battery and 0% to an empty battery). As aforementioned, a 0% SOC should be avoided as
this decreases the lifetime. Lithium ion batteries have efficiencies of 85-95%, making them
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one of the most efficient energy storage technologies (Environmental and Energy Study
Institute [14]).

2.7 Combined energy storage

Each ESS comes with its unique set of advantages and disadvantages (Atawi et al. [5]). In
the case of batteries and hydrogen storage, batteries have a major advantage in their fast
response time while hydrogen has the advantage of being able to retain large amounts of
energy.

One advantage to using a HESS is that it increases the power quality. The system’s power
quality is its ability to yield clean and stable power with a constant power output, while
maintaining high availability and providing pure, noise-free sinusoidal voltages and currents
within the acceptable limits. Using a quick-response ESS can improve this, but to mitigate
drawbacks of different ESSs, using several is best.

Also, HESSs can improve intermittence. Compared to a single ESS, a HESS gives better
smoothing since it can combine both high and low speed responses.

Furthermore, frequency regulation can be made more efficient by implementing a HESS. A
high penetration of VRES can significantly lower the system inertia, which increases risk of
system crashes and blackouts. By regulating frequency, these risks can be mitigated, which
can lead to smoother VRES integration into the power grid.

Also, thermal and power disturbances caused by multiple pulse loads can be reduced by
using a HESS. Pulse loads require very high instantaneous power but a low average power,
which an ESS with high power density can help with. They can reduce frequency variance,
voltage deviation, and more. However, in the case of several pulsed loads at once, use of
more than one ESS is more efficient.

HESSs are also useful for peak load shaving, the act of shifting energy production from
times of high demand to times of lower demands. In practice, this means that too much
variable renewable energy generation can be stored and supplied later when demands are
high. To do this, the ESS must be scalable and able to deliver energy for minutes to hours.
Using just one ESS for this can cause problems with efficiency, reliability, stability, and cost.
Optimal peak shaving can be realised with a HESS. The most common hybridisation tactic
for peak shaving is combining fuel cells and batteries.

Finally, unbalanced loads can be avoided with the fast and accurate voltage regulation a
well-constructed HESS can provide.
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2.8 Economic incentives for energy storage

The ability to shift production in time can yield income, for example by taking part in energy
arbitrage. Energy arbitrage is the concept of using price variations on the electricity market
to earn money (Zhang et al. [91]). The idea is to buy energy from the grid at a low price and
sell it back at a higher price.

The ability to shift production in time can also yield income by mitigating the cannibalisa-
tion effect (Prol et al. [58]). The cannibalisation effect is the concept that increased penet-
ration of VRES can cause a decrease in electricity price, which undermines the value of the
technology. A study from the journal Energy Economics analysed the California electricity
market’s day-ahead data between January 2013 and June 2017 and found that the cannibal-
isation effect was prominent for both wind and solar power. The effect was more evident at
low consumption and high wind and solar penetration levels. By increasing the flexibility
of the energy distribution, for example by using a ESS, this effect can be reduced. This is
because the transfer of electricity loads between periods of low or high value can flatten the
price distribution. As the cannibalisation effect increases, the value of energy storage thus
increases.

Another economic incentive is that energy storage can decrease costs caused by curtailment
(Denholm [8]). Curtailment both decreases environmental benefits of VRES, as well as
increases costs. When energy is curtailed, the capacity factor is reduced, which results in
less energy being sold to the grid. Since VRES often have no fuel costs, their levelised cost
of energy (LCOE) is inversely proportional to the capacity factor, making it extra critical.
Energy storage can reduce curtailment in two ways: by moving energy from periods of
excessive production to periods of lower production, and by delivering grid flexibility. The
grid flexibility can reduce the minimum generation constraints of baseload generators, which
lessens the likelihood that curtailment occurs due to saturated transmission lines.

Furthermore, ESSs make it possible to operate on markets besides the electricity market,
such as the ancillary service market and hydrogen market (Lindgren [47]). Lithium ion bat-
teries are known for their rapid response time (milliseconds) and high efficiencies, making
them excellent candidates for ancillary services, such as frequency reserves. By adapting
the chemical makeup of the battery, its characteristics can be made optimal for the service
being offered - characteristics that can be adapted include charge and discharge rate, number
of cycles in one lifetime, operating voltage, and energy density.

As detailed in Section 2.1.4, the hydrogen market shows potential to increase moving for-
ward, which is another incentive to use hydrogen gas as a means of energy storage. Hy-
drogen gas can both be used as an intermittent source when converting the energy back to
electricity with a fuel cell, and it can be sold as a source of energy for industry (for example
steel) and transportation. As technology continues to develop in the future, higher round-trip
efficiencies for fuel cells as well as an increased market for hydrogen gas can be expected,
increasing the economy of hydrogen production.

Other economic incentives for energy storage include contractual value increasing due to
new market models and shifting customer values. One example of this is that the use of
energy storage could enable more Baseload PPAs.
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PPAs are long-term agreements between electricity generators and customers (corporate or
utility) during which the customer purchases energy at a set pre-negotiated price from the
producer (Stene Bakke and Maznic [66]). The use of PPAs for VRES makes revenues more
predictable, reducing the risk for investors and lenders in renewable energy projects. There
are fundamentally two types of PPAs: pay-as-produced PPAs and Baseload PPAs.

Pay-as-produced PPAs, which are the most common today, means that the project owner
receives a fixed price per unit of energy produced, as the PPA covers only part of the gen-
eration volume (typically expressed in percentage or MW). The generation volume for each
hour is split according to the agreement between the purchaser and residual revenues not
covered by the PPA. This residual volume is sold on the spot market.

Baseload PPAs are growing in popularity as they reduce the risk of being impacted by the
variability of VRES for the customer. This is done by expressing the purchasing volume as a
fixed amount of power (MW) to be delivered every hour of the year. The surplus generation
at high production hours is sold to the spot market, while volumes needed to complement
generation at low production hours are purchased from the spot market by the electricity
generator. What this can look like for a set time period can be seen in Figure 2.30.

Figure 2.30: Illustration of the operation of baseload PPAs [66].

Economic incentives due to contractual value being added to reflect customer priorities are
also present for energy storage technologies. Being able to guarantee renewables 100% of
the time is a very good selling point, as demonstrated by the 24% increase of clean energy
purchased by companies through PPAs from 2020 to 2021 (Henze [37]). This increased the
clean energy acquired through PPAs from 25.1 GW to 31.1 GW. This strong growth can in
part be attributed to interest from technology companies, who were responsible for about
half of these deals. Alas, the PPA struck between Amazon and KGAL for the Bäckhammar
wind power plant is not the first of its kind (Eolus Vind AB [15]). In 2021, contracts were
announced by over 137 companies in 32 different countries, corresponding to 10% of all
renewable capacity increase that year (Henze [37]). These numbers reflect an increased
demand for both clean energies and PPAs from corporations.

By incorporating energy storage technologies in combination with VRESs, baseload PPAs
should be able to be offered more broadly to customers. Since baseload PPAs offer a higher
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degree of security compared to the more common pay-as-produced PPAs, while they also in-
corporate the selling point of 100% renewable energy at all times, it is reasonable to assume
that these types of agreements should be very economically advantageous.

There are also economic incentives for energy storage based on political actions. The EU
has adopted strategies for increasing the flexibility in the grid in order to enable more VRES
in the system (European Commission [28]). Several principles were decided in order to
enable this in the Clean Energy for all Europeans package adopted in 2019. For financing
of energy storage, the EU suggests increasing the predictability and long-term visibility
of revenue to make financing easier, for example by compensating storage operators for
certain services that they may already be providing. It is also suggested that EU countries
should consider economic instruments within individual state aid rules that could stimulate
increased investments, such as competitive bidding procedures.

In March 2023, the Staff Working Document was released, which cohesively covers the
role and application of energy storage in the EU transition (European Commission [27]).
Among other things, the document covers both public financing and support by the EU. The
financing tools offered come both from the EU’s long-term budget and from the NextGener-
ationEU package. Amongst others, both hydrogen and batteries are covered by the research
and innovation programme Horizon Europe, which offers substantial funding support. En-
ergy storage can also be funded under the InvestEU programme, supporting market-based
and demand-driven projects.

Furthermore, using energy storages could reduce the costs attributed to balancing by the
TSO, in this case Svenska kraftnät (Svenska Kraftnät [71]). The balance responsible party
(BRP) is charged with an imbalance fee by the Svenska kraftnät, the level for 2023 being
1.15 EUR/MWh, which is subsequently reflected in a fee given by the BRP to the power
producer. The purpose of the imbalance fee is to cover the costs which imbalance causes.

2.9 Energy storage operational strategy

With the shift towards more sustainable energy, the demand for ESSs has increased substan-
tially (Mitali et al. [49]). Requirements for ESSs are expected to triple by 2030 compared
to values today. Because of this, researchers are continuously developing strategies that are
more efficient and reliable in order to deliver renewable power in a controller manner.

A set of requirements necessary to facilitate the system for this thesis have been set up, and
are as follows:

1. To at all times protect components from operating outside their operating ranges. That
is, to never completely empty or exceed the capacity of the battery or hydrogen storage
and never to exceed power ratings of components (including the GCP).

2. To facilitate decision-making based on market data.

3. To minimise curtailment of the additional solar power production.

42



A study by Phan Van et al. outlines a state machine based strategy for renewable energy
production which combines a H2ESS and a BESS (Phan Van et al. [57]). The strategy
combines a state machine with a hysteresis band to integrate the VRES in a microgrid. The
method considers the power difference between the VRES, current load demand, battery
SOC, and hydrogen state of charge (SOH). Based on this, the strategy can control the power
output of fuel cells, electrolysers, and batteries in the microgrid as well as the power import
and export to the main power grid. The strategy was successful in balancing the microgrid
supply and demand, extending the lifetime of the electrolyser and fuel cell components, and
ensuring the appropriate SOC and SOH.
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3 Simulation method

In this chapter, methods relating to the simulation will be presented. The first section
provides the simulation inputs and initial dimensioning of components. The second sec-
tion briefly describes the method for initial data analysis. Then, the third section introduces
the system that is constructed as a basis for simulation, as well as the software used, the
different system components, and their technical assumptions. After this, the fourth sec-
tion presents the operational strategy which controls the system. The fifth and final section
demonstrates the system implementation in the simulation software.

3.1 Simulation inputs

Sources used for different simulation data, their resolution, units, and years, can be seen
in Table 3.1. Global irradiation data at one minute intervals for the Karlstad measuring
location are generously provided by SMHI. The one minute irradiation data is transformed
to 10 minute averages to match the 10 minute wind power data for the Bäckhammar WPP
provided by Eolus Vind AB. Nord Pool provides access to market data to students. This
provided the SE3 day-ahead price data used in this simulation.

Table 3.1: Simulation input data.

Data Resolution Unit Years Source
Global irradiation in Karlstad 1 minute average W/m2 2021 SMHI
Wind power 10 minute average MW 2021 Eolus
SE3 Day-ahead price Hourly SEK/MWh 2021 NordPool

The power production profile at Bäckhammar WPP can be seen in Figure 3.1. The WPP
production profile is in line with the literature presented in Section 2.2.2. More power is
produced during the fall and winter months compared to the summer months.
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Figure 3.1: Annual production profile of the Bäckhammar WPP.

In Figure 3.2, the global irradiation profile from SMHI’s measuring point in Karlstad can
be seen. The solar irradiation profile is also in line with the literature presented in Section
2.3.2. The global irradiation is significantly higher during the solar months.
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Figure 3.2: Annual global irradiation profile from the SMHI measuring point in Karlstad.

Figure 3.3 shows the price fluctuations for the day-ahead data in SE3 during 2021. The
prices at the end of the year were significantly higher than at the beginning of the year.
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Figure 3.3: Annual price profile of day-ahead in SE3.

Dimensioned components

There are several dimensions in the model that are not obtained through optimisation, but
still need set dimensions. These dimensions include the WPP, SPP, and GCP power ratings
as well as the efficiencies of the components in the ESS. The power ratings of the WPP and
GCP are set by the existing site to 130 MW.

In order to estimate the annual production from a SPP placed close to the Bäckhammar WPP,
solar irradiation data from SMHI’s Karlstad measuring point will be used (SMHI [63]). This
location is quite close to Bäckhammar, see Figure 3.4.
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Figure 3.4: Map showing locations of Karlstad measuring point for solar irradiation (left) [63] and
Bäckhammar wind power plant (right) [15], generated using Google Maps.

As mentioned in Section 2.3.2, it is common practice to oversize the peak power output of
a solar park compared to its inverters to increase the number of full load hours. This will be
done in Section 5.1.1.

3.2 Initial data analysis

The initial data analysis is performed by creating duration diagrams for wind, solar and
combined power production and finding the correlation between wind and solar production.
The total curtailment for different ratios of wind to solar power without an ESS is also
calculated. A correlation between wind power output data and day-ahead price data is also
generated to analyse if there are signs of the cannibalisation effect at this site.

3.3 System overview

This section will introduce the entire system, including the different parts included and
the technical assumptions made. The system is made up of two parts, the model and the
operational strategy, as can be seen in Figure 3.5. On the left, the data series used as inputs
for the operational strategy are shown. Other inputs for the operational strategy include the
outputs from the model, as shown by the arrows. The input data for the model corresponds
to the output parameters of the operational strategy. The purpose of the model is to simulate
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the energy flows of the electrical system, enable implementation of the operational strategy,
and to output the relevant data to conduct a simple optimisation of system dimensions.

Operational strategy Model

Bollinger band

Intraday price t0-t7

Solar power forecast 
t0 & t1

Wind power forecast 
t0 & t1

P_b, P_e,
P_fc, P_curt

P = planned power to grid
P_e_set = planned power to electrolyser
P_fc_set = planned power from fuel cell

P_b = battery power
P_e = electrolyser power
P_fc = fuel cell power
P_curt = power to be curtailed

SOC, SOH, P_b_m, P_e_m, P_fc_m, P_prod

P_b_m = measured battery power
P_e_m = measured electrolyser power
P_fc_m = measured fuel cell power
SOC = state of charge in battery
SOH = state of hydrogen storage
P_prod = measured total power production 
from WPP and SPP

Figure 3.5: Functional system overview.

3.3.1 Model overview

Figure 3.6 demonstrates a simplified model overview. To clarify, the parts included in the
solution are outlined in blue and called System.

The components, which will be analysed independently in the investment appraisal, are the
SPP, BESS, FC, and H2ESS. Please note that the H2ESS refers to both the electrolyser and
the hydrogen storage.

Hydrogen gas 
offloading

Transformer
H2ESS

SPP

AC

DC

BESS

WPP

DC

DC

DC

DC

DC

DC

DC

DC

Grid

System

H2

DC

H2

Fuel cell

Figure 3.6: Simple model overview, including the definition of the system.
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3.3.2 OpenModelica

The tool used for both creation and simulation of the model is OpenModelica. OpenModel-
ica is a high-performance, open-source modeling and simulation environment based on the
Modelica language (Modelica Association [50]). Modelica is a declarative, object-oriented,
equation-based language used for modeling complex physical systems, including electrical,
mechanical, hydraulic, and thermal systems. OpenModelica provides a powerful platform
for designing and simulating dynamic systems, and its modular structure allows for the cre-
ation of reusable components. The version used in this thesis is OpenModelica v1.20. In
addition to the standard Modelica library and its pre-made blocks, an electrical power lib-
rary provided by Jörgen Svensson, senior lecturer at Industrial Electrical Engineering and
Automation at Lund University, Faculty of Engineering, is in part used to construct the
model.

3.3.3 Implemented OpenModelica model

As previously noted, the main parts included in the model are a WPP, SPP, BESS, H2ESS
and a GCP connecting the site to the grid. The different parts can be seen in Figure 3.7 and
will be discussed in more detail in the following sections.

Model

PID_V…

.…

SP_Vo…

startT…

V

S

ground1

I
k=1.3…

WPP_… WPP_t…

SPP_t…
I

k=1.2…

SPP_gain

Pa…

S

limPID

.…

co…

k=0

co…

k=…switch boolea…

25920…
I

limPID1

.…

Wind power production
Solar power production
Battery storage system

Hydrogen storage system
Hydrogen gas offloading

Grid side
Transformer

Figure 3.7: Model overview in OpenModelica interface.

3.3.4 Power generation

The two power generating components, the WPP and SPP, are modelled as generator units
with the wind power output data and modified solar global irradiation data respectively.
The generator units are connected to the site bus through a measuring unit and a resistor,
simulating the resistance in the cables. The WPP and SPP implemented in OpenModelica
can be seen in Figure 3.8.
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Figure 3.8: The power generating components (WPP and SPP) in OpenModelica interface.

3.3.5 Energy storage systems

Both the BESS and H2ESS are modelled as capacitors that are charged and discharged
by DC/DC converters controlled by PI controllers, which in turn control the power of the
converters. PI controllers are controllers which combine proportional and integral control to
manage a system (Woolf [90]). To model the different behaviours of the ESSs, specifically
the step responses of both storage solutions, the PI parameters are set up differently in each
storage solution. Simply put, the step response of the electrolyser is significantly slower
than the BESS. This difference in step response is set up mainly to mimic the effect that
hydrogen storage is incapable of controlling the fast changing power level as well as the
need of the faster responding battery.

The losses accumulated by charging and discharging the ESSs are modelled as efficiencies
in the DC/DC converters. The BESS is simplified to the same efficiency for charging and
discharging. The H2ESS has two different efficiencies for charging and discharging, repres-
enting the respective efficiencies of the electrolyser and fuel cell.

The H2ESS has an alternative way of discharging which is through the direct trade of com-
pressed hydrogen gas. This is modelled as a load discharging the H2ESS with a constant
power. The model representation of the BESS and H2ESS can be seen in Figure 3.9.
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Figure 3.9: The HESS (H2ESS and BESS) in OpenModelica interface.

3.3.6 Grid and grid connection point

Similarly to the BESS and H2ESS, the grid side is modelled using a DC/DC converter
controlled by a PI controller. However, instead of controlling the power of the DC/DC
converter, the PI controls the voltage and therefore absorbs all energy the site produces. The
constraining factor for how much power the site can export to the grid comes from the GCP,
which has a rated power of 130 MW. The grid side and GCP implemented in OpenModelica
can be seen in Figure 3.10.
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Figure 3.10: Grid and GCP in OpenModelica interface.
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3.3.7 Technical assumptions

As this thesis mainly focuses on the energy flow between components and out to the grid,
one simplification implemented in the model is that all components are assumed to be con-
nected via DC and not three phase alternating current (AC). This simplification makes ana-
lysing energy flows in the system trivial.

Another assumption made is that the transmission network is never going to be fully satur-
ated, e.g. that there is always the option to supply power to the GCP. The AC transformer is
assumed to be only a DC/DC converter with a fixed ratio. The voltage in the system is set
to 400 kV on the grid side of the transformer and 100 kV on the production side.

The assumed technical parameters are derived from both the literature review and other
relevant sources conferred with. These can be seen in Table 3.2. Please note that sources
marked as Confidential cannot be disclosed, but that these numbers are based on a budgetary
offer from a relevant company working in the battery industry.

PEM technology is chosen for both the electrolyser and the fuel cell. In the case of the
electrolyser, this is because this technology has both a higher efficiency and lower CAPEX
in 2030 than the AEL (IEA [40]). The PEMFC, similarly, has a higher efficiency than the
AFC. Even though the PEMFC is about twice as expensive as the AFC, this is outweighed
by the PEMFC having a four times as long lifetime as the AFC.

The BESS is a modular battery system with 10MW/12MWh power rating and storage ca-
pacity. Scaling the BESS will always be done by adding or removing modules, therefore
affecting both the power rating and storage capacity.

Also note that the efficiency of the SPP is not included. This is because the solar irradiation
data has been scaled to correspond to the desired power output, and therefore, the efficiency
is already included before this point.

Table 3.2: Technical assumptions for components.

Component Type Amount Unit Year Source
SPP Lifetime 25 years 2023 Eolus.

Battery
Efficiency 90 % 2023 Confidential.
Lifetime 15 years 2023 Confidential.
Power for heating/cooling 135 kW/10 MW 2023 Confidential.

PEM electrolyser
Efficiency 82 % 2030 IEA [39].
Lifetime 75 000 hours 2030 IEA [39].

Hydrogen storage

Efficiency 92 % 2022 Abdin et al. [1].
Lifetime 30 years 2022 Abdin et al. [1].
Energy consumption for
compressed storage 2.2 kWh/kg 2022 Abdin et al. [1].

Energy consumption for
compressor cooling 0.68 kWh/kg 2022 Abdin et al. [1].

PEM fuel cell
Efficiency 54 % 2030 IEA [39].
Lifetime 80 000 hours 2030 IEA [39].
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3.4 Energy storage strategy and operation

This section will present the two-part operational strategy as well as the operational logic
behind the simulation.

3.4.1 Operational logic

The goal of the operational strategy in this thesis is to provide, through the use of energy
storage systems, the ability to plan and control the power output of a hybrid wind and solar
plant while facilitating the storage of excess power that the GCP cannot deliver. The ad-
ditions of these abilities do not only allow the system to have a significantly higher peak
power output than otherwise possible, but it also reduces or even eliminates the forecast er-
ror’s effect on the site while guaranteeing constant power output within the hour. The ability
to control power output also facilitates energy arbitrage.

Other possibilities of this operational strategy that are not within the scope are participation
on ancillary service markets and the ability to guarantee a minimum power output at all
times (baseload PPA).

3.4.2 Operational strategy

The operational strategy is divided into two algorithms, the Scheduler and Controller, which
are shown in Figure 3.11.

The Scheduler plans what to do during the next hour based on market price, state of energy
storage and forecasted power production of the coming two hours. After calculating the
ideal electrolyser power (P e set), fuel cell power (P fc set) and power to grid (P) at the
beginning of each hour it passes along the set points to the Controller.

The Controller’s purpose is to keep the values provided by the Scheduler to the best of its
ability while protecting the components from operating outside their specifications. The
Scheduler makes qualified guesses based on forecasts, but if the requirements from the
Scheduler are impossible to uphold, the Controller will act to protect the components.

To summarise, the Scheduler and Controller work on different time horizons to enable op-
timal technical and economical performance.
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Figure 3.11: Functional system overview including the operational strategy.

3.4.3 Scheduler

As aforementioned, the Scheduler is tasked with setting the ideal electrolyser, fuel cell,
and grid output powers. In order to do this, it makes price comparisons based on a moving
average and the prices for the upcoming seven hours. The general operation of the Scheduler
can be seen in Figure 3.12, and the full code is available in Appendix B. The state in which
the Scheduler operates in is determined based on the forecast power production at the first
hour, T0, and following hour, T1.

Scheduler

P, P_e_set, P_fc_set

SOC, SOH

Wind power forecast t0 & t1

Solar power forecast t0 & t1

Intraday price t0-t7

Bollinger band

Over production T0
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Over production T0
Under production T1

Under production T0
Over production T1

Under production T0
Under production T1

Hours Hours Hours Hours

Power productionForecast production Transformer maximum capacity

Figure 3.12: General operation of the Scheduler, including its inputs and outputs.

At the beginning of each hour, the Scheduler performs a comparison between two hours,
the coming hour (T0) and the hour after that one (T1). When the production exceeds the
maximum allowed power output of the GCP, 130 MW, the site is overproducing, and when
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the production is lower than the maximum allowed power output of the GCP, the site is
underproducing. Since each hour could be either underproducing or overproducing there
are a total of four possible combinations. Underproduction this hour and underproduction
next hour, underproduction this hour and overproduction next hour, overproduction this hour
and overproduction next hour, and overproduction this hour and the next. The actions taken
for each respective case are shown in Table 3.3.

The moving average comparison is made using Bollinger bands. Bollinger bands are a
technical analysis tool typically used in investing to show whether a market is overbought or
oversold based on moving average prices and standard deviations (Hayes [34]). As seen in
Figure 3.13, Bollinger bands consist of three bands - the middle being the moving average,
the upper being the moving average plus one standard deviation, and the lower being the
moving average minus one standard deviation. In the typical use case, a price exceeding the
upper level indicates that the market might be overbought and a price below the lower level
means it might be oversold.

Figure 3.13: Example of Bollinger bands [86].

For our application however, the moving average is based on a 24 hour simple moving
average (12 hours forwards and backwards in time). The upper and lower bands indicate
that the current price is relatively low or relatively high.

Figure 3.14 shows how the Scheduler makes its decisions based on the Bollinger bands,
intraday prices, and hydrogen price. The necessary fuel cell price and necessary electrolyser
price are shown in Equations 3.2 and 3.1.
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Figure 3.14: Illustration of how the Scheduler makes decisions based on Bollinger bands, intraday
prices, necessary fuel cell price, and necessary electrolyser price.

Besides this, a seven hour comparison is also made to catch the highest possible bid hour.
While a price may be relatively high, it might still be lower than another price in the near
future. If this is the case, the algorithm waits for the hour with the highest price to make its
sale and by doing so maximises the profit.

The different levels of SOC and SOH that the Scheduler plans with can be seen in Figure
3.15. Note that the BESS has a larger buffer until it operates outside of its operating range.
This is because of the higher volatility that comes from it always having a high power-to-
energy capacity ratio.

SOC_high

SOC_nom

SOC_low

80%

50%

25%

BESS

(a) The SOC levels the Scheduler plans for
with the BESS.

SOH_high

SOH_low

85%

20%

H2ESS

(b) The SOH levels the Scheduler plans for with the
H2ESS.

Figure 3.15: SOC and SOH levels used for planning in the Scheduler.

57



Table 3.3: Scheduler mapping production in relation to transformer capacity for the next two hours.

Overproduction T1 Underproduction T1

Overproduction T0

If the battery’s state of charge
is expected to be too high in two
hours, then the battery aims to
not become too high in the next
hour in order to prepare itself. If
necessary, the electrolyser can be
activated to help the battery with
this.

If the state of charge in one hour
will be higher than mid, then the
goal is to steer the battery back to
mid to have as much room for
action as possible. This is done by
activating the electrolyser to the
power necessary.

If the state of charge in one hour
will be lower than nominal state
of charge, the electrolyser is not
activated.

Underproduction T0

If the state of charge in two hours
is above the highest allowed level,
then the goal is to steer the battery
back to the high level. If the price
is high enough, then hydrogen may
be produced. If not, the battery will
be used during this hour to better
adapt the level in two hours.

If the state of charge in two hours
is below the nominal level, then
there is no need to act in this hour.

See Table 3.4.

When the Scheduler discovers that there is underproduction in this hour and the next, it has
the opportunity to make decisions to maximise profit by setting ideal values for P, P e set and
P fc set, see Table 3.4. This is the most complicated case and the only time the Scheduler
makes decisions based the market. In the other three cases, either one or both hours will
experience overproduction, making decision-making easier and only based on momentary
SOC and calculated future SOC based on the production forecast. In case of overproduction
at T0, the ideal grid power output is always set to the GCP maximum capacity as this can
never be exceeded. In that case, the fuel cell is also set to be deactivated since there is no
need for an increased power output.

In Table 3.4, some new terms are introduced - necessary fuel cell price and necessary elec-
trolyser price. These price levels are based on the efficiencies of the electrolyser and the fuel
cell, as well as a profit margin. The profit margin is to make sure that there is no production
of hydrogen or usage of the fuel cell when their operation would just result in a break-even.
The profit margin is set to 20%. The necessary fuel cell price and electrolyser price are
calculated according to Equations 3.1 and 3.2.

Necessary electrolyser price = selling price of hydrogen∗(electrolyser efficiency - profit margin)(3.1)
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Necessary fuel cell price =
selling price of hydrogen

fuel cell efficiency - profit margin
(3.2)
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Table 3.4: Scheduler state machine when underproduction occurs in the next hour.

State Cause Action

Very high

The current electricity price is higher
than the high level, higher than the
necessary electrolyser price, and
lower than the necessary fuel cell price.

If the current price is the highest out of the
prices for the upcoming 7 hours, then the
battery will be set to discharge to the lowest
allowed level. The grid output power is set to
the sum of the forecasted power output and
the added power output from the battery.

If not, the grid output power is set to the
production forecast in order to save battery
power for the hour with the highest price.

High

The current electricity price is higher
than the average level, higher than the
necessary electrolyser price, and
lower than the necessary fuel cell price.

If the current price is the highest out of the
prices for the upcoming 7 hours, then the
battery will be set to discharge to medium
full. The grid output power is set to the
sum of the forecasted power output and
the added power output from the battery.

If not, the grid output power is set to the
production forecast in order to save battery
power for the hour with the highest price.

Low

The current electricity price is higher than
the lower level, higher than the necessary
electrolyser price, and lower than the
necessary fuel cell price.

The battery will aim for a medium-high state
of charge (60%). The power output to the grid
is set to the sum of the forecasted power
production and the battery output.

Very low

The current electricity price is lower than
the lower level, higher than the necessary
electrolyser price, and lower than the
necessary fuel cell price.

The battery will aim for a high state of charge
in the next hour, in order to prepare for an
hour with a higher price. The grid power output
is set to the sum of the forecasted power
production and the contribution from the
battery.

Fuel cell on
The current electricity price is higher
than the necessary price to activate the
fuel cell.

If the current price is the highest out of the
prices for the upcoming 7 hours, then the fuel
cell will be set to discharge as much as possible,
while not making the hydrogen storage too
empty. Since the price is so high, the battery is
also set to discharge as much as possible. The
grid output power is set to the sum of the
forecasted power output, the battery power
output and the fuel cell power output.

If not, the grid output power is set to the
sum of the production forecast and fuel cell
power output. This way, the battery will be
able to help more when a more expensive
hour arrives.

Electrolyser on

The current electricity price is so low that
producing hydrogen is more economically
sustainable than providing energy to the
grid.

The electrolyser is activated to its fullest
potential, without exceeding the maximum
capacity of the hydrogen storage.
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3.4.4 Controller

The Controller protects the components and facilitates the Scheduler’s plans during oper-
ation by managing the energy flows in the system. It does this by controlling the battery
power, electrolyser power, fuel cell power, and curtailment of solar power. The behaviour
of the Controller is based on measurements of the system and inputs from the Scheduler.

The energy management strategy takes a similar approach to previous work by Phan Van
et al., referred to in Section 2.9 (Phan Van et al. [57]). Inspiration was drawn by utilising
a similar state machine that is controlled by the SOC of the battery, SOH of the hydrogen
storage, and a relationship between electrical power generated and a wanted level of power
to grid. This relationship is expressed in the parameter P diff, which denotes the difference
between the measured generated power (P prod) and the wanted power set by the Scheduler
(P). If P diff is positive, the site is overproducing in relation to the wanted level, and if P diff
is negative, it is underproducing in relation to the wanted level.

The Controller has three states for each ESS dependent on their energy content. Combining
these states gives a state machine consisting of nine main states. These states all corresond
to a minimum, medium, or maximum SOC or SOH for each energy storage type. These
states be seen in Figure 3.16.

Controller

P
P_e_set
P_fc_set

P = planned power to grid
P_e_set = planned power to electrolyser
P_fc_set = planned power from fuel cell

P_b = battery power
P_e = electrolyser power
P_fc = fuel cell power
P_curt = power to be curtailed

P_b_m = measured battery power
P_e_m = measured electrolyser power
P_fc_m = measured fuel cell power
SOC = state of charge in battery
SOH = state of hydrogen storage
P_prod = measured total power production 
from WPP and SPP

SOC, SOH, 
P_b_m, P_e_m, 
P_fc_m, P_prod

P_b, P_e,  
P_fc, P_curt

Figure 3.16: General operation of the Controller, including its inputs and outputs. Note that P diff
is the difference between P prod and P.

Each state has two sub-states based on whether P diff is positive or negative. Inside these
sub-states, the Controller will act differently depending on how large the P diff parameter is
and other measurement signals sent to the Controller.

The Scheduler plans ahead as to not reach the outer boundaries of the component operating
ranges. If the Scheduler fails at this, or if a component for any reason is close to operating
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outside its range, the Controller will stop following the Scheduler’s set points and adjust the
appropriate values. The logic behind this is shown in Tables 3.5, 3.6, and 3.7.

The goal state for both the Controller and Scheduler is the middle (mid) state for both energy
storages, that is, the MidMid state. When in this state, the H2ESS and BESS are at their
nominal operating ranges and the Controller will follow the set points P, P e set and P fc set
sent by the Scheduler. The measurement signals P b m, P e m, and P fc m in the Controller
are defined as positive when energy flows out of the component. For example, if the battery
is active and charging, energy is flowing into the battery and out of the site bus. Therefore,
P b m will be negative.
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Table 3.5: Controller state machine used for strategic decisions (part 1).

State P diff >0 P diff <0

MinMin

if P diff <= P b max then
P b = -P diff;
P e = 0;
P fc = 0;
P curt = 0;
elseif P diff <= (P b max + 0.5*P e max) then
P e = -0.5*P e max;
P b = -(P diff + 0.5*P e m);
P fc = 0;
P curt = 0;
else
P b = -P b max;
P e = -P e max;
P fc = 0;
if P prod >P t max + P b m + P e m then
P curt = P prod - P t max + P b m + P e m;
else
P curt = 0;
end if;
end if;

P b = 0
P e = 0
P fc = 0
P curt = 0

MinMid

if P diff <= P b max then
P b = -(P diff + P e m);
P e = 0;
P fc = 0;
P curt = 0;
elseif P diff <= P b max + 0.5*P e max then
P b = -(P diff + P e m);
P e = -0.5*P e max;
P fc = 0;
if P prod >P t max - P e m - P b m then
P curt = P prod - P t max + P b m + P e m;
else
P curt = 0;
end if;
else // P diff >P b max + P e max
P b = -P b max;
P e = -P e max;
P fc = 0;
if P prod >P t max - P e m - P b m then
P curt = P prod - P t max + P b m + P e m;
else
P curt = 0;
end if;
end if;

if not P fc set == 0 and P prod + P fc set <P t max then
P b = 0;
P e = 0;
P fc = P fc set;
P curt = 0;
elseif not P fc set == 0 and P prod + P fc set >P t max then
P b = P prod + P fc m - P t max;
P e = 0;
P fc = P fc set;
P curt = 0;
else
P b = -P e m;
P e = 0;
P fc = 0;
P curt = 0;
end if;

MinMax

if P diff <= P b max then
P b = -P diff;
P e = 0;
P fc = 0;
P curt = 0;
else //P diff >P b max
P b = -P b max;
P e = 0;
P fc = 0;
if P prod >P t max - P b m - P e m then
P curt = P prod - P t max + P b m + P e m;
else
P curt = 0;
end if;
end if;

if not P fc set == 0 and P prod + P fc set <P t max then
P b = 0;
P e = 0;
P fc = P fc set;
P curt = 0;
elseif not P fc set == 0 and P prod + P fc set >P t max then
P b = P prod + P fc m - P t max;
P e = 0;
P fc = P fc set;
P curt = 0;
else
P b = -P e m;
P e = 0;
P fc = 0;
P curt = 0;
end if;
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Table 3.6: Controller state machine used for strategic decisions (part 2).

State P diff >0 P diff <0

MidMin

P fc = 0;
if P diff <= P b max + P e set then
P b = -(P diff + P e m);
P e = -P e set;
P curt = 0;
elseif P diff <= P b max + P e max then
P b = -(P diff + P e m);
P e = -P e max;
P curt = 0;
else //P diff >P b max + P e max
P b = -P b max;
P e = -P e max;
if P prod >= P t max - P b m - P e m then
P curt = P prod - P t max + P b m + P e m;
else
P curt = 0;
end if;
end if;
end if;

P e = -P e set;
P fc = 0;
P curt = 0;
P b = if -P diff - P e m >P b max then P b max else -P diff - P e m;

MidMid

P fc = 0;
if P diff <= P b max + P e set then
P b = -(P diff + P e m);
P e = -P e set;
if P prod >= P t max - P b m - P e m then
P curt = P prod - P t max + P b m + P e m;
else
P curt = 0;
end if;
elseif P diff <= P b max + P e max then
P b = -(P diff + P e m);
P e = -P e max;
if P prod >= P t max - P b m - P e m then
P curt = P prod - P t max + P b m + P e m;
else
P curt = 0;
end if;
else //P diff >P b max + P e max
P b = -P b max;
P e = -P e max;
if P prod >= P t max - P b m - P e m then
P curt = P prod - P t max + P b m + P e m;
else
P curt = 0;
end if;
end if;
end if;

P e = -P e set;
P fc = P fc set;
P curt = 0;
P b = if -(P diff + P e m) >P b max then P b max else -(P diff + P e m);

MidMax

if P diff <= P b max then
P b = -P diff - P e m;
P e = 0;
P fc = 0;
P curt = 0;
else //P diff >P b max
P b = -P b max - P e m;
P e = 0;
P fc = 0;
if P prod >P t max - P b m - P e m then
P curt = P prod - P t max + P b m + P e m;
else
P curt = 0;
end if;
end if;

if -P diff <= P b max and P fc set == 0 then
P b = -P diff - P e m;
P e = 0;
P fc = 0;
P curt = 0;
elseif -P diff >P b max and P fc set == 0 then
P b = P b max - P e m;
P e = 0;
P fc = 0;
P curt = 0;
else // not P fc set == 0
P e = 0;
P curt = 0;
if -P diff <= P b max + P fc max then
P fc = P fc max;
P b = -P diff - P fc m;
else //-P diff >P b max + P fc max
P b = P b max;
P fc = P fc max;
end if;
end if;
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Table 3.7: Controller state machine used for strategic decisions (part 3).

State P diff >0 P diff <0

MaxMin

if P diff <= 0.5*P e max and P diff <P e m then
P b = -(P diff + P e m);
P e = -0.5*P e max;
P fc = 0;
P curt = 0;
elseif P diff <= P e max and P diff <P e m then
P b = -(P diff + P e m);
P e = -P e max;
P fc = 0;
P curt = 0;
else // P diff >P e max
if P diff + P e m <0 then
P b = -(P diff + P e m);
else
P b = 0;
end if;
P e = -P e max;
P fc = 0;
if P prod >P t max - P e m - P b m then
P curt = P prod - P t max + P e m + P b m;
else
P curt = 0;
end if;
end if;

if -P diff <= P b max then
if -P diff + P e m <0 then
P b = -(-P diff + P e m);
else
P b = 0;
end if;
P e = 0;
P fc = 0;
P curt = 0;
else
// -P diff >P b max
P b = P b max;
P e = 0;
P fc = 0;
P curt = 0;
end if;

MaxMid

if P diff <= 0.5*P e max and P diff <P e m then
P b = -(P diff + P e m);
P e = -0.5*P e max;
P fc = 0;
P curt = 0;
elseif P diff <= P e max and P diff <P e m then
P b = -(P diff + P e m);
P e = -P e max;
P fc = 0;
P curt = 0;
else // P diff >P e max
if P diff + P e m <0 then
P b = -(P diff + P e m);
else
P b = 0;
end if;
P e = -P e max;
P fc = 0;
if P prod >P t max -P b m - P e m then
P curt = P prod - P t max +P b m + P e m;
else
P curt = 0;
end if;
end if;

if -P diff <= P b max and P fc set == 0 then
P b = -P diff - P e m;
P e = 0;
P fc = 0;
P curt = 0;
elseif -P diff >P b max and P fc set == 0 then
P b = P b max;
P e = 0;
P fc = 0;
P curt = 0;
else // P fc set != 0
P e = 0;
P curt = 0;
if -P diff <= P b max + 0.5*P fc max then
P fc = 0.5*P fc max;
P b = -P diff - P fc m;
else //-P diff <= P b max + P fc max
P fc = P fc max;
P b = -P diff - P fc m;
end if;
end if;

MaxMax

if P diff + P e m <0 then
P b = -(P diff + P e m);
else
P b = 0;
end if;
P e = 0;
P fc = 0;
if P prod >= P t max - P e m - P b m then
P curt = P prod - P t max + P e m + P b m;
else
P curt = 0;
end if;
end if;

if -P diff <= P b max and P fc set == 0 then
if P diff + P e m <0 then
P b = -(P diff + P e m);
else
P b = 0;
end if;
P e = 0;
P fc = 0;
P curt = 0;
elseif -P diff >P b max and P fc set == 0 then
P b = P b max;
P e = 0;
P fc = 0;
P curt = 0;
else // P fc set != 0
P e = 0;
P curt = 0;
if -P diff <= P b max + 0.5*P fc max then
P fc = 0.5*P fc max;
P b = -(P diff + P fc m);
else //-P diff <= P b max + P fc max
P fc = P fc max;
P b = - (P diff + P fc m);
end if;
end if;
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3.4.5 Operational strategy example case

To better explain how the Scheduler and Controller are supposed to collaborate, two scen-
arios of ideal behaviour will be presented. Note that these figures are illustrations of how the
operational strategy is intended to work, not directs outputs after strategy implementation.

In Figure 3.17, a scenario of overproduction is showcased. To clarify, overproduction in this
case means that the power production exceeds the maximum power that can pass through the
GCP. When there is no storage and operational strategy (far left), underproduction means
that there is no control over how the power is delivered to the grid, and all excess power
during overproduction is curtailed.

When the energy storage has been implemented and the Controller is active, seen in the
middle of Figure 3.17, the power delivered to the grid is aligned with the forecasted power
output. No curtailment occurs until the battery is full. Once the battery is full, curtailment
begins while the electrolyser remains active to reduce the amount of power that is curtailed.

When the Scheduler has also been activated, seen on the far right in Figure 3.17, the strategy
can plan ahead for overproduction. In this case, the planning works by making sure the
electrolyser is activated at hour T0 in order to reduce the SOC ahead of overproduction.
That way, the battery has a greater capacity to absorb the excess energy.

T0 T1T-1 T2

Controller

SOC max
SOC high

SOC low
SOC min

Hours
T0 T1T-1 T2

Controller + Scheduler

Hours

SOC Power to grid
Transformer maximum capacityForecast production

Power production Electolyser in�uence
Curtailed power

T0 T1T-1 T2

No storage

0%

100%

Hours

% of component 
capacity

Figure 3.17: The wanted behaviour of the Controller and Scheduler in an overproduction scenario.

In Figure 3.18, an energy arbitrage scenario is showcased. Since it is only the relationship
between prices that matters for the strategy, the intraday price has been shifted on the y-axis
for increased legibility.

The far right subfigure in Figure 3.18 will now be studied. At hour T-1, the price is the
lowest it will be for the given period while hour T1 has the highest price for the given
period. The Controller and Scheduler reduce the power to grid at T-1 in order to charge the
battery (increasing the SOC). At hour T1, the power to grid is instead increased to discharge
the battery (which is evident, since the SOC significantly reduces in this case). This means
more energy could be sold to the intraday market.

66



Figure 3.18: The wanted behaviour of the Controller and Scheduler in a energy arbitrage scenario.

3.5 Implemented OpenModelica system

The system, complete with the model and operational strategy, can now be implemented in
OpenModelica, as seen in Figure 3.19.
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Figure 3.19: Complete system, including model and operational strategy, implemented in
OpenModelica.
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4 Techno-economic
dimensioning method

The techno-economic dimensioning uses simulation outputs together with key economic
values and a simple optimisation process to determine the best dimensions for the system.
This chapter will present the different parts included in the techno-economic dimensioning
and explain the investment appraisal used to evaluate each scenario of dimensions. The
economic assumptions used in the investment appraisal will also be presented as well as
explanations of the key economic values used.

4.1 Economic overview

The investment appraisal consists in part of key economic values, detailed in the following
section, derived from economic assumptions. This analysis will in part contribute to the
dimensioning of the system, the method for which is detailed in Section 3.1.

4.1.1 Key economic values

Internal Rate of Return

The Internal Rate of Return (IRR) is a financial metric that estimates the profitability of a
potential investment while taking into account the time value of money (Fernando [29]).
This is done by identifying the discount rate that makes the net present value (NPV) of
all cash flows equal zero in a discounted cash flow analysis (analysis of current and future
available cash). The equation for NPV is Equation 4.1 (Fernando [30]).

NPV =
T∑
t=0

Ct

(1 + i)t
− C0 (4.1)

Where:

• T represents the final time period

• t represents the number of time periods

• Ct represents the net cash flow at time t

• i represents the required return or discount rate

• C0 represents the total initial investment cost
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The IRR can be seen as the annual growth rate that an investment is anticipated to generate.
Generally, a higher IRR value is positive for investments. IRR is given by solving Equation
4.2.

NPV =
T∑
t=0

Ct

(1 + IRR)t
− C0 = 0 (4.2)

Where:

• NPV represents the NPV

• T represents the final time period

• t represents the number of time periods

• Ct represents the net cash flow at time t

• i represents the required return or discount rate

• C0 represents the total initial investment cost

It is important to note that there are some limitations to using IRR to compare different
investments. These can be avoided by using several different metrics to determine profit-
ability. The IRR value is only as useful as its estimates are correct. Also, analysing IRR
values can be misleading when comparing projects of different lifetimes, as shorter projects
can obtain a higher IRR value and therefore appear to be better investments. Furthermore, a
mix of positive and negative cash flows can generate multiple IRR values.

Levelised Cost of Energy

LCOE is a metric representing the cost of producing one unit of energy over the lifetime of
a energy generating asset (Schmidt [60]). It is calculated by dividing the NPV of the total
cost of building and operating the asset by the total electricity generation over its lifetime,
see Equation 4.3 (Stehly and Duffy [65]). The metric includes all associated expenses,
such as fuel and maintenance costs as well as financing. By factoring in as many costs
as possible, LCOE becomes a more reliable metric to compare different types of power
generating technologies.

LCOE =
(CAPEX ∗ FCR) +OPEX

AEPnet

1000

(4.3)
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Where:

• CAPEX represents the capital expenditure

• FCR represents the fixed change rate

• OPEX represents the operational expenditure

• AEPnet represents the net average annual energy production [MWh/MW/year]

Capacity factor

Capacity factor denotes the ratio of energy produced by a generating unit for a unit of time
to the energy the unit could have produced at its full operating potential for the same time
period (U.S Energy Information Administration [85]). Therefore, it is more of a techno-
economic metric rather than a purely economic one. The capacity factor can be useful to
analyse how much of an initial investment is utilised during its lifetime. Generally, a higher
capacity factor is better. The capacity factor is given by Equation 4.4.

Capacity factor =
Et

P ∗ t
(4.4)

Where:

• Et represents energy produced during the period t (MWh)

• P represents the unit’s power rating (MW)

• t represents the time period (h)

4.1.2 Economic assumptions

A number of economic assumptions are made for the simulation, both based on the literature
review and other information collected.

Capital expenditures

The CAPEX assumed for the components of the system are given in Table 4.1.
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Table 4.1: Capital expenditures of components.

Component Type Cost Unit Year Source
SPP Installation cost 6936 SEK/kW 2023 Eolus.
Battery Module CAPEX 80 MSEK/(10MW/12MWh) 2023 Confidential.

Electrolyser Installation cost 5073 SEK/kW 2030
Clean Hydrogen
Europe [7].

Hydrogen storage Installation cost 123 SEK/kWh 2030 Abdin et Al. [1].

Fuel cell Installation cost 9132 SEK/kW 2030
Clean Hydrogen
Europe [7].

The CAPEX need to be repeated after each component lifetime. The component lifetimes
are estimated based on their respective capacity factors from the simulation as follows.

• Battery lifetime in years = lifetime in cycles / (energy to battery * battery size per
year)

• Electrolyser lifetime in years = lifetime in hours * capacity factor / hours per year

• Fuel cell lifetime in years = lifetime in hours * capacity factor / hours per year

Maintenance and operational expenditures

The costs for maintenance and OPEX for the components in the system are given in Table
4.2.

Table 4.2: Operational expenditures of components.

Type Amount Unit Year Source

SPP
Service and maintenance 9 SEK/MWh 2023 Eolus.
Replacement of inverters
(1x/15 years) 283 kSEK/MW 2023 Eolus.

BESS
Servicing contract
(1x/5 years) 5581 kSEK/10MW 2023 Confidential.

Electrolyser OPEX 213 SEK/(kg/d)/yr 2030
Clean Hydrogen
Europe [7].

Hydrogen storage Fixed OPEX 40 SEK/kWh 2030 Abdin et al. [1].

Fuel cell OPEX 0.20 SEK/kWh 2030
Clean Hydrogen
Europe [7].
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Revenues and tariffs

The following items are the revenues and tariffs assumed in the economic analysis. Please
note that uncited numbers are market standards disclosed in discussions with relevant parties
and companies.

• Company tax for 2021 is 20,6% (Skatteverket [62]).

• The cost for the land lease is assumed to be 4% of gross revenue per year.

• The grid benefit (compensation for energy supplied to grid) is 3 SEK/MWh.

• The assumed compensation for Guarantees of Origin (compensation for supplying
renewable energy) is 25 SEK/MWh.

• The selling price for hydrogen gas is assumed to be 4,45 EUR/kg or 1344 SEK/MWh
(Aurora Energy Research [6]).

• The volume fee for production by the TSO (Svenska kraftnät) is 1,2 EUR/MWh
(Svenska Kraftnät [71]).

• The fee for imbalance volume by Svenska kraftnät is 1,15 EUR/MWh (Svenska Kraftnät
[71]).

• The Nord Pool fee is 0,046 EUR/MWh (shared by Eolus).

Another assumption made relates to how imbalance costs are dealt with in the investment
appraisal. Normally, wind power producers enter a contract with a BRP, who takes on the
imbalance risk, in exchange for a fee depending on the amount of imbalance caused by the
producer (Eickhoff [10]). In this thesis, the algorithm will be able to minimise the effects of
forecast errors, and therefore, an assumption made is that a different type of agreement could
be entered with the BRP where all imbalance costs are dealt with by the power producer.
This is not an uncommon type of agreement among plannable power producers.

Operational parameters

Other assumptions are made impacting the function of the simulation.

One major assumption is that the day-ahead prices are used in the simulation, but that these
are assumed to be intraday prices. This impacts the simulation because it allows for de-
cisions to be made one hour before an event, which is not possible in the case of day-ahead
prices.

This assumption is made based on trends in markets similar to the position Sweden may
be in in the future with continued expansion of VRES. Intraday markets are attractive to
VRES because they offer much-needed flexibility by allowing trade closer to the point of
purchase than the day-ahead market (EPEX Spot [19]). A well-functioning intraday market
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can lower costs associated with VRES by reducing their need to use balancing strategies or
pay expensive imbalance costs (Hu et al. [38]).

One market with a higher share of intraday trading is the German/Luxembourg market. Fig-
ures 4.1 and 4.2 are based on data from EPEX ([17], [18], [20]) and demonstrate this ratio.
The Nordic market includes Sweden, Denmark, Finland, and Norway. The German power
market has a high share of VRES compared to Sweden. This, along with the knowledge that
an increase in VRES leads to a more prominent intraday market, is the foundation for the as-
sumption that in the future, the volume of bids on the intraday market should be comparable
to that of the present-day day-ahead market.

Figure 4.1: Trading volumes for the German/Luxembourg intraday and day-ahead markets
2020-2022.

Figure 4.2: Trading volumes for the Nordic intraday and day-ahead markets 2020-2022.
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A forecast error is to be introduced in order to make the simulation more realistic. David
Eickhoff, Originator at Axpo Nordic, informed in an interview that the average onshore
wind forecast error is 20-30% (Eickhoff [10]). For this reason, a forecast error of 25% is
introduced, corresponding to a delay of 15 minutes per hour. To clarify, this means that the
production is shifted by 15 minutes in each instance compared to the forecast. Alas, the
forecast error is only a shift of production in time and not a shift in production volume.

An assumption relating to hydrogen is that the demand will be high in the future. As detailed
in Section 2.1.4, policies set by both Europe and the USA push for an increased integration
of hydrogen in the energy system. For this reason, the hydrogen storage tank will be un-
loaded regularly in the simulation.

To determine the right amount of hydrogen gas to be exported from the site, the maximum
capacity factor for the electrolyser will be extracted from the simulation. This is done by
running the simulation with a very large hydrogen storage and low electrolyser power so that
the electrolyser gets utilised the maximum amount. An estimate of how much hydrogen gas
a given electrolyser size will produce can then be calculated, by multiplying the maximum
capacity factor by hours in a year and the electrolyser power rating. This estimated hydrogen
production is then distributed over a year to acquire the average export over a day.

The rate of export is chosen to have three modes, one when SOH is above 55% with a high
export rate, one when SOH is below 45% with a low export rate, and one when the hydrogen
storage is empty to stop the export of hydrogen gas. The high and low export rates are set to
be 17% above and below the estimated daily export rate, respectively.

To demonstrate how this works, a short example will be explained excluding efficiencies.
For a 60 MW electrolyser with a maximum capacity factor of 0.5, the estimated annual
production would be 262 800 MWh each year. This would mean that there would be an
export 720 MWh each day, corresponding to 30 MWh each hour. The high export rate would
be 35 MWh/h and the low export rate would be 25 MWh/h. If a compressed hydrogen truck
with a capacity of 1.1 tonnes at 500 bar is used, this would equate to an export of 20 trucks
per day.

Template constants

The inflation is set to 2% as is typically the case for investment calculations.

The exchange rates for USD and EUR to SEK are based on the annual average of 2021, see
Table 4.3.

Table 4.3: Average exchange rates for 2021 (USD, EUR, SEK).

Factor Source
USD-EUR 1,1827 European Central Bank [23].
EUR-SEK 10,1465 European Central Bank [22].
USD-SEK 10,1465/1,1827 = 8,5791 See calculation.
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4.2 Investment appraisal

4.2.1 System level

A simple diagram of the system energy and cash flows can be seen in Figure 4.3. The
calculations made to determine the cash flow of the system for each year of the economic
lifetime are given by Tables 4.4 and 4.5. To clarify, the system level denotes the components:
BESS, H2ESS, FC, and SPP. Please note that for the economic calculations, the revenues,
costs and OPEX associated with the WPP is not included. This is because the aim of this
report is to determine the economic and technical viability of the system that is added to an
existing power plant.
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Figure 4.3: The system energy and cash flows.

Table 4.4: System revenues and costs.

Revenue / Cost Description Formula Notes
Revenue of
intraday sales

All revenues from
electricity sales to grid.

Delivered electricity *
intraday price Given by simulation.

Revenue of
hydrogen gas sales

Revenues of sold
hydrogen gas.

Delivered hydrogen *
hydrogen price

Revenue of
grid benefit

Compensation for energy
supplied to the grid.

Delivered electricity *
grid benefit

Revenue of balancing
cost reduction

Cost reduction by battery for
reducing forecasting error.

Forecast error reduction *
imbalance fee

Reduction of forecast error =
standalone WPP forecast error -
system forecast error.

Revenue of
guarantees of origin

Contractual revenue from
supplying renewable energy.

Delivered electricity *
guarantees of origin

Cost of sales incl.
balancing resp. TSO and Nord Pool fee.

- Delivered electricity * cost
of sales incl. balancing resp.

Cost of imbalance TSO imbalance volume fee.
- Forecast error *
imbalance fee

Forecast error = sum of all
production deviation from forecast.

Investment calculations are also made on component-level to determine economic values of
the different components. These are given in the following subsections.
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Table 4.5: System operational expenditures.

Operational expenditures Description Formula Notes
Service and maintenance
of SPP

Continuous costs associated
with operation.

Solar energy produced *
service and maintenance cost

Replacement of SPP
inverters (1x/15 years)

Cost of replacing SPP
inverters.

SPP capacity *
inverter replacement cost

OPEX of electrolyser
Operational expenditure
of electrolyser.

Electrolyser capacity *
OPEX cost

Stack replacement
is included.

OPEX of fuel cell
Operational expenditure
of fuel cell.

Fuel cell capacity *
OPEX cost

Stack replacement
is included.

Annual battery
OPEX

Cost for cooling and
heating battery.

Power to cool and heat battery *
avg. annual electricity price

Servicing contract
of battery

Service contract paid
once per 5 years.

Battery capacity *
service contract cost

Fixed OPEX of
hydrogen storage

Fixed operational expenditure
of hydrogen storage.

Hydrogen storage capacity *
fixed OPEX

Variable OPEX of
hydrogen storage

Cost of energy consumption
and cooling of compressor.

Produced hydrogen *
hydrogen storage energy
consumption per kg *
average electricity price

Land lease
Cost of leasing land
for system.

Land lease factor *
gross revenues

Please note that some revenues on one component are costs for another. This is because
there is an internal energy flow, and therefore cash flow, that needs to be accounted for in
the system. Some costs and revenues are internally discounted to appropriately assign them
to the right component. For example, the value of hydrogen gas delivered to the fuel cell is
a cost for the fuel cell, as it “buys” hydrogen from the hydrogen storage system, while this
is a revenue for the hydrogen storage system as it “sells” hydrogen to the fuel cell.

4.2.2 Solar power plant level without energy storage

The following is a base case that can be used to compare the system with hydrogen storage
with. It consists of a separate simulation with just wind and solar power, with the same
dimensions as for the case with the energy storage, but without any energy storage whatso-
ever. Costs and revenues for this stand-alone system can be seen in Table 4.6, while Table
4.7 lists the OPEX.

Table 4.6: Costs and revenues for base case with only a solar power plant.

Revenue / Cost Description Formula Notes
Revenue of
intraday sales

All revenues from SPP
electricity sales to grid.

Delivered electricity *
intraday price Given by simulation.

Revenue of
grid benefit

Compensation for energy
supplied to the grid.

Delivered electricity *
grid benefit

Revenue of
guarantees of origin

Contractual revenue from
supplying renewable energy.

Delivered electricity *
guarantees of origin

Cost of sales incl.
balancing resp. TSO and Nord Pool fee.

- Delivered electricity * cost
of sales incl. balancing resp.

Cost of imbalance TSO imbalance volume fee.
- Forecast error *
imbalance fee

Forecast error = sum of all
production deviation from forecast.
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Table 4.7: Operational expenditures for base case with only a solar power plant.

Operational expenditures Description Formula Notes
Service and maintenance
of SPP

Continuous costs associated
with operation.

Solar energy produced *
service and maintenance cost

Replacement of SPP
inverters (1x/15 years)

Cost of replacing SPP
inverters.

SPP capacity *
inverter replacement cost

Land lease
Cost of leasing land
for system.

Land lease factor *
gross revenues

4.2.3 Solar power plant level with energy storage

Figure 4.4 shows a simple diagram of the SPP energy and cash flows. The costs and revenues
for the SPP component of the system are given in Table 4.8. Please note that the OPEX
associated with the SPP component consists of the same costs as the system with just wind
and solar power without energy storage, see Table 4.7.

SPPDC

DC
Energy flow

Cash flow

Figure 4.4: The SPP energy and cash flows.

Table 4.8: Costs and revenues solar power plant in system.

Revenue / Cost Description Formula Notes
Revenue of
intraday sales

All revenues from SPP
electricity sales to grid.

Delivered electricity *
intraday price Given by simulation.

Revenue of
grid benefit

Compensation for energy
supplied to the grid.

Delivered electricity *
grid benefit

Revenue of
guarantees of origin

Contractual revenue from
supplying renewable energy.

Delivered electricity *
guarantees of origin

Internal revenue
from battery

Revenue from battery
”buying” electricity from SPP

Electricity to battery from
SPP * electricity price Given by simulation.

Internal revenue
from electrolyser

Revenue from electrolyser
”buying” electricity from SPP

Electricity to electrolyser from
SPP * electricity price Given by simulation.

Cost of sales incl.
balancing resp. TSO and Nord Pool fee.

- Delivered electricity * cost
of sales incl. balancing resp.

Cost of imbalance TSO imbalance volume fee.
- Forecast error *
imbalance fee

Forecast error = sum of all
production deviation from forecast.
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4.2.4 Battery level

A simple diagram of the BESS energy and cash flows can be seen in Figure 4.5. The costs
and revenues for the BESS component of the system are given in Table 4.9. OPEX for this
component are given in Table 4.10.
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Figure 4.5: The BESS energy and cash flows.

Table 4.9: Costs and revenues for battery in system.

Revenue / Cost Description Formula Notes
Revenue of sold electricity
by battery

All revenues from battery
electricity sales to grid.

Delivered electricity *
intraday price Given by simulation.

Revenue of
grid benefit

Compensation for energy
supplied to the grid.

Delivered electricity *
grid benefit

Revenue of
guarantees of origin

Contractual revenue from
supplying renewable energy.

Delivered electricity *
guarantees of origin

Revenue of balancing
cost reduction

Cost reduction by battery for
reducing forecasting error.

Forecast error reduction *
imbalance fee

Reduction of forecast error =
standalone WPP forecast error -
system forecast error.

Cost of sales incl.
balancing resp. TSO and Nord Pool fee.

- Delivered electricity * cost
of sales incl. balancing resp.

Cost of bought electricity
by battery

Cost from battery
”buying” electricity from SPP

- Electricity to battery from
SPP * electricity price Given by simulation.

Table 4.10: Operational expenditures for battery in system.

Operational expenditures Description Formula Notes
Annual battery
OPEX

Cost for cooling and
heating battery.

Power to cool and heat battery *
avg. annual electricity price

Servicing contract
of battery

Service contract paid
once per 5 years.

Battery capacity *
service contract cost

Land lease
Cost of leasing land
for system.

Land lease factor *
gross revenues
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4.2.5 Electrolyser and hydrogen storage level

The electrolyser and hydrogen storage are evaluated collectively as the H2ESS component
in the system, a simple diagram for which can be seen in Figure 4.6. The costs and revenues
for the H2ESS are given in Table 4.11, while the OPEX for the component is given in Table
4.12.
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Figure 4.6: The H2ESS energy and cash flows.

Table 4.11: Costs and revenues for electrolyser and hydrogen storage in system.

Revenue / Cost Description Formula Notes
Revenue of
hydrogen gas sales

Revenues of sold
hydrogen gas.

Delivered hydrogen *
hydrogen price Given by simulation.

Revenue of hydrogen
gas to fuel cell

Revenue from fuel cell
”buying” hydrogen gas from
storage

Hydrogen delivered to fuel
cell * hydrogen price Given by simulation.

Cost of bought electricity
by electrolyser

Cost from electrolyser
”buying” electricity from SPP

- Electricity to electrolyser
from SPP * electricity price Given by simulation.

Table 4.12: Operational expenditures for electrolyser and hydrogen storage in system.

Operational expenditures Description Formula Notes

OPEX of electrolyser
Operational expenditure
of electrolyser.

Electrolyser capacity *
OPEX cost

Stack replacement
is included.

Fixed OPEX of
hydrogen storage

Fixed operational expenditure
of hydrogen storage.

Hydrogen storage capacity *
fixed OPEX

Variable OPEX of
hydrogen storage

Cost of energy consumption
and cooling of compressor.

Hydrogen storage capacity *
variable OPEX

Land lease
Cost of leasing land
for system.

Land lease factor *
gross revenues

80



4.2.6 Fuel cell level

A simple diagram of the FC energy and cash flows can be seen in Figure 4.7. Tables 4.13
and 4.14 give the costs and revenues as well as OPEX for the FC in the system.
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Figure 4.7: The fuel cell energy and cash flows.

Table 4.13: Costs and revenues for fuel cell in system.

Revenue / Cost Description Formula Notes
Revenue of sold electricity
from fuel cell

Revenues of electricity
delivered by fuel cell

Delivered electricity by fuel
cell * intraday price Given by simulation.

Revenue of
grid benefit

Compensation for energy
supplied to the grid.

Delivered electricity *
grid benefit

Revenue of
guarantees of origin

Contractual revenue from
supplying renewable energy.

Delivered electricity *
guarantees of origin

Cost of hydrogen
gas to fuel cell

Cost from fuel cell
”buying” hydrogen gas from
storage

- Hydrogen delivered to fuel
cell * hydrogen price Given by simulation.

Table 4.14: Operational expenditures for fuel cell in system.

Operational expenditures Description Formula Notes

OPEX of fuel cell
Operational expenditure
of fuel cell.

Fuel cell capacity *
OPEX cost

Stack replacement
is included.

Land lease
Cost of leasing land
for system.

Land lease factor *
gross revenues
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4.3 Optimising energy storage

4.3.1 System evaluation

In order to evaluate the system created, a number of parameters are considered. The follow-
ing technical numbers are extracted from the simulation.

• Total power delivered to grid excluding wind power production [MWh]

• Electricity from the battery [MWh]

• Electricity to the battery [MWh]

• Electricity delivered to the grid by the fuel cell [MWh]

• Solar power exceeding transformer capacity [MWh]

• Solar power not exceeding transformer capacity [MWh]

• Hydrogen gas delivered to fuel cell [MWh]

• Energy sold by hydrogen storage (hydrogen gas exported) [MWh]

• Electricity to the electrolyser [MWh]

The economic numbers extracted are as follows. Please note that ”bought” and ”sold” does
not only refer to exchanges with the grid, but also to the internal discounting between com-
ponents.

• Total intraday revenues [103 SEK]

• Cost of electricity bought by battery [103 SEK]

• Revenue of sold electricity by battery [103 SEK]

• Cost of electricity bought by electrolyser [103 SEK]

• Revenue of sold hydrogen gas [103 SEK]

• Value of hydrogen gas used by fuel cell [103 SEK]

• Revenue of sold electricity from fuel cell [103 SEK]

• Revenue of sold solar electricity [103 SEK]

The total energy flows are calculated inside the simulation by integrating the power over
the year. The total total cash flows are calculated by multiplying the energy flows in each
instance by the instantaneous intraday price, and integrating this over the year. The differ-
ent energy and cash flows by components are calculated by doing this for different power
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sources. The energy storage systems only ”pays” for the electricity when the site is under-
producing in relation to the GCP. This is because the SPP cannot deliver power that exceeds
the maximum GCP capacity, so that energy would have been curtailed had it not been for the
ESS. This ”free electricity” which is supplied to the ESS is included by setting the intraday
price to zero when the site is overproducing in relation to the GCP.

In order to optimise the system, the energy storage will be dimensioned to make the project
as economically and technically feasible as possible. The economic dimensioning will be
done by comparing the IRR and LCOE of the different dimensioning attempts to each other.

To evaluate the technical features of the project, controllability and curtailment will be stud-
ied. The definition of controllability in this scenario is the system’s ability to deliver a
near-constant power output within the hour. This is evaluated using an average forecasting
error parameter. This parameter sums the forecasting error (absolute value of the deviations
from the forecast power output for each hour) and divides it by the number of hours in a year.
The larger this number is, the higher the average forecast error. The curtailment should also
not become too high, as this would indicate that the energy storage is not succeeding in
moving the energy sufficiently in time. Of course, the system’s ability to not deliver more
power than the maximum capacity of the GCP will also be ensured.

Both with regards to economical and technical feasibility, the system will be compared to a
system with wind power and solar power without energy storage.

4.3.2 Simple optimisation process

To optimise the economics of the system, the energy storage is dimensioned to maximise
the IRR and minimise the LCOE without compromising the technical features of the system.
This is done in an iterative process consisting of several steps.

1. The production is based on initial data analysis, and is kept at a set level from the
start. The starting point for the energy storage components are set so that the opera-
tional strategy functions as intended at maximum power production, prior to reducing
component sizes.

2. The battery and electrolyser powers (MW) are minimised first, as they have significant
costs associated with them. Please note that the battery storage size (MWh) is always
altered according to the battery power (MW), as the BESS is modular.

3. Then, the hydrogen storage size (MWh) is altered. This is associated with a lower
cost to the system than the electrolyser power. However, it needs to be reduced both
to enable controllability of the system and to reduce its cost.

4. The fuel cell does not play a significant role for the controllability of the system.
Therefore, it is the last one to be altered.

5. The process is repeated until a stable system with the best possible IRR, lowest pos-
sible LCOE, and acceptable technical functionality has been established.
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5 Results

This chapter will present the results of the simulation and techno-economic dimensioning.
As part of the simulation results, the initial data analysis, pre-set component dimensions,
operational strategy, and model performance will be reviewed. In the results of the techno-
economic analysis, the outputs of the simple optimisation process as well as the dimensions
and results of the optimsed model will be offered.

5.1 Simulation results

5.1.1 Initial data analysis and dimensioned components

Wind and solar power correlation is shown for a sample period in Figure 5.1. This correl-
ation is about -20.9%. The negative correlation signifies that increased wind power relates
to decreased solar power and vice versa. Because of this correlation, it can be deduced that
adding a SPP to this existing WPP could be a wise choice, as it would help keep a more
regular power output through the transformer.

Figure 5.1: Wind and solar power production for a sample time period.

A natural consequence of adding more production capacity without altering the transformer
is that there is an increase in curtailment. The curtailment percentages for different ratios
of wind to solar power are given in Table 5.1. The ratio of 1:1 signifies the wind:solar ratio
being 130:130 MW. The GCP capacity factor for the different ratios are also presented. To
compare, the GCP capacity factor of the system with only the Bäckhammar WPP was 31.2%
for 2021.
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Table 5.1: Curtailment and GCP capacity factors for different wind-solar ratios.

Ratio of wind power:solar power Solar curtailment (%) GCP capacity factor (%)
1:1 7.4% 44.3%
1:1.5 21.8% 48.6%
1:2 36.4% 51.3%

Duration curves have been generated to show how often a given amount of power is being
produced by the wind and solar units during 2021 and 2022, see Figure 5.3a. The maximum
capacity of the GCP is also shown, all power above this capacity would normally be cur-
tailed. It is evident that as the solar production increases its ratio, the amount of curtailment
increases, as seen in Table 5.1. This is the amount of energy that could potentially be stored
by the energy storage system.

To allow an ESS, with an emphasis on bulk energy storage, to actually be used, there needs to
be sufficient excess power produced. Therefore, the ratio of wind to solar power production
that is chosen is 1:2 (130:260 MW).

However, as mentioned in Section 3.1, it is commonplace to oversize the solar power output
in relation to its inverters in order to increase the amount of full load hours. Since the output
will be oversized by 30%, the total DC-capacity of the SPP will become 260 * 1.3 = 338
MW, while the capacity of the inverters remain 260 MW. The annual production profile for
such a SPP can be seen in Figure 5.2. The duration curves after implementing the oversized
SPP can be seen in Figure 5.3b.
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Figure 5.2: Annual production pattern of a SPP which has been overdimensioned by 30%
compared to its converters, and capped at 260 MW.
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(a) Duration curves without oversizing the SPP.

(b) Duration curves after oversizing the SPP by 30% and capping production at 260
MW.

Figure 5.3: Duration curves for different ratios of wind and solar power, with and without
oversizing and capping.
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The annual production profile for the Bäckhammar WPP in 2021 can be seen in Figure 5.4.
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Figure 5.4: Annual production pattern of the Bäckhammar WPP.

The result of combining the SPP and WPP production for the year can be seen in Figure 5.5.
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Figure 5.5: Annual production pattern of the combined Bäckhammar WPP and SPP.

A graph showing wind power production and spot price is created to show the impact of the
cannibalisation effect of wind power, see Figure 5.6. The cannibalisation effect is a term
used to describe how increased wind power penetration results in lower electricity prices,
therefore making wind power less profitable at times of high production (Prol et al. [58]). By
observing the graph, it is clear that effects of cannibalisation are prevalent in this scenario.

This effect is one reason why utilising energy storage could make a lot of sense for wind
power. Since wind power production often negatively correlates with the spot price, moving
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Figure 5.6: Relationship between spot price and wind power production at the Bäckhammar site.

the power distribution through time or producing hydrogen to sell instead is an efficient way
to increase profitability.

5.1.2 Operational strategy

A three-day period of the simulated year is chosen to present the results of the system’s
operational strategy. Various values will be presented to explain the behaviour of the model,
Scheduler and Controller. The following figures show that the operational strategy presented
satisfies the conditions outlined in Section 2.9.

The features of the Scheduler and Controller will be presented using specific events in the
figures. The power to grid, forecast production, actual production and curtailed solar power
are all normalised in relation to the GCP’s maximum capacity of 130 MW. The power to
electrolyser and fuel cell are normalised to their respective maximum capacities. The state
of the battery (expressed as SOC) and hydrogen storage (expressed as SOH) are also nor-
malised, i.e 0 signifies an empty storage while 1 signifies a full storage. The intraday price
and Bollinger bands are normalised to the highest occuring price of the year. A graph with
all values included can be viewed in Appendix C.

Figure 5.7 shows power to grid, forecast power production, real power production, and
curtailed power. Events A, B and C are examples of the Controller protecting the GCP
during times of overproduction. Despite the power production exceeding the GCP maximum
capacity, the power to grid does not exceed the maximum limit. The Figure also shows that
the power to grid is kept constant during all hours of the three-day period.
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Figure 5.7: Simulation plot of power to grid, forecast production, real production, and curtailed
solar power.

Figure 5.8 shows power to grid, SOC, and forecast power production. The events D and
E show the feature of energy arbitrage. During event D, the power to grid surpasses the
forecast power production while the SOC is lowered significantly. In event E, the opposite
effect takes place. The SOC increases while the power to grid is lower than the forecast
power production. However, these two events on their own do not signify that energy arbit-
rage is achieved, so more information is needed.

The Scheduler often prepares for overproduction, one clear example of this is event F. The
Scheduler has signalled to the Controller that the battery should be discharged. In this case,
the electrolyser is used to discharge the battery. This is evident since the power to grid and
forecast power remain the same while the SOC decreases.

By discharging the battery ahead of overproduction, the system is capable of absorbing as
much excess power as possible. This worked well at event D, but at event G, overproduction
is particularly high. This results in the battery becoming fully charged. Now that the battery
is full, it cannot absorb any more energy. Therefore, the Controller stops charging the battery
and begins curtailing energy. This curtailment can be seen during event C in Figure 5.7. Note
that event C encompasses event G.

90



D F GE

13 28 42 56 70 84

Time (h)

Power_to_grid SOC Forecast_power_production

Figure 5.8: Simulation plot of power to grid, forecast production, and battery state of charge.

In Figure 5.9 the power to grid, forecast power production and intraday price are shown be
seen. The events H and I correspond directly to events D and E in Figure 5.8. By comparing
these events to eachother, the Scheduler’s ability to set the HESS to discharge at high prices
and charge at low prices can be confirmed. At event H, the intraday price is seen to be at a
local high and at event D, it can be observed that power is sold as the battery is discharging.
At event I, the intraday price is at a local low, which corresponds to the battery charging at
event E.

Power_to_grid Intraday_price Forecast_power_production

H I

13 28 42 56 70 84

Time (h)

Figure 5.9: Simulation plot of power to grid, forecast production, and intraday price.

The power to grid, forecast power production, SOH, and electrolyser power are showcased
in Figure 5.10. At event J, another example of preparation for overproduction can be seen.
The electrolyser is activated prior to overproduction in order to lower SOC, giving the bat-
tery room to absorb energy during overproduction. This lowered SOC can be seen when
inspecting Figure 5.8 at the same time period as event J.
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Figure 5.10: Simulation plot of power to grid, forecast production, state of hydrogen storage, and
electrolyser power.

Event K constitutes as an example of when the intraday price is lower than the acceptable
price to produce hydrogen. During event K, the power being produced exceeds the elec-
trolyser’s maximum capacity. This means that the electrolyser can be fully active to pro-
duce hydrogen, lowering the power to grid by a constant amount compared to the forecast
power. When the next hour’s forecast power production no longer exceeds the electrolyser’s
maximum power output, the electrolyser lowers its output so it only absorbs the amount
necessary.

Event L occurs at the same time as events F and G, and it presents the attempt to prepare for
overproduction using the electrolyser. The preparation by the Scheduler was not sufficient
in this case, so the battery SOC is increasing. Instead of curtailing all excess power, the
electrolyser stays active to recover as much energy as possible.

5.1.3 Model performance

The simulation of the model has overall been successful. Despite the model being quite
complex, all necessary components could be implemented and could interact with each other
without presenting with issues. Also, the two-part operational strategy could successfully
be implemented, and could work well together despite having many moving parts.

As the component sizes decreased, the simulation became more prone to crashing. This
made it difficult to further decrease the size of components, especially the battery. The res-
ults of the operational strategy are unaffected by this. The only results affected by crashing
are the chosen dimensions, as not all combinations could be evaluated.
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5.2 Techno-economic dimensioning results

5.2.1 Simple optimisation process

The results of the economic dimensioning will be presented in this section. Section 4.3.2
outlines the process followed for the economic dimensioning. As previously explained, the
initial component dimensions are generous in order to ensure the system works as intended
(i.e. the operational strategy is successful) prior to reducing their sizes.

The economic results of the original dimensions are called 1A, as a reference to it being
part of the first step of the process outlined in Section 4.3.2. The naming of the other
dimensioning attempts will be done in the same way, with a number denoting which step it
is part of and a letter to denote which attempt it is. Please note that dimensions that caused
the simulation to crash are not presented in this section, so plenty more attempts were carried
out besides those listed in the tables.

Trend lines are used in Figures 5.11 and 5.12 to clarify how parameters are altered between
attempts. The red colour is associated with a negative trend (reduction between the first
and final number), the yellow colour means a parameter has been unchanged, and the green
colour means that there is a positive trend (increase between the first and final number). The
colours do not indicate a good or bad result, only a change in the size of a number between
attempts.

The factors being considered when deciding in what way parameters should change for the
following dimensioning attempt are IRR, average forecast error and energy curtailed. Please
note that both pre- and post-tax IRR are presented. This is because attempts that have more
years with a positive cash flow are more heavily taxed than those with fewer years with a
positive cash flow.

Throughout all attempts, the FC capacity factor always ended up being 0. Therefore, this
component was eliminated for all attempts as it always negatively impacted the IRR of the
system.

In the first step, the battery and electrolyser powers are decreased, see Figure 5.11. First, the
electrolyser power was decreased, see attempt 2A. The system remained stable but the IRR
became very low. Then, the battery power was decreased, see attempt 2B. This is the lowest
battery power possible with the other dimensions being used. This generated a better IRR
than attempt 2A, and will therefore be the starting point for step 3. Note that despite having
a lower IRR than attempt 1A, this attempt is chosen as the next starting point since the goal
for step 2 is merely to minimise the electrolyser and battery powers as much as possible.
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Step 2 1A 2A 2B Trend line
Battery power (MW) 110 110 90
Battery storage (MWh) 132 132 108
Electrolyser power (MW) 110 60 60
Hydrogen storage (MWh) 7000 7000 7000
Battery capacity factor (%) 11.59% 9.34% 10.71%
Electrolyser capacity factor (%) 52.89% 55.38% 55.33%
SPP capacity factor (%) 13.60% 13.05% 12.99%
GCP capacity factor (%) 26.45% 32.05% 31.99%
Average hourly forecast error (MWh/h) 0.24 0.31 0.33
Solar curtailment (%) 0.46% 4.48% 4.93%
LCOE (SEK/MWh) 1070 1164 1141
Pre-tax IRR (%) 3.37% 0.86% 1.53%
Post-tax IRR (%) 2.38% 0.13% 0.81%

Figure 5.11: Dimensions and outputs from step 2 of dimensioning.

Then, attempts were made to decrease the size of the hydrogen storage, see Figure 5.12.
Attempts 3A, 3B, and 3C show that decreasing the hydrogen storage has a positive effect
on the investment IRR. However, attempt 3D decreased the hydrogen storage too much,
resulting in a lower IRR than in attempt 3C. In attempt 3D, the curtailment also increased
while the electrolyser capacity factor decreased, making it clear that the electrolyser had
less room for action. Therefore, a hydrogen storage of 500 MWh is chosen.

Step 3 2B 3A 3B 3C 3D Trend line
Battery power (MW) 90 90 90 90 90
Battery storage (MWh) 108 108 108 108 108
Electrolyser power (MW) 60 60 60 60 60
Hydrogen storage (MWh) 7000 2000 1000 500 200
Battery capacity factor (%) 10.71% 10.73% 10.78% 10.96% 11.59%
Electrolyser capacity factor (%) 55.33% 55.24% 54.79% 53.53% 47.41%
SPP capacity factor (%) 12.99% 12.99% 12.99% 12.99% 12.95%
GCP capacity factor (%) 31.99% 32.03% 32.23% 32.81% 35.53%
Average hourly forecast error (MWh/h) 0.327 0.328 0.328 0.331 0.331
Solar curtailment (%) 4.93% 4.93% 4.93% 4.93% 5.25%
LCOE (SEK/MWh) 1141 594 486 433 406
Pre-tax IRR (%) 1.53% 12.42% 14.89% 15.89% 15.54%
Post-tax IRR (%) 0.81% 10.17% 12.23% 13.04% 12.74%

Figure 5.12: Dimensions and outputs from step 3 of dimensioning.
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5.2.2 Dimensions and results of optimised model

The final dimensions chosen after optimisation can be observed in Figure 5.12 as attempt
3C. These dimensions generate the best IRR out of all evaluated dimensions, with a 15,9%
pre-tax IRR and a 13,0% post-tax IRR. Besides this, the dimensions result in the model
having a low average forecast error and low percentage of energy curtailed. In the following
section, other metrics of interest such as individual IRR and LCOE for components will be
presented. The results given by the optimised model will be compared to the results of a
model without energy storage curtailing all excess power.

The system and individual component energy flows, cash flows, IRR, LCOE, and capacity
factors can be seen in Figure 5.13. The energy and cash flows are summations of all yearly
contributions to costs and revenues presented in Section 4.2.1. The system refers to the
combined appraisal of adding the BESS, H2ESS and SPP while excluding the existing WPP
from energy and cash flows.

Optimised model 
results 

Direction Energy flow 
(MWh/year)

Cash flow 
(kSEK/year)

Pre-tax 
IRR (%)

Post-tax 
IRR (%)

LCOE 
(SEK/MWh)

Capacity factor 
(%)

Initial invesmtment 
(kSEK)

in - 410 601
out 177 239 63 384
in 280 967 184 264
out 209 427 44 524
in 45 372 14 003
out 36 813 7 708
in - 180 739
out 295 480 9 889

SPP 15.95% 617

13.04%

33.08%

System

H2ESS

433

286

BESS

15.89%

40.33%

- -

13.41%

1371

1 170 00012.99%

2 247 259

365 674

711 585

32.81%

53.53%

10.96%

Figure 5.13: Key values for system and components of the chosen model.

Please note that energy and cash flows in and out do not strictly relate to the grid. As
aforementioned, an internal discounting is performed on component-level in order to appro-
priately place costs and revenues. For example, the BESS has an energy flow in from the
SPP, and an energy flow out both to the H2ESS and GCP. This means that its cash flow in
consists of revenues both from the H2ESS ”buying” power from it, but also from electricity
sales to the grid. Its cash flow out only consists of the cost of electricity it pays to the SPP.

In the figure, it is apparent that the system never imports energy from the grid. The LCOE of
the system is 433 SEK/MWh. To put this into perspective, the LCOE of onshore wind in the
EU in 2018 which was about 670 SEK/MWh, see Section 2.2.2. This number for Sweden in
2021 was in a range between 240 and 260 SEK/MWh (Elmqvist et al. [11]). The capacity
factor of the GCP is 32.8%. The total initial investment amounts to about 2.25 billion SEK.

The H2ESS has the highest pre-tax IRR (40.3%) and lowest LCOE (286 SEK/MWh) of all
components in the system, indicating that it could be a very good investment. The capacity
factor of the electrolyser is 53.5%, indicating that it is active the majority of the time. Figure
5.13 also shows that about 209 GWh of hydrogen gas are exported per year. With the
energy density of hydrogen gas being 33.33 kWh/kg (U.S Department of Energy [82]), this
corresponds to an export of about 6 300 tonnes per year and an average of about 17 tonnes
per day. It is worth noting that the initial investment for the H2ESS is about half of the initial
investment for the BESS.

The BESS is the only component which has a non-applicable IRR since it is never profitable
in the system. It also has a very high LCOE and the lowest capacity factor out of all the
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components in the system. One interesting revenue it brings is the revenue from balancing
cost reduction, at a value of 545 thousand SEK. This is shown in Appendix D. As previously
noted in Section 4.2.4, this value is not calculated in a completely realistic way, as the av-
erage forecast error is estimated as the sum of all energy deviations during the year, divided
by the hours per year (MWh/year). This value for the stand-alone WPP system is then sub-
tracted by this value for the implemented HESS system. The difference is then multiplied
by the imbalance fee to get an indication of how much money could be saved on fees by
reducing the error.

The SPP naturally does not have an energy flow in, but delivers all of its energy to the
remaining system. Its pre-tax IRR of 16% indicates that it is a positive investment. In this
system, the capacity factor of the SPP is lower than the initial data analysis for the system
with wind and solar power without energy storage (13% vs. 13.9%). The LCOE for the
SPP in this system is much lower than the LCOE for most EU countries in 2018, being
617 SEK/MWh as opposed to 1136.8 SEK/MWh, see Section 2.3.2. However, it is slightly
higher than the LCOE for new utility-scale SPPs in Sweden in 2021, which sits between
290 and 520 SEK/MWh (Elmqvist et al. [11]). The initial investment for the SPP makes up
about half of the total initial investment.

The investment appraisal in its entirety is located in Appendix D.

A comparison of the results to the model without energy storage can be seen in Figure 5.14.
As aforementioned, this model consists of a WPP and SPP with the same dimensions as
those in the final model, but without the ESS. The addition of energy storage and operational
strategy presents a 26% higher pre-tax IRR, a 92% reduction in average hourly forecast error,
a 65% higher LCOE, and a 36% lower GCP capacity factor. The capacity factor for the SPP
is understandably lower for the system without the energy storage since it has a significant
curtailment of 28%, compared to the 5% after implementing the ESS.

Comparison to no storage No storage Final model Percentage change
Initial investment (kSEK) 1 170 000 2 247 259 92%
Pre-tax IRR (%) 12.64% 15.89% 26%
Post-tax IRR (%) 10.64% 13.04% 23%
LCOE (SEK/MWh) 262 433 65%
GCP capacity factor (%) 51.63% 32.81% -36%
SPP capacity factor (%) 9.89% 12.99% 31%
Average hourly forecast error (MWh/h) 4.27 0.33 -92%
Solar curtailment (%) 27.62% 4.93% -82%

Figure 5.14: Comparison of key values between model with no storage and the chosen model.
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6 Discussion

The following chapter constitutes a discussion based on the results previously presented.
Among other things, operational strategy, model performance, investment appraisal, implic-
ations for future investments, and further research suggestions will be examined.

6.1 Initial data analysis

The initial data analysis shows that by adding a solar capacity of 130 MW to the system,
only 7.4 % of the total solar production would be curtailed. This is fairly low, and therefore
indicates that the wind and solar production profiles are quite well-adapted to each other in
this location.

To have a useful energy storage solution for bulk storage, a ratio of wind to solar power of
1:2 (130:260 MW) was chosen. A ratio of 1:1.5 could also have been chosen if the goal was
to curtail as little as possible or to achieve even smaller component sizes. By oversizing and
capping the solar power, more energy can also be stored, since this allows for more full load
hours to occur during the year.

Because of the cannibalisation effect, a lot of money can be made off of wind power. By
producing hydrogen at times of low electricity price, when wind production is high, the
profit margin of hydrogen gas becomes higher than when it is produced at times with high
electricity price. Because this is so profitable, energy storages could work to counteract the
cannibalisation effect in the long run.

6.2 Operational strategy

In the simulation, it could be observed that the Controller switches states appropriately and
at the right time. It is also robust, in the sense that it can continue to operate as intended
despite switching cases often. One room for improvement in the Controller relates to market
behaviour. In real life, forecast errors are not accounted for instantaneously, but rather as
an average for one hour. For this reason, it is a bit excessive to require that the Controller
keeps the power output constant during the hour. Keeping the power constant requires that
the battery operates even at times where the errors would have ended up cancelling each
other out at the end of the hour.

One approach that could reduce the unnecessary work the battery carries out, and the losses
this entails, is to calculate the expected delivered energy for the next hour and adjust the
battery accordingly so that at the end of the hour, the correct amount of energy has been
delivered. This solution is better adapted to how the market is designed today, but the
solution presented in this thesis may be better adapted for future markets. If the system is
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able to keep the power output constant during the hour, this also suggests that it will be
more than capable to operate on the intraday markets with shorter time spans that are under
development (such as 15- and 30-minute intraday markets).

The results demonstrate that the operational strategy makes the correct decisions at the right
times and that most bugs seem to have been eliminated. The Scheduler exhibits the correct
behavior as it correctly prepares the battery for future hours of overproduction, recharges
the energy storage at low prices, and discharges it at high prices.

One aspect that was not investigated extensively in this thesis is whether the chosen levels at
which the Scheduler plans to keep the battery SOC at are the optimal ones. Since the solar
power heavily affects the total power production and because of its periodic nature, if over-
production ends, it is not likely to be followed by another hour of overproduction. Therefore,
it might have been better to plan the highest possible SOC after periods of overproduction
to be able to sell as much energy as possible during the next highest price incoming in the
next afternoon and night.

Sometimes, as can be noted in the beginning and end of Figure 5.10, the decision to use
all energy to produce hydrogen is made as opposed to delivering power to the grid. This
is because if producing hydrogen is more lucrative than delivering power to the grid, the
Scheduler will try to produce as much hydrogen as possible while neglecting the grid. Com-
bined with the fact that the assumed hydrogen price is often above the intraday price, this is
likely one of the reasons why the capacity factor of the GCP only increases marginally after
implementing the HESS.

6.3 Model performance

Some sources of error occur due to operational assumptions, parameter assumptions, and
the chosen simulation program.

One assumption made for the operation of the model is that the forecast error is a constant
shift in time of production, as described in Section 4.1.2. This is simplified compared to
the real case, as a forecast error can both consist of a shift in amount of energy or a shift
in time. Also, forecast errors are not constant and do not necessarily occur for each hour
of operation. This assumption is likely a disadvantage to the system, and might impact the
result by challenging the controllability of the system.

Parameter assumptions also make for sources of error. The biggest source of error might
be that, for the techno-economic parameters in the simulation, sources stating costs for
both 2023 and 2030 are included. Preferably, one would only include sources predicting
costs for 2030. However, sources deemed to be very reliable, such as budgetary offers, were
prioritised over cost and technical projections for certain components when these projections
varied significantly. This is the case for both the BESS and the SPP.

Furthermore, the degradation rates of the components are not taken into account besides
their effect on component lifetimes. This has an advantageous effect on the results as de-
gradation normally has a negative impact on the efficient power yield of each component.
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Finally, the simulation software used could be a cause for some errors. For instance, the
step response in the PI regulators of the electrolyser and battery are not in line with reality.
The step response of the electrolyser is about 40 minutes, which is significantly higher than
the 10 seconds estimated for 2030 by Clean Hydrogen Europe, the source used for the
remaining response times (Clean Hydrogen Europe [7]). This was overlooked because the
system became unstable when the electrolyser responded too quickly. Also, the hysteresis
used in the simulation can cause output data inaccuracies since components do not activate
and deactivate at precise values.

In general, the implementation in OpenModelica presented some instability issues. The
simulations were quite sensitive and prone to crashing which limited the ability to exhaust
all combinations of component dimensions. If possible, it would have been particularly
interesting to reduce the battery power further.

6.4 Dimensions and results of optimised model

The results of the dimensioning indicates that for the constructed system, with the chosen
operational strategy and assumptions made, this investment would be very profitable. The
pre-tax IRR of 15.9% is exceptionally high for pilot projects using cutting-edge technology.

The results of the system show that the components of the energy storage system can be
made significantly smaller than the added production capacity (260 MW), yet still provide
the intended features discussed in Section 3.4.1. However, the component sizes are still
very large, especially the electrolyser which has a power capacity amongst the largest in the
world, even compared to future electrolyser projects. The size of the battery storage is also
large, but within the limits of existing battery storage sites today. The total initial investment
is large, but not larger than other projects of similar magnitude (SSAB [64], Patel [53]).

The H2ESS, made up of the electrolyser and hydrogen storage, is by far the most profitable
component of the system, as can be seen Figure 6.1. Since the FC was deemed to be un-
profitable in this system, none of the revenue generated by the H2ESS can be attributed to
electricity delivery to the grid. This indicates that hydrogen gas may be more suitable as a
means for energy storage, as opposed to electricity storage. To aid in the green transition,
hydrogen gas will likely play an important role in many different sectors in the future.
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Figure 6.1: Profit contributions to the system by different components.

The average daily amount of hydrogen that needs to be exported is 17.6 tonnes. This amount
would best be handled by distribution pipelines (IRENA [42]). If compressed hydrogen
trucks at 500 bars with a capacity of 1.1 tonnes were be to used instead to export the hydro-
gen, about 16 trucks per day would be required. The high and low rate of export presented
would amount to about 19 and 13 trucks per day respectively.

While the FC is not economically self-sufficient in this simulation, it is worth noting that this
is based on the electricity prices of 2021, and hydrogen price projections for 2030, while the
component costs are based on predictions for 2030. It is difficult to predict future electricity
and hydrogen prices, but it is possible that the electricity prices in 2030 will be high enough
or that the hydrogen price will be low enough to make FCs economically worthwhile. Also,
the possible future increase in Baseload PPAs (detailed in Section 2.8) could make the FC
more profitable in the future. FCs could also potentially participate on some ancillary service
markets.

The investment appraisal for the battery indicates that it makes for a very unprofitable in-
vestment in all scenarios. This could be a result of the many indirect effects the battery has
on the system that go unaccounted for in the investment appraisal. The effect of controlling
the energy flows in real time does not contribute significantly to the battery revenues. How-
ever, it enables the entire system to function. Another revenue stream that goes unaccounted
for is the internal revenue of when the battery supplied the electrolyser with electricity. This
should result in a revenue to the battery and a cost for the electrolyser. Without this rev-
enue, the battery provides free electricity to the electrolyser, resulting in a better investment
appraisal for the electrolyser and a worse one for the battery. One stream of revenue not
investigated in this thesis is the battery’s participation on the ancillary service markets. The
Scheduler could be altered to allow for these markets to be integrated. Another cause for
the poor profitability of the BESS can be attributed to the initial investment costs being out
of proportion in relation to the costs of other components. Costs for other components are
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based on projections for 2030, while costs for the BESS are not.

One way to make the investment appraisal more accurately reflect the profitability of the
system is by setting up a separate investment appraisal for the HESS which includes both
the BESS and H2ESS. This would make a lot of sense because, as previously noted, the
BESS is a necessary component in order for the HESS to fulfil its technical features.

The results indicate that the SPP also is very profitable in this system. Since the contributions
from wind power are ignored for both the system with and without energy storage, the
parameters for the SPP in the storage system and the no storage system are easily compared,
see Figures 5.13 and 5.14. The pre-tax IRR for the system without storage is 12.6% while
the same number for the SPP in the energy storage system in 16%. It is clear that integrating
the SPP in the system with hydrogen and battery storage makes it an even better investment.

It is worth noting that the future predictions used for many parts of the economic analysis
are unsure, as technology and politics are both in constant motion. This could for example
impact the hydrogen price, hydrogen demand, and the electrolyser and FC costs.

There are some expenditures such as the variable OPEX of the battery and hydrogen storage
that are caused by energy consumption. These expenditures are simplified by multiplying
the energy handled by these components by the average electricity price for the entire year.
By instead including the energy consumption of the components inside the model, a more
accurate representation of the costs aggregated by consumption could be shown.

6.5 Implications for investments

This thesis shows that investing in a hybrid energy storage system for wind and solar pro-
duction at an existing onshore wind power site is, based on electricity prices for 2021 as
well as investment and hydrogen price projections for 2030, very economically sustainable.
Although this does not appear to apply to all parts of the system, it is worth noting that the
battery is a necessary component to support the functions of this system.

One alternative investment to the provided system in this thesis is to simply increase the
capacity of the GCP in order to install more solar power at the same site. Although this
might be a cheaper alternative upfront, it does not offer the ability to partake on the growing
hydrogen market. Also, it does not to the same extent provide easier access to both the an-
cillary service and intraday markets. Furthermore, the system in this thesis makes renewable
energy completely controllable within the hour, which is unique and could be a step in the
right direction for an increased penetration of VRES in the power grid.

There are some requirements that need to be fulfilled in order to make this solution happen.
For example, there needs to be opportunities to transport large amounts of hydrogen, which
requires access to infrastructure and technology development. Also, there needs to be plenty
of land surrounding existing onshore wind sites to make room for the new components and
infrastructure.

This thesis also underlines that, with the correct dimensions, HESS can help mitigate the
need to expand GCPs or increase transformer capacity before installing more variable re-
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newable capacity on a given site. Since GCPs and transformers account for substantial
investments and lead times when expanding energy production, this conclusion makes ex-
panding renewable energy production rapidly seem more optimistic.

6.6 Future development

6.6.1 Market development

The future development of the hydrogen market is a large contributor to the viability of this
system. Not only does the system quite heavily rely on hydrogen gas as a means to generate
revenue; it also relies on it to actually be able to handle all the excess power that is installed
on-site. If the market is saturated with hydrogen gas, the hydrogen storage would fill up and
the ability to produce hydrogen at hours of high production would be lost.

Developments in the electricity markets also have a significant impact on the solution presen-
ted in this thesis. The intraday market is currently not that big in Sweden compared to the
day-ahead market. In order for the solution to work as presented in this thesis, the develop-
ment of the intraday market is crucial.

However, there are some modifications that could quite easily be made to the model to
allow it to participate on the day-ahead market instead. The changes would be to either
change the Scheduler, so that it never plans to deliver electricity below the forecast output,
or to introduce a hybrid market participation on both the day-ahead and intraday markets.
If participating on both markets, the Scheduler can plan to deliver electricity according to
the production forecast, but adapt the power output to grid if intraday bids are present in
the coming hours. That way, the strategy could both satisfy the intraday bids and meet the
production forecast. The deployment of faster intraday markets would also present many
possibilities, as it would allow the Scheduler to make more decisions in the same amount of
time.

6.6.2 Technological development

Future technological developments that could benefit this system are first and foremost com-
ponent developments, which could lower costs and increase efficiencies. While batteries
have been used as energy storage for a long time, the components relating to hydrogen
storage and FCs are not as well-developed. Hydrogen conversion and storage technologies
still face challenges that require cost-effective solutions. With more cost-effective hydrogen
conversion and storage technologies, the market penetration rate of hydrogen could increase.

Learning rate is a term that denotes the rate at which production costs reduce as deployment
increases because of improvements in manufacturing and technology (Taibi et al. [75]). The
expected learning rate for PEMELs between 2020 and 2030 is 13%, while the learning rate
for PEMFCs based on proprietary data is 15%.
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6.7 Further research

There are several areas of further research that could add to the results of this thesis. The
main areas are stability improvements or model rebuild, integration of more markets, a more
in-depth economic analysis with better behind-the-meter appraisal and a more sophisticated
optimisation of dimensions.

The simulated system had some stability issues when component sizes was significantly
reduced. These instabilities could likely be eliminated through a more thorough investiga-
tion. With the instabilities eliminated, a more effective optimisation could be achieved and
a better system could be dimensioned.

As for the model rebuild, it would be interesting to implement the ability for the system to
buy energy from the grid at times of low or no local production. The strategy would still be
able to find the right times to buy energy, and the right times to sell it, in order to maximise
profit.

It would also be very interesting to integrate more markets into the simulation, especially the
ancillary service markets and intraday market. This would change how parts of the control
strategy works. For example, having a constant power output through the GCP during the
hour would perhaps not be necessary.

Finally, it would be interesting to further integrate the investment appraisal inside the model.
By doing so, all costs and revenue streams could be guaranteed to reflect their time of
creation thus generating a more reliable result.

For future projects, it woulds also be interesting to see this strategy implemented at other
locations, with other electricity and hydrogen prices, using other combinations of energy
storage technologies as well as different types of renewable energy. Hopefully, the strategy
constructed is robust enough to complement other constellations of both storage and pro-
duction.
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7 Conclusion

In conclusion, this thesis presents a hybrid hydrogen and battery storage which can success-
fully be implemented together with solar and wind power at an existing onshore wind power
site. The combination of hydrogen and batteries does not only offer substantial economic
possibilities, but also enables plannable renewable production.

The operational strategy that is introduced combines the hourly economic decision-making
of a Scheduler with a robust Controller which ensures the technical functionality of the
HESS in real-time. The strategy is proven robust and makes decisions at the right times to
maximise energy conversion and profit. However, improvements can be made to improve
this strategy and include more markets in the future.

The profitability analysis indicates that the H2ESS is the most profitable component of the
system, while the battery is unprofitable in all scenarios. However, the unprofitability of
the battery should not be taken as an indicator that this part of the system is unnecessary,
as it enables the functioning of the rest of the system. While a great driver of profitability,
this thesis indicates that hydrogen will most likely not be used as a means of electricity
storage, but rather as energy storage. The green hydrogen produced by renewable sources
can enable the transition to a sustainable future within transportation and industry. The
system with energy storage proves to be a much better investment compared to a similar
system without storage.

Solutions like the one presented in this thesis can enable the expansion of VRES without
contributing to the destabilisation of the power grid with the help of flexible, reliable power.
This thesis indicates that a system with a HESS is better than alternative investments. The
system opens doors to new streams of revenue, including the hydrogen market and poten-
tially other markets in the future.

Further research is suggested to address stability issues, integrate more markets, conduct
a more in-depth economic analysis, and further optimise system dimensions. As with all
future projections, changing markets, technological development, and geopolitical circum-
stances render the outcomes uncertain.

Overall, this thesis provides valuable insights into the economic sustainability and potential
of a HESS for renewable energy integration, contributing to the acceleration of the green
transition.
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Rapport 2021:714. 2021. URL: https://energiforsk.se/media/30735/
el- fran- nya- anlaggningar- energiforskrapport- 2021- 714.
pdf. Accessed 2023-05-21.

[12] Enercon. E-126. URL: https://www.enercon.de/en/products/ep-
8/e-126/. Accessed 2023-02-22.
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Appendix A

Controller

Figure A.1: Controller state machine implemented in OpenModelica.
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model Controller
parameter Real P_t_max = 130e+06 "in watts";
parameter Real P_e_max = 70e+06 "maximum electrolyser power in watts";
parameter Real P_fc_max = 10e+06 "maximum fuel cell power in watts";
parameter Real SOC_max = 0.9;
parameter Real SOC_min = 0.1;
parameter Real SOH_max = 0.9;
parameter Real SOH_min = 0.1;
parameter Real P_b_max = 80e+06;
Modelica.StateGraph.Transition T1(condition = true) annotation(
Placement(visible = true, transformation(origin = {-138, -58}, extent =

{{-50, 50}, {-30, 30}}, rotation = -90)));
Modelica.StateGraph.Step MinMax(nIn = 2, nOut = 3) annotation(
Placement(visible = true, transformation(origin = {130, -46}, extent =

{{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.StateGraph.Step MinMid(nIn = 3, nOut = 3) annotation(
Placement(visible = true, transformation(origin = {36, -46}, extent =

{{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.StateGraph.InitialStep initialStep annotation(
Placement(visible = true, transformation(origin = {-98, 94}, extent =

{{-10, -10}, {10, 10}}, rotation = -90)));
Modelica.StateGraph.Transition transition4(condition = false) annotation(
Placement(visible = true, transformation(origin = {148, 206}, extent =

{{-50, -50}, {-30, -30}}, rotation = 90)));
Modelica.StateGraph.Step MinMin(nIn = 3, nOut = 2) annotation(
Placement(visible = true, transformation(origin = {-48, -52}, extent =

{{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.StateGraph.Transition transition3(condition = SOH >= 0.9)
annotation(

Placement(visible = true, transformation(origin = {82, -62}, extent =
{{-10, -10}, {10, 10}}, rotation = 0)));
/*Modelica.Blocks.Interfaces.RealInput P_diff annotation(
Placement(visible = true, transformation(origin = {-158, 80}, extent =

{{-10, -10}, {10, 10}}, rotation = 0), iconTransformation(origin = {-110,
60}, extent = {{-10, -10}, {10, 10}}, rotation = 0)));
*/Modelica.StateGraph.Transition transition(condition = SOH >= 0.3)
annotation(

Placement(visible = true, transformation(origin = {-10, -66}, extent =
{{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.StateGraph.Transition transition1(condition = SOH < 0.1)
annotation(

Placement(visible = true, transformation(origin = {-10, -32}, extent =
{{10, -10}, {-10, 10}}, rotation = 0)));
Modelica.StateGraph.Transition transition2(condition = SOH < 0.7)
annotation(

Placement(visible = true, transformation(origin = {82, -34}, extent =
{{10, -10}, {-10, 10}}, rotation = 0)));
Modelica.StateGraph.Step MidMax(nIn = 3, nOut = 3) annotation(
Placement(visible = true, transformation(origin = {126, 66}, extent =

{{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.StateGraph.Transition transition5(condition = SOC < 0.1)
annotation(

Figure A.2: OpenModelica code for Controller (1/13).
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Placement(visible = true, transformation(origin = {106, 4}, extent =
{{-10, -10}, {10, 10}}, rotation = -90)));
Modelica.StateGraph.Transition transition6(condition = SOC >= 0.3)
annotation(

Placement(visible = true, transformation(origin = {146, 10}, extent =
{{10, -10}, {-10, 10}}, rotation = -90)));
Modelica.StateGraph.Transition transition7(condition = SOC >= 0.3)
annotation(

Placement(visible = true, transformation(origin = {52, 8}, extent = {{10,
-10}, {-10, 10}}, rotation = -90)));
Modelica.StateGraph.Transition transition8(condition = SOC < 0.1)
annotation(

Placement(visible = true, transformation(origin = {20, 6}, extent = {{-10,
-10}, {10, 10}}, rotation = -90)));
Modelica.StateGraph.Step MidMid(nIn = 4, nOut = 4) annotation(
Placement(visible = true, transformation(origin = {34, 62}, extent =

{{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.StateGraph.Transition transition9(condition = SOC >= 0.3)
annotation(

Placement(visible = true, transformation(origin = {-34, 12}, extent =
{{10, -10}, {-10, 10}}, rotation = -90)));
Modelica.StateGraph.Transition transition10(condition = SOC < 0.1)
annotation(

Placement(visible = true, transformation(origin = {-66, 12}, extent =
{{-10, -10}, {10, 10}}, rotation = -90)));
Modelica.StateGraph.Step MidMin(nIn = 3, nOut = 3) annotation(
Placement(visible = true, transformation(origin = {-50, 64}, extent =

{{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.StateGraph.Transition transition11(condition = SOH >= 0.3)
annotation(

Placement(visible = true, transformation(origin = {-14, 50}, extent =
{{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.StateGraph.Transition transition12(condition = SOH < 0.1)
annotation(

Placement(visible = true, transformation(origin = {-14, 86}, extent =
{{10, -10}, {-10, 10}}, rotation = 0)));
Modelica.StateGraph.Transition transition13(condition = SOC < 0.7)
annotation(

Placement(visible = true, transformation(origin = {-68, 108}, extent =
{{-10, -10}, {10, 10}}, rotation = -90)));
Modelica.StateGraph.Transition transition14(condition = SOC >= 0.9)
annotation(

Placement(visible = true, transformation(origin = {-32, 106}, extent =
{{10, -10}, {-10, 10}}, rotation = -90)));
Modelica.StateGraph.Step MaxMin(nIn = 2, nOut = 2) annotation(
Placement(visible = true, transformation(origin = {-56, 162}, extent =

{{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.StateGraph.Transition transition15(condition = SOH < 0.1)
annotation(

Placement(visible = true, transformation(origin = {-14, 178}, extent =
{{10, -10}, {-10, 10}}, rotation = 0)));
Modelica.StateGraph.Transition transition16(condition = SOH >= 0.3)
annotation(

Figure A.3: OpenModelica code for Controller (2/13).
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Placement(visible = true, transformation(origin = {-14, 144}, extent =
{{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.StateGraph.Step MaxMid(nIn = 3, nOut = 3) annotation(
Placement(visible = true, transformation(origin = {30, 158}, extent =

{{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.StateGraph.Transition transition17(condition = SOC < 0.7)
annotation(

Placement(visible = true, transformation(origin = {14, 110}, extent =
{{-10, -10}, {10, 10}}, rotation = -90)));
Modelica.StateGraph.Transition transition18(condition = SOC >= 0.9)
annotation(

Placement(visible = true, transformation(origin = {48, 110}, extent =
{{10, -10}, {-10, 10}}, rotation = -90)));
Modelica.StateGraph.Transition transition19(condition = SOH >= 0.9)
annotation(

Placement(visible = true, transformation(origin = {82, 50}, extent =
{{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.StateGraph.Transition transition20(condition = SOH < 0.7)
annotation(

Placement(visible = true, transformation(origin = {82, 86}, extent = {{10,
-10}, {-10, 10}}, rotation = 0)));
Modelica.StateGraph.Step MaxMax(nIn = 2, nOut = 2) annotation(
Placement(visible = true, transformation(origin = {130, 160}, extent =

{{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.StateGraph.Transition transition21(condition = SOC >= 0.9)
annotation(

Placement(visible = true, transformation(origin = {144, 112}, extent =
{{10, -10}, {-10, 10}}, rotation = -90)));
Modelica.StateGraph.Transition transition22(condition = SOC < 0.7)
annotation(

Placement(visible = true, transformation(origin = {114, 112}, extent =
{{-10, -10}, {10, 10}}, rotation = -90)));
Modelica.StateGraph.Transition transition23(condition = SOH < 0.7)
annotation(

Placement(visible = true, transformation(origin = {82, 178}, extent =
{{10, -10}, {-10, 10}}, rotation = 0)));
Modelica.StateGraph.Transition transition24(condition = SOH >= 0.9)
annotation(

Placement(visible = true, transformation(origin = {82, 144}, extent =
{{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.Blocks.Interfaces.RealOutput P_curt annotation(
Placement(visible = true, transformation(origin = {210, 0}, extent =

{{-10, -10}, {10, 10}}, rotation = 0), iconTransformation(origin = {110,
-60}, extent = {{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.Blocks.Interfaces.RealInput SOC annotation(
Placement(visible = true, transformation(origin = {-158, 140}, extent =

{{-10, -10}, {10, 10}}, rotation = 0), iconTransformation(origin = {-110,
100}, extent = {{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.Blocks.Interfaces.RealInput SOH annotation(
Placement(visible = true, transformation(origin = {-158, 120}, extent =

{{-10, -10}, {10, 10}}, rotation = 0), iconTransformation(origin = {-110,
60}, extent = {{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.Blocks.Interfaces.RealOutput P_fc annotation(

Figure A.4: OpenModelica code for Controller (3/13).
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Placement(visible = true, transformation(origin = {210, 40}, extent =
{{-10, -10}, {10, 10}}, rotation = 0), iconTransformation(origin = {110,
-20}, extent = {{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.Blocks.Interfaces.RealOutput P_b annotation(

Placement(visible = true, transformation(origin = {210, 80}, extent =
{{-10, -10}, {10, 10}}, rotation = 0), iconTransformation(origin = {110, 20},
extent = {{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.Blocks.Interfaces.RealOutput P_e annotation(

Placement(visible = true, transformation(origin = {210, 120}, extent =
{{-10, -10}, {10, 10}}, rotation = 0), iconTransformation(origin = {110, 60},
extent = {{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.Blocks.Interfaces.RealInput P_diff annotation(
Placement(visible = true, transformation(origin = {-158, 92}, extent =

{{-10, -10}, {10, 10}}, rotation = 0), iconTransformation(origin = {-110,
20}, extent = {{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.Blocks.Interfaces.RealInput P_prod annotation(
Placement(visible = true, transformation(origin = {-158, 70}, extent =

{{-10, -10}, {10, 10}}, rotation = 0), iconTransformation(origin = {-110,
-20}, extent = {{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.Blocks.Interfaces.RealInput P_fc_set annotation(
Placement(visible = true, transformation(origin = {-158, 44}, extent =

{{-10, -10}, {10, 10}}, rotation = 0), iconTransformation(origin = {-110,
-60}, extent = {{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.Blocks.Interfaces.RealInput P_e_set annotation(

Placement(visible = true, transformation(origin = {-158, 18}, extent =
{{-10, -10}, {10, 10}}, rotation = 0), iconTransformation(origin = {-110,
-98}, extent = {{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.Blocks.Interfaces.RealInput P_e_m annotation(

Placement(visible = true, transformation(origin = {-158, -32}, extent =
{{-10, -10}, {10, 10}}, rotation = 0), iconTransformation(origin = {40, 110},
extent = {{-10, -10}, {10, 10}}, rotation = -90)));
Modelica.Blocks.Interfaces.RealInput P_b_m annotation(

Placement(visible = true, transformation(origin = {-158, -6}, extent =
{{-10, -10}, {10, 10}}, rotation = 0), iconTransformation(origin = {0, 110},
extent = {{-10, -10}, {10, 10}}, rotation = -90)));
Modelica.Blocks.Interfaces.RealInput P_fc_m annotation(

Placement(visible = true, transformation(origin = {-158, -54}, extent =
{{-10, -10}, {10, 10}}, rotation = 0), iconTransformation(origin = {80, 110},
extent = {{-10, -10}, {10, 10}}, rotation = -90)));
equation
if MinMin.active then
//state

if P_diff < 0 then
// under

P_b = 0;
P_e = 0;
P_fc = 0;
P_curt = 0;

else // over
if P_diff <= P_b_max then
P_b = -P_diff;
P_e = 0;
P_fc = 0;

Figure A.5: OpenModelica code for Controller (4/13).
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P_curt = 0;
elseif P_diff <= (P_b_max + 0.5*P_e_max) then
P_e = -0.5*P_e_max;
P_b = -(P_diff + 0.5*P_e_m);
P_fc = 0;
P_curt = 0;

else
P_b = -P_b_max;
P_e = -P_e_max;
P_fc = 0;
if P_prod > P_t_max + P_b_m + P_e_m then
P_curt = P_prod - P_t_max + P_b_m + P_e_m;

else
P_curt = 0;

end if;
end if;

end if;
elseif MinMid.active then
if P_diff < 0 then

//Under
if not P_fc_set == 0 and P_prod + P_fc_set < P_t_max then
P_b = 0;
P_e = 0;
P_fc = P_fc_set;
P_curt = 0;

elseif not P_fc_set == 0 and P_prod + P_fc_set > P_t_max then
P_b = P_prod + P_fc_m - P_t_max;
P_e = 0;
P_fc = P_fc_set;
P_curt = 0;

else
P_b = -P_e_m;
P_e = 0;
P_fc = 0;
P_curt = 0;

end if;
else

// Over production

if P_diff <= P_b_max then
P_b = -P_diff -P_e_m;
P_e = 0;
P_fc = 0;
P_curt = 0;

elseif P_diff <= P_b_max + 0.5*P_e_max then
P_b = -(P_diff + P_e_m);
P_e = -0.5*P_e_max;
P_fc = 0;
if P_prod > P_t_max - P_e_m - P_b_m then
P_curt = P_prod - P_t_max + P_b_m + P_e_m;

else
P_curt = 0;

end if;

Figure A.6: OpenModelica code for Controller (5/13).
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else
// P_diff > P_b_max + P_e_max

P_b = -P_b_max;
P_e = -P_e_max;
P_fc = 0;
if P_prod > P_t_max - P_e_m - P_b_m then
P_curt = P_prod - P_t_max + P_b_m + P_e_m;

else
P_curt = 0;

end if;
end if;

end if;
elseif MinMax.active then
if P_diff < 0 then

//Under
if not P_fc_set == 0 and P_prod + P_fc_set < P_t_max then
P_b = 0;
P_e = 0;
P_fc = P_fc_set;
P_curt = 0;

elseif not P_fc_set == 0 and P_prod + P_fc_set > P_t_max then
P_b = P_prod + P_fc_m - P_t_max;
P_e = 0;
P_fc = P_fc_set;
P_curt = 0;

else
P_b = -P_e_m;
P_e = 0;
P_fc = 0;
P_curt = 0;

end if;
else

// Over
if P_diff <= P_b_max then
P_b = -P_diff;
P_e = 0;
P_fc = 0;
P_curt = 0;

else
//P_diff > P_b_max

P_b = -P_b_max;
P_e = 0;
P_fc = 0;
if P_prod > P_t_max - P_b_m - P_e_m then
P_curt = P_prod - P_t_max + P_b_m + P_e_m;

else
P_curt = 0;

end if;
end if;

end if;
elseif MidMin.active then
if P_diff < 0 then

//under

Figure A.7: OpenModelica code for Controller (6/13).
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P_e = -P_e_set;
P_fc = 0;
P_curt = 0;
P_b = if -P_diff - P_e_m > P_b_max then P_b_max else -P_diff - P_e_m;

else
// Over production

P_fc = 0;
if P_diff <= P_b_max + P_e_set then
P_b = -(P_diff + P_e_m);
P_e = -P_e_set;
P_curt = 0;

elseif P_diff <= P_b_max + P_e_max then
P_b = -(P_diff + P_e_m);
P_e = -P_e_max;
P_curt = 0;

else //P_diff > P_b_max + P_e_max
P_b = -P_b_max;
P_e = -P_e_max;
if P_prod >= P_t_max - P_b_m - P_e_m then
P_curt = P_prod - P_t_max + P_b_m + P_e_m;

else
P_curt = 0;

end if;
end if;

end if;
elseif MidMax.active then
if P_diff < 0 then

//under
if -P_diff <= P_b_max and P_fc_set == 0 then
P_b = -P_diff - P_e_m;

//P_b = -P_diff;
P_e = 0;
P_fc = 0;
P_curt = 0;

elseif -P_diff > P_b_max and P_fc_set == 0 then
P_b = P_b_max - P_e_m;
P_e = 0;
P_fc = 0;
P_curt = 0;

else
// not P_fc_set == 0

P_e = 0;
P_curt = 0;
if -P_diff <= P_b_max + P_fc_max then
P_fc = P_fc_max;
P_b = -P_diff - P_fc_m;

else
//-P_diff > P_b_max + P_fc_max

P_b = P_b_max;
P_fc = P_fc_max;

end if;
end if;

else

Figure A.8: OpenModelica code for Controller (7/13).
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// over
if P_diff <= P_b_max then
P_b = -P_diff - P_e_m;
P_e = 0;
P_fc = 0;
P_curt = 0;

else
//P_diff > P_b_max

P_b = -P_b_max - P_e_m;
P_e = 0;
P_fc = 0;
if P_prod > P_t_max - P_b_m - P_e_m then
P_curt = P_prod - P_t_max + P_b_m + P_e_m;

else
P_curt = 0;

end if;
end if;

end if;
elseif MaxMin.active then
if P_diff < 0 then

//under
if -P_diff <= P_b_max then
if -P_diff + P_e_m < 0 then
P_b = -(-P_diff + P_e_m);

else
P_b = 0;

end if;
P_e = 0;
P_fc = 0;
P_curt = 0;

else
// -P_diff > P_b_max

P_b = P_b_max;
P_e = 0;
P_fc = 0;
P_curt = 0;

end if;
else

// Over production
if P_diff <= 0.5*P_e_max and P_diff < P_e_m then
P_b = -(P_diff + P_e_m);
P_e = -0.5*P_e_max;
P_fc = 0;
P_curt = 0;

elseif P_diff <= P_e_max and P_diff < P_e_m then
P_b = -(P_diff + P_e_m);
P_e = -P_e_max;
P_fc = 0;
P_curt = 0;

else
// P_diff > P_e_max

if P_diff + P_e_m < 0 then
P_b = -(P_diff + P_e_m);

Figure A.9: OpenModelica code for Controller (8/13).
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else
P_b = 0;

end if;
P_e = -P_e_max;
P_fc = 0;
if P_prod > P_t_max - P_e_m - P_b_m then
P_curt = P_prod - P_t_max + P_e_m + P_b_m;

else
P_curt = 0;

end if;
end if;

end if;
elseif MaxMid.active then
if P_diff < 0 then

//under
if -P_diff <= P_b_max and P_fc_set == 0 then
P_b = -P_diff - P_e_m;
P_e = 0;
P_fc = 0;
P_curt = 0;

elseif -P_diff > P_b_max and P_fc_set == 0 then
P_b = P_b_max;
P_e = 0;
P_fc = 0;
P_curt = 0;

else
// P_fc_set != 0

P_e = 0;
P_curt = 0;
if -P_diff <= P_b_max + 0.5*P_fc_max then
P_fc = 0.5*P_fc_max;
P_b = -P_diff - P_fc_m;

else
//-P_diff <= P_b_max + P_fc_max

P_fc = P_fc_max;
P_b = -P_diff - P_fc_m;

end if;
end if;

else
// over

if P_diff <= 0.5*P_e_max and P_diff < P_e_m then
P_b = -(P_diff + P_e_m);
P_e = -0.5*P_e_max;
P_fc = 0;
P_curt = 0;

elseif P_diff <= P_e_max and P_diff < P_e_m then
P_b = -(P_diff + P_e_m);
P_e = -P_e_max;
P_fc = 0;
P_curt = 0;

else
// P_diff > P_e_max

if P_diff + P_e_m < 0 then

Figure A.10: OpenModelica code for Controller (9/13).
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P_b = -(P_diff + P_e_m);
else
P_b = 0;

end if;
P_e = -P_e_max;
P_fc = 0;
if P_prod > P_t_max -P_b_m - P_e_m then
P_curt = P_prod - P_t_max +P_b_m + P_e_m;

else
P_curt = 0;

end if;
end if;

end if;
elseif MaxMax.active then
if P_diff < 0 then

//under
if -P_diff <= P_b_max and P_fc_set == 0 then
if P_diff + P_e_m < 0 then
P_b = -(P_diff + P_e_m);

else
P_b = 0;

end if;
P_e = 0;
P_fc = 0;
P_curt = 0;

elseif -P_diff > P_b_max and P_fc_set == 0 then
P_b = P_b_max;
P_e = 0;
P_fc = 0;
P_curt = 0;

else
// P_fc_set != 0

P_e = 0;
P_curt = 0;
if -P_diff <= P_b_max + 0.5*P_fc_max then
P_fc = 0.5*P_fc_max;
P_b = -P_diff - P_fc_m;

else
//-P_diff <= P_b_max + P_fc_max

P_fc = P_fc_max;
P_b = -P_diff - P_fc_m;

end if;
end if;

else
// over

if P_diff + P_e_m < 0 then
P_b = -(P_diff + P_e_m);

else
P_b = 0;

end if;
P_e = 0;
P_fc = 0;
if P_prod >= P_t_max - P_e_m - P_b_m then

Figure A.11: OpenModelica code for Controller (10/13).
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P_curt = P_prod - P_t_max + P_e_m + P_b_m;
else
P_curt = 0;

end if;
end if;

else
// MidMid

if P_diff < 0 then
//under

P_e = -P_e_set;
P_fc = P_fc_set;
P_curt = 0;
P_b = if -P_diff - P_e_m > P_b_max then P_b_max else -P_diff - P_e_m;

else
// Over

P_fc = 0;
if P_diff <= P_b_max + P_e_set then
P_b = -(P_diff + P_e_m);
P_e = -P_e_set;
if P_prod >= P_t_max - P_b_m - P_e_m then
P_curt = P_prod - P_t_max + P_b_m + P_e_m;
else
P_curt = 0;
end if;

elseif P_diff <= P_b_max + P_e_max then
P_b = -(P_diff + P_e_m);
P_e = -P_e_max;
if P_prod >= P_t_max - P_b_m - P_e_m then
P_curt = P_prod - P_t_max + P_b_m + P_e_m;
else
P_curt = 0;
end if;

else //P_diff > P_b_max + P_e_max
P_b = -P_b_max;
P_e = -P_e_max;
if P_prod >= P_t_max - P_b_m - P_e_m then
P_curt = P_prod - P_t_max + P_b_m + P_e_m;
else
P_curt = 0;

end if;
end if;

end if;
end if;
connect(transition.outPort, MinMid.inPort[1]) annotation(
Line(points = {{-8.5, -66}, {2.25, -66}, {2.25, -46}, {25, -46}}));

connect(transition3.outPort, MinMax.inPort[1]) annotation(
Line(points = {{83.5, -62}, {98.25, -62}, {98.25, -46}, {119, -46}}));

connect(initialStep.outPort[1], T1.inPort) annotation(
Line(points = {{-98, 83.5}, {-98, -14}}));

connect(transition4.outPort, initialStep.inPort[1]) annotation(
Line(points = {{188, 167.5}, {188, 194}, {-98, 194}, {-98, 105}}));

connect(transition6.outPort, MidMax.inPort[3]) annotation(
Line(points = {{146, 11.5}, {146, 41.5}, {115, 41.5}, {115, 66}}));

Figure A.12: OpenModelica code for Controller (11/13).
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connect(MidMax.outPort[3], transition5.inPort) annotation(
Line(points = {{136.5, 66}, {136.5, 46}, {106, 46}, {106, 8}}));

connect(transition5.outPort, MinMax.inPort[2]) annotation(
Line(points = {{106, 2.5}, {106, -9.75}, {119, -9.75}, {119, -46}}));

connect(MinMin.outPort[1], transition9.inPort) annotation(
Line(points = {{-37.5, -52}, {-26, -52}, {-26, 2}, {-34, 2}, {-34, 8}}));

connect(MinMin.outPort[2], transition.inPort) annotation(
Line(points = {{-37.5, -52}, {-37.5, -66}, {-13.5, -66}}));

connect(T1.outPort, MinMin.inPort[1]) annotation(
Line(points = {{-98, -19.5}, {-98, -52}, {-59, -52}}));

connect(transition10.outPort, MinMin.inPort[2]) annotation(
Line(points = {{-66, 10}, {-64, 10}, {-64, -52}, {-59, -52}}));

connect(transition1.outPort, MinMin.inPort[3]) annotation(
Line(points = {{-11.5, -32}, {-33.25, -32}, {-33.25, -52}, {-59, -52}}));

connect(MidMin.outPort[1], transition14.inPort) annotation(
Line(points = {{-39.5, 64}, {-32, 64}, {-32, 102}}));

connect(MidMin.outPort[2], transition11.inPort) annotation(
Line(points = {{-39.5, 64}, {-28.75, 64}, {-28.75, 50}, {-18, 50}}));

connect(MidMin.outPort[3], transition10.inPort) annotation(
Line(points = {{-39.5, 64}, {-66, 64}, {-66, 16}}));

connect(transition13.outPort, MidMin.inPort[1]) annotation(
Line(points = {{-68, 106.5}, {-68, 64}, {-61, 64}}));

connect(transition12.outPort, MidMin.inPort[2]) annotation(
Line(points = {{-15.5, 86}, {-20, 86}, {-20, 64}, {-61, 64}}));

connect(transition9.outPort, MidMin.inPort[3]) annotation(
Line(points = {{-34, 13.5}, {-34, 64}, {-61, 64}}));

connect(transition14.outPort, MaxMin.inPort[2]) annotation(
Line(points = {{-32, 107.5}, {-32, 162}, {-67, 162}}));

connect(MaxMin.outPort[2], transition13.inPort) annotation(
Line(points = {{-45.5, 162}, {-72.75, 162}, {-72.75, 112}, {-68, 112}}));

connect(transition15.outPort, MaxMin.inPort[1]) annotation(
Line(points = {{-15.5, 178}, {-71.25, 178}, {-71.25, 162}, {-67, 162}}));

connect(MaxMin.outPort[1], transition16.inPort) annotation(
Line(points = {{-45.5, 162}, {-43.75, 162}, {-43.75, 144}, {-18, 144}}));

connect(transition16.outPort, MaxMid.inPort[1]) annotation(
Line(points = {{-12.5, 144}, {16.25, 144}, {16.25, 158}, {19, 158}}));

connect(MaxMid.outPort[1], transition15.inPort) annotation(
Line(points = {{40.5, 158}, {8.25, 158}, {8.25, 178}, {-10, 178}}));

connect(transition17.outPort, MidMid.inPort[2]) annotation(
Line(points = {{14, 108.5}, {14, 63.25}, {23, 63.25}, {23, 62}}));

connect(MidMid.outPort[2], transition18.inPort) annotation(
Line(points = {{44.5, 62}, {48, 62}, {48, 106}}));

connect(transition18.outPort, MaxMid.inPort[3]) annotation(
Line(points = {{48, 111.5}, {48, 158}, {19, 158}}));

connect(MaxMid.outPort[3], transition17.inPort) annotation(
Line(points = {{40.5, 158}, {44.25, 158}, {44.25, 114}, {14, 114}}));

connect(MidMid.outPort[1], transition12.inPort) annotation(
Line(points = {{44.5, 62}, {21.25, 62}, {21.25, 86}, {-10, 86}}));

connect(transition11.outPort, MidMid.inPort[1]) annotation(
Line(points = {{-12.5, 50}, {4.25, 50}, {4.25, 62}, {23, 62}}));

connect(MidMid.outPort[3], transition19.inPort) annotation(
Line(points = {{44.5, 62}, {60.25, 62}, {60.25, 50}, {78, 50}}));

connect(MidMid.outPort[4], transition8.inPort) annotation(

Figure A.13: OpenModelica code for Controller (12/13).
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Line(points = {{44.5, 62}, {20, 62}, {20, 10}}));
connect(transition7.outPort, MidMid.inPort[4]) annotation(
Line(points = {{52, 9.5}, {52, 62}, {23, 62}}));

connect(transition19.outPort, MidMax.inPort[1]) annotation(
Line(points = {{83.5, 50}, {83.5, 66}, {115, 66}}));

connect(MidMax.outPort[1], transition20.inPort) annotation(
Line(points = {{136.5, 66}, {99.25, 66}, {99.25, 86}, {86, 86}}));

connect(MidMax.outPort[2], transition21.inPort) annotation(
Line(points = {{136.5, 66}, {144, 66}, {144, 108}}));

connect(transition22.outPort, MidMax.inPort[2]) annotation(
Line(points = {{114, 110.5}, {115, 110.5}, {115, 66}}));

connect(transition21.outPort, MaxMax.inPort[2]) annotation(
Line(points = {{144, 113.5}, {144, 140}, {119, 140}, {119, 160}}));

connect(MaxMax.outPort[2], transition22.inPort) annotation(
Line(points = {{140.5, 160}, {160, 160}, {160, 134}, {114, 134}, {114,

116}}));
connect(MaxMid.outPort[2], transition24.inPort) annotation(
Line(points = {{40.5, 158}, {72.25, 158}, {72.25, 144}, {78, 144}}));

connect(transition23.outPort, MaxMid.inPort[2]) annotation(
Line(points = {{80.5, 178}, {42.75, 178}, {42.75, 158}, {19, 158}}));

connect(MaxMax.outPort[1], transition23.inPort) annotation(
Line(points = {{140.5, 160}, {142.25, 160}, {142.25, 178}, {86, 178}}));

connect(transition24.outPort, MaxMax.inPort[1]) annotation(
Line(points = {{83.5, 144}, {105.25, 144}, {105.25, 160}, {119, 160}}));

connect(MinMid.outPort[2], transition7.inPort) annotation(
Line(points = {{46.5, -46}, {52, -46}, {52, 4}}));

connect(transition8.outPort, MinMid.inPort[2]) annotation(
Line(points = {{20, 4.5}, {20, -23.75}, {25, -23.75}, {25, -46}}));

connect(MinMax.outPort[1], transition2.inPort) annotation(
Line(points = {{140.5, -46}, {108.25, -46}, {108.25, -34}, {86, -34}}));

connect(MinMax.outPort[3], transition4.inPort) annotation(
Line(points = {{140.5, -46}, {188, -46}, {188, 162}}));

connect(MinMax.outPort[2], transition6.inPort) annotation(
Line(points = {{140.5, -46}, {146, -46}, {146, 6}}));

connect(transition20.outPort, MidMid.inPort[3]) annotation(
Line(points = {{80.5, 86}, {55.75, 86}, {55.75, 62}, {23, 62}}));

connect(MinMid.outPort[1], transition1.inPort) annotation(
Line(points = {{46.5, -46}, {20.25, -46}, {20.25, -32}, {-6, -32}}));

connect(transition2.outPort, MinMid.inPort[3]) annotation(
Line(points = {{80.5, -34}, {52.75, -34}, {52.75, -46}, {25, -46}}));

connect(MinMid.outPort[3], transition3.inPort) annotation(
Line(points = {{46.5, -46}, {56.25, -46}, {56.25, -62}, {78, -62}}));

annotation(
preserveAspectRatio=true,
Diagram(coordinateSystem(extent = {{-100, -100}, {200, 200}})),
Icon(coordinateSystem(extent = {{-100, -100}, {100, 100}})));

end Controller;

Figure A.14: OpenModelica code for Controller (13/13).
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Appendix B

Scheduler

model Scheduler

parameter Real P_t_max = 130e+06 "in watts";
parameter Real P_e_max = 70e+06 "maximum electrolyser power in watts"; 
parameter Real P_fc_max = 30e+06 "maximum electrolyser power in watts"; 
parameter Real P_fc_min = 2e+06 "maximum electrolyser power in watts"; 
parameter Real P_e_min = 1e+06 "minimum electrolyser power in watts"; 
parameter Real P_b_max = 80e+06 "maximum battery power in watts"; 
parameter Real e_eff = 0.6 "electrolyser efficiency";
parameter Real fc_eff = 0.6 "Fuel cell efficiency";
parameter Real profitmargin = 0.2 "profit";
parameter Real h2_Price = 1000 "price for hydrogen in kr/MWh";
parameter Real batteryStorageCap = 100e+6 "Maximum capacity in battery in
Wh";
parameter Real hydrogenStorageCap= 1000e+6 "Maximum capacity in hydrogen
storage in Wh";
parameter Real SOC_high = 0.75 "SOC scheduler wants to plan to stay below";
parameter Real SOC_low = 0.3 "SOC scheduler wants to plan to stay above";
parameter Real SOC_nom = 0.5 "SOC scheduler wants to plan to stay at";
parameter Real SOH_high = 0.75 "SOH scheduler wants to plan to stay below";
parameter Real SOH_low = 0.3 "SOH scheduler wants to plan to stay above";
Boolean very_high;
Boolean high;
Boolean low;
Boolean very_low;
Boolean hydrogen_best;
Boolean fuel_cell_on;
Real SOCT0 "State of charge at t0";
Real SOCT1 "State of charge at t1";
Real SOCT2 "State of charge at t2";
Real SOHT0 "State of hydrogen at t0";
Real correctionPower;
Real correctionPower_0to1;
Modelica.Blocks.Interfaces.RealInput P_progT0 annotation(
Placement(visible = true, transformation(origin = {-180, 0}, extent =

{{-140, 60}, {-100, 100}}, rotation = -90), iconTransformation(origin =
{-100, 110}, extent = {{-10, -10}, {10, 10}}, rotation = -90)));
Modelica.Blocks.Interfaces.RealInput P_progT1 annotation(
Placement(visible = true, transformation(origin = {-160, 0}, extent =

{{-140, 60}, {-100, 100}}, rotation = -90), iconTransformation(origin = {-80,
110}, extent = {{-10, -10}, {10, 10}}, rotation = -90)));
Modelica.Blocks.Interfaces.RealInput dayaheadT0 annotation(
Placement(visible = true, transformation(origin = {-110, 60}, extent =

{{-10, -10}, {10, 10}}, rotation = 0), iconTransformation(origin = {-110,
60}, extent = {{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.Blocks.Interfaces.RealInput dayaheadT1 annotation(
Placement(visible = true, transformation(origin = {-110, 40}, extent =

{{-10, -10}, {10, 10}}, rotation = 0), iconTransformation(origin = {-110,
40}, extent = {{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.Blocks.Interfaces.RealInput SOC annotation(
Placement(visible = true, transformation(origin = {120, -2}, extent =

{{-140, 60}, {-100, 100}}, rotation = 90), iconTransformation(origin = {140,
0}, extent = {{-140, 60}, {-100, 100}}, rotation = 90)));

Figure B.1: OpenModelica code for Scheduler (1/7).
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Modelica.Blocks.Interfaces.RealInput SOH annotation(
Placement(visible = true, transformation(origin = {160, 0}, extent =

{{-140, 60}, {-100, 100}}, rotation = 90), iconTransformation(origin = {180,
0}, extent = {{-140, 60}, {-100, 100}}, rotation = 90)));
Modelica.Blocks.Interfaces.RealOutput P annotation(
Placement(visible = true, transformation(origin = {0, 0}, extent = {{100,

-10}, {120, 10}}, rotation = 0), iconTransformation(origin = {0, 0}, extent =
{{100, -10}, {120, 10}}, rotation = 0)));
Modelica.Blocks.Interfaces.RealOutput P_e_set annotation(
Placement(visible = true, transformation(origin = {0, 40}, extent = {{100,

-10}, {120, 10}}, rotation = 0), iconTransformation(origin = {0, -40}, extent
= {{100, -10}, {120, 10}}, rotation = 0)));
Modelica.Blocks.Interfaces.RealOutput P_fc_set annotation(
Placement(visible = true, transformation(origin = {0, -40}, extent = {{100,
-10}, {120, 10}}, rotation = 0), iconTransformation(origin = {0, 42}, extent
= {{100, -10}, {120, 10}}, rotation = 0)));
parameter Modelica.SIunits.Time period(final min=Modelica.Constants.small,

start=3600) "Sample period";
parameter Modelica.SIunits.Time startTime=-3599.99;
Modelica.Blocks.Interfaces.RealInput upper_band annotation(
Placement(visible = true, transformation(origin = {-40, 0}, extent =

{{-140, 60}, {-100, 100}}, rotation = -90), iconTransformation(origin = {-30,
0}, extent = {{-140, 60}, {-100, 100}}, rotation = -90)));
Modelica.Blocks.Interfaces.RealInput average annotation(
Placement(visible = true, transformation(origin = {0, 0}, extent = {{-140,

60}, {-100, 100}}, rotation = -90), iconTransformation(origin = {20, 0},
extent = {{-140, 60}, {-100, 100}}, rotation = -90)));
Modelica.Blocks.Interfaces.RealInput lower_band annotation(
Placement(visible = true, transformation(origin = {-80, 0}, extent =

{{-140, 60}, {-100, 100}}, rotation = -90), iconTransformation(origin = {-80,
0}, extent = {{-140, 60}, {-100, 100}}, rotation = -90)));
Modelica.Blocks.Interfaces.RealInput dayaheadT2 annotation(
Placement(visible = true, transformation(origin = {-110, 20}, extent =

{{-10, -10}, {10, 10}}, rotation = 0), iconTransformation(origin = {-110,
20}, extent = {{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.Blocks.Interfaces.RealInput dayaheadT3 annotation(
Placement(visible = true, transformation(origin = {-110, 0}, extent =

{{-10, -10}, {10, 10}}, rotation = 0), iconTransformation(origin = {-110, 0},
extent = {{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.Blocks.Interfaces.RealInput dayaheadT5 annotation(
Placement(visible = true, transformation(origin = {-110, -40}, extent =

{{-10, -10}, {10, 10}}, rotation = 0), iconTransformation(origin = {-110,
-40}, extent = {{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.Blocks.Interfaces.RealInput dayaheadT4 annotation(
Placement(visible = true, transformation(origin = {-110, -20}, extent =

{{-10, -10}, {10, 10}}, rotation = 0), iconTransformation(origin = {-110,
-20}, extent = {{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.Blocks.Interfaces.RealInput dayaheadT7 annotation(
Placement(visible = true, transformation(origin = {-110, -80}, extent =

{{-10, -10}, {10, 10}}, rotation = 0), iconTransformation(origin = {-110,
-80}, extent = {{-10, -10}, {10, 10}}, rotation = 0)));
Modelica.Blocks.Interfaces.RealInput dayaheadT6 annotation(

Figure B.2: OpenModelica code for Scheduler (2/7).
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Placement(visible = true, transformation(origin = {-110, -60}, extent =
{{-10, -10}, {10, 10}}, rotation = 0), iconTransformation(origin = {-110,
-60}, extent = {{-10, -10}, {10, 10}}, rotation = 0)));
/*Modelica.Blocks.Interfaces.RealInput dayaheadT8 annotation(
Placement(visible = true, transformation(origin = {-110, -100}, extent =

{{-10, -10}, {10, 10}}, rotation = 0), iconTransformation(origin = {-110,
-100}, extent = {{-10, -10}, {10, 10}}, rotation = 0)));
*/equation
when sample(startTime,period) then
correctionPower_0to1 = correctionPower/130e+6;
if dayaheadT0 >= upper_band and dayaheadT0 > h2_Price *

(e_eff-profitmargin) and dayaheadT0 < h2_Price / (fc_eff-profitmargin) then
very_high = true;
high = false;
low = false;
very_low = false;
hydrogen_best = false;
fuel_cell_on = false;

elseif dayaheadT0 >= average and dayaheadT0 > h2_Price *
(e_eff-profitmargin) and dayaheadT0 < h2_Price / (fc_eff-profitmargin) then

very_high = false;
high = true;
low = false;
very_low = false;
hydrogen_best = false;
fuel_cell_on = false;

elseif dayaheadT0 >= lower_band and dayaheadT0 > h2_Price *
(e_eff-profitmargin) and dayaheadT0 < h2_Price / (fc_eff-profitmargin) then

very_high = false;
high = false;
low = true;
very_low = false;
hydrogen_best = false;
fuel_cell_on = false;

elseif dayaheadT0 < lower_band and dayaheadT0 > h2_Price *
(e_eff-profitmargin) and dayaheadT0 < h2_Price / (fc_eff-profitmargin) then

very_high = false;
high = false;
low = false;
very_low = true;
hydrogen_best = false;
fuel_cell_on = false;
elseif dayaheadT0 >= h2_Price / (fc_eff-profitmargin) then
very_high = false;
high = false;
low = false;
very_low = false;
hydrogen_best = false;
fuel_cell_on = true;

else
very_high = false;
high = false;
low = false;

Figure B.3: OpenModelica code for Scheduler (3/7).
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very_low = false;
hydrogen_best = true;
fuel_cell_on = false;

end if;

SOCT0 = SOC;
SOHT0 = SOH;
if P_progT0 > P_t_max then //over production at t0?
P_fc_set = 0;
P = P_t_max;
SOCT1 = SOCT0 + (P_progT0 - P_t_max)/batteryStorageCap "Calculate SOC

after one hour of over production";
if P_progT1 > P_t_max then // over production at t1?
SOCT2 = SOCT1 + (P_progT1 - P_t_max)/batteryStorageCap;
if SOCT2 >= SOC_high then
correctionPower = (SOCT2 - SOC_high)*batteryStorageCap;
if correctionPower > (SOCT1-SOC_low)*batteryStorageCap and

(SOCT1-SOC_low) > 0 then
P_e_set = (SOCT1-SOC_low)*batteryStorageCap;

elseif (SOCT1-SOC_nom) <= 0 then
P_e_set = if (P_progT1 - P_t_max)> P_e_max then P_e_max else

P_progT1 - P_t_max;
elseif correctionPower >= P_e_max then
P_e_set = P_e_max;

else
P_e_set = correctionPower;

end if;
else
correctionPower = 0;
P_e_set = 0;

end if;
else //under production t1
SOCT2 = 0;
if SOCT1 >= SOC_nom then
correctionPower = (SOCT1 - SOC_nom)*batteryStorageCap;
if correctionPower >= P_e_max then
P_e_set = P_e_max;

else
P_e_set = correctionPower;

end if;
else

correctionPower = 0;
P_e_set = 0;

end if;
end if;
else // under production at t0
if P_progT1 > P_t_max then // over production at t1?
P_fc_set = 0;
SOCT1 = SOCT0;
SOCT2 = SOCT1 + (P_progT1 - P_t_max)/batteryStorageCap;
if SOCT2 >= SOC_high then
correctionPower = (SOCT2 - SOC_high)*batteryStorageCap;
if dayaheadT0 < h2_Price*0.6 then // better to produce hydrogen?

Figure B.4: OpenModelica code for Scheduler (4/7).
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P_e_set = if correctionPower >= P_e_max then P_e_max elseif
correctionPower < P_e_min then 0 else correctionPower;

P = if correctionPower > P_e_max and P_progT0 + (correctionPower -
P_e_set) < P_t_max then P_progT0 + (correctionPower - P_e_set) elseif
correctionPower > P_e_max and P_progT0 + (correctionPower - P_e_set) >=
P_t_max then P_t_max else P_progT0;

else // better to sell to grid
P = if correctionPower < P_b_max and P_progT0 + correctionPower <

P_t_max then P_progT0 + correctionPower elseif correctionPower < P_b_max and
P_progT0 + correctionPower >= P_t_max then P_t_max elseif correctionPower >
P_b_max and P_progT0 + correctionPower >= P_t_max then P_t_max else P_progT0
+ P_b_max;

P_e_set = 0; // could also activate P_e here if battery can't
reach the right SOC on its own. Problem with logical statments

end if;
else // SOCT2 < SOC_nom Om fuel cell är rimligt, kör den

correctionPower = 0;
P = P_progT0;
P_e_set = 0 ;

end if;
else // under production at t1
SOCT1 = 0;
SOCT2 = 0;
if very_high then
correctionPower = if abs((SOCT0 - SOC_low)*batteryStorageCap) >=

P_b_max then P_b_max else (SOCT0 - SOC_low)*batteryStorageCap;
if dayaheadT0 >= dayaheadT1 and dayaheadT0 >= dayaheadT2 and

dayaheadT0 >= dayaheadT3 and dayaheadT0 >= dayaheadT4 and dayaheadT0 >=
dayaheadT5 and dayaheadT0 >= dayaheadT6 and dayaheadT0 >= dayaheadT7 and
correctionPower > 0 then

P = if correctionPower + P_progT0 >= P_t_max then P_t_max elseif
correctionPower + P_progT0 <= 0 then 0 else P_progT0 + correctionPower;

P_e_set = 0;
P_fc_set = 0;

else
P = P_progT0;
P_e_set = 0;
P_fc_set = 0;

end if;
elseif high then
correctionPower = if abs((SOCT0 - SOC_nom)*batteryStorageCap) >=

P_b_max then P_b_max else (SOCT0 - SOC_nom)*batteryStorageCap;
if dayaheadT0 >= dayaheadT1 and dayaheadT0 >= dayaheadT2 and

dayaheadT0 >= dayaheadT3 and dayaheadT0 >= dayaheadT4 and dayaheadT0 >=
dayaheadT5 and dayaheadT0 >= dayaheadT6 and dayaheadT0 >= dayaheadT7 and
correctionPower > 0 then

P = if correctionPower + P_progT0 >= P_t_max then P_t_max elseif
correctionPower + P_progT0 <= 0 then 0 else P_progT0 + correctionPower;

P_e_set = 0;
P_fc_set = 0;

else
P = P_progT0;
P_e_set = 0;

Figure B.5: OpenModelica code for Scheduler (5/7).
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P_fc_set = 0;
end if;

elseif low then
correctionPower = if abs((SOCT0 - SOC_high*7/8)*batteryStorageCap)

>= P_b_max then P_b_max else (SOCT0 - SOC_high*7/8)*batteryStorageCap;
if dayaheadT0 <= dayaheadT1 and dayaheadT0 <= dayaheadT2 and

dayaheadT0 <= dayaheadT3 and dayaheadT0 <= dayaheadT4 and dayaheadT0 <=
dayaheadT5 and dayaheadT0 <= dayaheadT6 and dayaheadT0 <= dayaheadT7 and
correctionPower < 0 then

P = if correctionPower + P_progT0 >= P_t_max then P_t_max elseif
correctionPower + P_progT0 <= 0 then 0 else P_progT0 + correctionPower;

P_e_set = 0;
P_fc_set = 0;

else
P = P_progT0;
P_e_set = 0;
P_fc_set = 0;

end if;
elseif very_low then
correctionPower = if abs((SOCT0 - SOC_high)*batteryStorageCap) >=

P_b_max then P_b_max else (SOCT0 - SOC_high)*batteryStorageCap;
if dayaheadT0 <= dayaheadT1 and dayaheadT0 <= dayaheadT2 and

dayaheadT0 <= dayaheadT3 and dayaheadT0 <= dayaheadT4 and dayaheadT0 <=
dayaheadT5 and dayaheadT0 <= dayaheadT6 and dayaheadT0 <= dayaheadT7 and
correctionPower < 0 then

P = if correctionPower + P_progT0 >= P_t_max then P_t_max elseif
correctionPower + P_progT0 <= 0 then 0 else P_progT0 + correctionPower;

P_e_set = 0;
P_fc_set = 0;

else
P = P_progT0;
P_e_set = 0;
P_fc_set = 0;

end if;
elseif fuel_cell_on then
correctionPower = if abs((SOCT0 - SOC_low)*batteryStorageCap) >=

P_b_max then P_b_max else (SOCT0 - SOC_low)*batteryStorageCap;
if dayaheadT0 >= dayaheadT1 and dayaheadT0 >= dayaheadT2 and

dayaheadT0 >= dayaheadT3 and dayaheadT0 >= dayaheadT4 and dayaheadT0 >=
dayaheadT5 and dayaheadT0 >= dayaheadT6 and dayaheadT0 >= dayaheadT7 and
correctionPower > 0 then

P_fc_set = if correctionPower + P_progT0 >= P_fc_min and
correctionPower + P_progT0 <= P_fc_max and -(correctionPower +
P_progT0)/hydrogenStorageCap+SOHT0 >= SOH_low then correctionPower + P_progT0
elseif (correctionPower + P_progT0) > P_fc_max and
(-P_fc_max)/hydrogenStorageCap+SOHT0 >= SOH_low then P_fc_max else 0;

P = if correctionPower + P_progT0 + P_fc_set >= P_t_max then
P_t_max elseif correctionPower + P_progT0 + P_fc_set <= 0 then 0 else
P_progT0 + correctionPower + P_fc_set;

P_e_set = 0;
else
P_fc_set = if P_t_max - P_progT0 < P_fc_max and -(P_t_max -

P_progT0)/hydrogenStorageCap+SOHT0 >= SOH_low then P_t_max - P_progT0 elseif

Figure B.6: OpenModelica code for Scheduler (6/7).
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P_t_max - P_progT0 >= P_fc_max and (-P_fc_max)/hydrogenStorageCap+SOHT0 >=
SOH_low then P_fc_max else 0;

P = if P_progT0 + P_fc_set>=P_t_max then P_t_max else P_progT0 +
P_fc_set;

P_e_set = 0;
end if;

else // hydrogen_best
correctionPower = if ((SOCT0 - SOC_high)*batteryStorageCap) >=

P_b_max then P_b_max else ((SOCT0 - SOC_high)*batteryStorageCap);
if dayaheadT0 <= dayaheadT1 and dayaheadT0 <= dayaheadT2 and

dayaheadT0 <= dayaheadT3 and dayaheadT0 <= dayaheadT4 and dayaheadT0 <=
dayaheadT5 and dayaheadT0 <= dayaheadT6 and dayaheadT0 <= dayaheadT7 and
correctionPower < 0 then

P_e_set = if correctionPower + P_progT0 >= P_e_min and
correctionPower + P_progT0 <= P_e_max and (correctionPower +
P_progT0)/hydrogenStorageCap+SOHT0 <= SOH_high then correctionPower +
P_progT0 elseif (correctionPower + P_progT0) > P_e_max and
(P_e_max)/hydrogenStorageCap+SOHT0 <= SOH_high then P_e_max else 0;

P = if correctionPower + P_progT0 - P_e_set >= P_t_max then
P_t_max elseif correctionPower + P_progT0 - P_e_set <= 0 then 0 else P_progT0
+ correctionPower - P_e_set;

P_fc_set = 0;
else
P_e_set = if P_progT0 < P_e_max and

(P_progT0)/hydrogenStorageCap+SOHT0 <= SOH_high then P_progT0 elseif P_progT0
>= P_e_max and (P_e_max)/hydrogenStorageCap+SOHT0 <= SOH_high then P_e_max
else 0;

P = if P_progT0 - P_e_set>=P_t_max then P_t_max else P_progT0 -
P_e_set;

P_fc_set = 0;
end if;

end if;
end if;

end if;
end when;
annotation(
Diagram,
Icon);

end Scheduler;

Figure B.7: OpenModelica code for Scheduler (7/7).
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Appendix C

Operational strategy performance overview

EIectrolyser_powerPower_to_grid SOC SOH Curtailed_power
Intraday_price Power_productionForecast_power_production

13 28 42 56 70 84

Time (h)

Figure C.1: Simulation plot of power to grid, forecast production, real production, curtailed solar
power, state of charge in battery, state of hydrogen storage, intraday price, and power
flow through electrolyser.
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Appendix D

Investment appraisal of optimised model

Key input and results
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Figure D.1: Investment appraisal of entire system.
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h/yr)

2237,15
Value of hydrogen gas to fuel cell (TSEK)

0
Average forecast error (M

W
)

0,26
R

evenue of sold solar electricity (TSEK)
66 908

Standalone W
PP error (M

W
h/yr)

49576,20
Balancing cost reduction by battery (TSEK)

 
545

G
rid benefit (SEK/M

W
h)

3
G

uarantees of origin (SEK/M
W

h)
25

C
om

ponent facts
Electrolyser capacity factor (%

)
53,5%

Tariffs
Battery capacity factor (%

)
11,0%

Sales cost + balance responsibility (SEK/M
W

h)
 

12,6
Fuel cell capacity factor (%

)
0,0%

Im
balance fee (SEK/M

W
h)

11,7
Lifetim

e of electrolyser (hours/years)
75000

16
Lifetim

e of battery (cycles/years)
6000

14
Lifetim

e of fuel cell (hours/years)
80000

-
O

PEX
Service & m

aintenance SPP (SEK/M
W

h)
 

9
R

eplacem
ent of inverters (1x/15 years) (SEK/M

W
)

283 000
O

PEX electrolyser (SEK/kg/yr)
 

213,08
O

PEX fuel cell (SEK/kW
h)

 
0,20

Servicing contract of battery (1x/5 years) (TSEK)
 

50 225 175
O

PEX battery annual (TSEK/year)
 

7 147,96
O

PEX fixed hydrogen storage (SEK/kW
h)

 
39,71

Pre-tax equity IR
R

40,3%
Land lease (%

 of gross revenues)
4%

Post-tax Equity IR
R

33,1%

TSEK
2011

2030
2031

2032
2033

2034
2035

2036
2037

2038
2039

2040
2041

2042
2043

2044
2045

2046
2047

2048
2049

2050
2051

2052
2053

2054
2055

Year of operation
1

2
3

4
5

6
7

8
9

10
11

12
13

14
15

16
17

18
19

20
21

22
23

24
25

26
H

ydrogen produced (M
W

h)
230 393

230 393
230 393

230 393
230 393

230 393
230 393

230 393
230 393

230 393
230 393

230 393
230 393

230 393
230 393

230 393
230 393

230 393
230 393

230 393
230 393

230 393
230 393

230 393
230 393

230 393

H
ydrogen revenues
H

ydrogen price (SEK/M
W

h)
1 344

1 371
1 398

1 426
1 455

1 484
1 513

1 544
1 574

1 606
1 638

1 671
1 704

1 738
1 773

1 809
1 845

1 882
1 919

1 958
1 997

2 037
2 077

2 119
2 161

2 205

R
evenues (TSEK

)
R

evenue of hydrogen gas sales
281 430

287 058
292 800

298 656
304 629

310 721
316 936

323 274
329 740

336 335
343 061

349 923
356 921

364 059
371 341

378 767
386 343

394 070
401 951

409 990
418 190

426 554
435 085

443 786
452 662

461 715
Value of hydrogen gas to fuel cell

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

C
ost of bought electricity by electrolyser

-97 166
-99 110

-101 092
-103 114

-105 176
-107 279

-109 425
-111 613

-113 846
-116 123

-118 445
-120 814

-123 230
-125 695

-128 209
-130 773

-133 388
-136 056

-138 777
-141 553

-144 384
-147 272

-150 217
-153 221

-156 286
-159 411

G
ross revenues

184 264
187 949

191 708
195 542

199 453
203 442

207 511
211 661

215 894
220 212

224 616
229 109

233 691
238 365

243 132
247 995

252 954
258 013

263 174
268 437

273 806
279 282

284 868
290 565

296 376
302 304

O
PEX (TSEK

)
O

PEX electrolyser 
4 035

4 116
4 198

4 282
4 368

4 455
4 544

4 635
4 728

4 823
4 919

5 017
5 118

5 220
5 325

5 431
5 540

5 650
5 763

5 879
5 996

6 116
6 239

6 363
6 491

6 620
O

PEX fixed hydrogen storage
19 855

19 855
19 855

19 855
19 855

19 855
19 855

19 855
19 855

19 855
19 855

19 855
19 855

19 855
19 855

19 855
19 855

19 855
19 855

19 855
19 855

19 855
19 855

19 855
19 855

19 855
O

PEX variable hydrogen storage
13 262

13 528
13 798

14 074
14 356

14 643
14 936

15 234
15 539

15 850
16 167

16 490
16 820

17 156
17 500

17 850
18 207

18 571
18 942

19 321
19 707

20 101
20 503

20 914
21 332

21 758
Land lease (%

 of gross revenues)
7 371

7 518
7 668

7 822
7 978

8 138
8 300

8 466
8 636

8 808
8 985

9 164
9 348

9 535
9 725

9 920
10 118

10 321
10 527

10 737
10 952

11 171
11 395

11 623
11 855

12 092
Total O

PEX
44 524

45 017
45 520

46 034
46 557

47 091
47 636

48 192
48 758

49 336
49 926

50 527
51 141

51 766
52 405

53 056
53 720

54 397
55 088

55 792
56 511

57 244
57 992

58 755
59 533

60 326

EB
ITD

A
139 740

142 932
146 188

149 508
152 896

156 351
159 875

163 469
167 136

170 876
174 690

178 581
182 550

186 598
190 727

194 939
199 235

203 617
208 086

212 645
217 295

222 038
226 876

231 810
236 844

241 978
EBITD

A m
argin

76%
76%

76%
76%

77%
77%

77%
77%

77%
78%

78%
78%

78%
78%

78%
79%

79%
79%

79%
79%

79%
80%

80%
80%

80%
80%

D
epreciation (linear)

-14 627
-14 627

-14 627
-14 627

-14 627
-14 627

-14 627
-14 627

-14 627
-14 627

-14 627
-14 627

-14 627
-14 627

-14 627
-14 627

-14 627
-14 627

-14 627
-14 627

-14 627
-14 627

-14 627
-14 627

-14 627
0

EB
IT

125 113
128 305

131 561
134 881

138 269
141 724

145 248
148 842

152 509
156 249

160 063
163 954

167 923
171 971

176 100
180 312

184 608
188 990

193 459
198 018

202 668
207 411

212 249
217 183

222 217
241 978

N
et interest / R

änta
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
EB

T
125 113

128 305
131 561

134 881
138 269

141 724
145 248

148 842
152 509

156 249
160 063

163 954
167 923

171 971
176 100

180 312
184 608

188 990
193 459

198 018
202 668

207 411
212 249

217 183
222 217

241 978
Tax

-25 773
-26 431

-27 101
-27 786

-28 483
-29 195

-29 921
-30 662

-31 417
-32 187

-32 973
-33 775

-34 592
-35 426

-36 277
-37 144

-38 029
-38 932

-39 853
-40 792

-41 750
-42 727

-43 723
-44 740

-45 777
-49 847

N
et profit

99 340
101 874

104 459
107 096

109 785
112 529

115 327
118 181

121 092
124 062

127 090
130 180

133 331
136 545

139 824
143 168

146 579
150 058

153 606
157 226

160 918
164 684

168 525
172 444

176 440
192 130

Pre-tax FC
F to equity

139 740
142 932

146 188
149 508

152 896
156 351

159 875
163 469

167 136
170 876

174 690
178 581

182 550
186 598

190 727
194 939

199 235
203 617

208 086
212 645

217 295
222 038

226 876
231 810

236 844
241 978

Post-tax FC
F to equity

113 967
116 501

119 086
121 723

124 412
127 156

129 954
132 808

135 719
138 688

141 717
144 807

147 958
151 172

154 451
157 795

161 206
164 685

168 233
171 853

175 545
179 311

183 152
187 071

191 067
192 130

Equity investm
ent

-365 674
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

-304 395
0

0
0

0
0

0
0

0
0

0
N

et pre-tax FC
F to Equity

-365 674
139 740

142 932
146 188

149 508
152 896

156 351
159 875

163 469
167 136

170 876
174 690

178 581
182 550

186 598
190 727

-109 456
199 235

203 617
208 086

212 645
217 295

222 038
226 876

231 810
236 844

241 978
N

et post-tax FC
F to Equity

-365 674
113 967

116 501
119 086

121 723
124 412

127 156
129 954

132 808
135 719

138 688
141 717

144 807
147 958

151 172
154 451

-146 600
161 206

164 685
168 233

171 853
175 545

179 311
183 152

187 071
191 067

192 130

Pre-tax Equity IR
R

40,3%
Post-tax Equity IR

R
33,1%

Figure D.2: Investment appraisal of electrolyser and hydrogen storage.
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K
ey input and results

Investm
ent appraisal

Battery
2021

R
EVEN

U
ES AN

D
 O

PEX
IN

VESTM
EN

T AN
D

 FIN
AN

C
IN

G
 / Finansiering

Energy yield and park data
Econom

ic data
Installed solar capacity (kW

)
 

260 000
G

rid ower
 

 
 

 
Ellevio

Installed electrolyser capacity (kW
)

 
60 000

Tariff area
 

 
 

 
IN

40T10
Installed fuel cell capacity (kW

) 
 

0
Electricity area

 
 

 
 

SE3
Installed battery capacity (kW

)
 

90 000
Price of hydrogen (SEK/M

W
h)

 
 

 
 

1343,807292
Installed battery storage (kW

h)
 

108 000
Average day-ahead price for this year (SEK/M

W
h)

 
671,5857808

Installed hydrogen storage (kW
h)

 
500 000

 
 

 
 

 
 

Installation cost SPP (SEK/kW
)

 
4 500

Installation cost electrolyser (SEK//kW
)

5073,25
Inflation and exchange rates

Installation cost fuel cell  (SEK/kW
)

9131,85
Inflation revenues

2,0%
Installation cost battery (SEK/(10M

W
/12M

W
h))

79065000
Inflation O

PEX
2,0%

Installation cost hydrogen storage (SEK/kW
h)

122,5585525
EU

R
/SEK exchange rate

10,15
Power for cooling/heating battery (kW

)
1215

U
SD

/SEK exchange rate
8,58

Sim
ulation data

M
argin and investm

ent cost
Annual hydrogen production (M

W
h)

230 393
Initial Investm

ent  (TSEK)
711 585,000

Total delivered electricity production (M
W

h)
 

177 239
C

ost per M
W

h (SEK/M
W

h)
1 371,2082

Electricity from
 battery (M

W
h)

36 813
I/P (SEK/kW

h)
19,3

Electricity to battery (M
W

h)
45 372

Electricity from
 fuel cell (M

W
h)

0
Solar electricity produced above 130M

W
195 623

D
ebt financing

Solar electricity produced below 130M
W

99 857
Econom

ic lifetim
e (year)

25
H

ydrogen to fuel cell (M
W

h)
0

C
orporate tax (%

)
20,6%

Electricity to electrolyser (M
W

h)
280967

H
ydrogen to trucks (M

W
h)

209427,1825
Revenues

O
ther facts

Total intraday revenues (TSEK)
 

125 939
Energy curtailed (M

W
h)

15333
C

ost of bought electricity by battery (TSEK)
 

15 165
M

oney curtailed (TSEK)
7585

R
evenue of sold electricity from

 battery (TSEK)
28 058

Percentage of energy curtailed (%
)

5%
C

ost of bought electricity by electrolyser (TSEK)
97 166

C
apacity factor transform

er (%
)

33%
R

evenue of sold hydrogen gas (TSEK)
281 430

SPP Energy produced (M
W

h)
295479,9

R
evenue of sold electricity from

 fuel cell (TSEK)
0

Forecast error (M
W

h/yr)
2903,09

Value of hydrogen gas to fuel cell (TSEK)
0

Average forecast error (M
W

)
0,33

R
evenue of sold solar electricity (TSEK)

66 908
Standalone W

PP error (M
W

h/yr)
49576,20

Balancing cost reduction by battery (TSEK)
 

545
G

rid benefit (SEK/M
W

h)
3

G
uarantees of origin (SEK/M

W
h)

25
C

om
ponent facts

Electrolyser capacity factor (%
)

0,535328
Tariffs

Battery capacity factor (%
)

0,109587
Sales cost + balance responsibility (SEK/M

W
h)

12,6
Fuel cell capacity factor (%

)
0

Im
balance fee (SEK/M

W
h)

11,7
Lifetim

e of electrolyser (hours/years)
75000

16
Lifetim

e of battery (cycles/years)
6000

14
Lifetim

e of fuel cell (hours/years)
80000

-
O

PEX
Service & m

aintenance SPP (SEK/M
W

h)
 

9
R

eplacem
ent of inverters (1x/15 years) (SEK/M

W
)

283000
O

PEX electrolyser (SEK/kg/yr)
 

213,08
O

PEX fuel cell (SEK/kW
h)

 
0,20

Servicing contract of battery (1x/5 years) (TSEK)
50 225 175

O
PEX battery annual (TSEK/year)

 
7147,96

O
PEX fixed hydrogen storage (SEK/kW

h)
 

39,71
Pre-tax equity IR

R
#O

GILTIGT!
Land lease (%

 of gross revenues)
4%

Post-tax Equity IR
R

#O
GILTIGT!

TSEK
2011

2030
2031

2032
2033

2034
2035

2036
2037

2038
2039

2040
2041

2042
2043

2044
2045

2046
2047

2048
2049

2050
2051

2052
2053

2054
2055

Year of operation
1

2
3

4
5

6
7

8
9

10
11

12
13

14
15

16
17

18
19

20
21

22
23

24
25

26
Electricity from

 battery (M
W

h)
36 813

36 813
36 813

36 813
36 813

36 813
36 813

36 813
36 813

36 813
36 813

36 813
36 813

36 813
36 813

36 813
36 813

36 813
36 813

36 813
36 813

36 813
36 813

36 813
36 813

36 813

Energy tariffs
C

ost of sales incl. balancing resp. (SEK/M
W

h)
-13

-13
-13

-13
-14

-14
-14

-15
-15

-15
-15

-16
-16

-16
-17

-17
-17

-18
-18

-18
-19

-19
-20

-20
-20

-21
Im

balance fee (SEK/M
W

h)
-12

-12
-12

-12
-13

-13
-13

-13
-14

-14
-14

-15
-15

-15
-15

-16
-16

-16
-17

-17
-17

-18
-18

-18
-19

-19
G

rid benefit (SEK/M
W

h)
3

3
3

3
3

3
3

3
4

4
4

4
4

4
4

4
4

4
4

4
4

5
5

5
5

5
G

uarantees of origin (SEK/M
W

h)
25

26
26

27
27

28
28

29
29

30
30

31
32

32
33

34
34

35
36

36
37

38
39

39
40

41

R
evenues (TSEK

)
R

evenue of sold electricity from
 battery

28 058
28 620

29 192
29 776

30 371
30 979

31 598
32 230

32 875
33 532

34 203
34 887

35 585
36 297

37 022
37 763

38 518
39 289

40 074
40 876

41 693
42 527

43 378
44 245

45 130
46 033

R
evenue of grid benefit

110
113

115
117

120
122

124
127

129
132

135
137

140
143

146
149

152
155

158
161

164
167

171
174

178
181

R
evenue of guarantees of origin

920
939

958
977

996
1 016

1 036
1 057

1 078
1 100

1 122
1 144

1 167
1 191

1 214
1 239

1 263
1 289

1 314
1 341

1 368
1 395

1 423
1 451

1 480
1 510

R
evenue of balancing cost reduction

545
555

567
578

589
601

613
626

638
651

664
677

691
705

719
733

748
763

778
793

809
825

842
859

876
893

C
ost of sales incl. balancing resp.

-465
-475

-484
-494

-504
-514

-524
-535

-545
-556

-567
-579

-590
-602

-614
-626

-639
-652

-665
-678

-692
-705

-720
-734

-749
-764

C
ost of bought electricity by battery

-15 165
-15 469

-15 778
-16 094

-16 415
-16 744

-17 079
-17 420

-17 769
-18 124

-18 486
-18 856

-19 233
-19 618

-20 010
-20 410

-20 819
-21 235

-21 660
-22 093

-22 535
-22 986

-23 445
-23 914

-24 392
-24 880

G
ross revenues

14 003
14 283

14 569
14 860

15 157
15 461

15 770
16 085

16 407
16 735

17 070
17 411

17 759
18 114

18 477
18 846

19 223
19 608

20 000
20 400

20 808
21 224

21 648
22 081

22 523
22 973

O
PEX (TSEK

)
O

PEX battery annual 
7 148

7 291
7 437

7 585
7 737

7 892
8 050

8 211
8 375

8 542
8 713

8 888
9 065

9 247
9 432

9 620
9 813

10 009
10 209

10 413
10 621

10 834
11 051

11 272
11 497

11 727
O

PEX battery 5 year 
0

0
0

0
55 453

0
0

0
0

61 224
0

0
0

0
67 596

0
0

0
0

74 632
0

0
0

0
82 400

0
Land lease (%

 of gross revenues)
560

571
583

594
606

618
631

643
656

669
683

696
710

725
739

754
769

784
800

816
832

849
866

883
901

919
Total O

PEX
7 708

7 862
8 019

8 180
63 796

8 510
8 681

8 854
9 031

70 436
9 396

9 584
9 776

9 971
77 767

10 374
10 582

10 793
11 009

85 861
11 454

11 683
11 917

12 155
94 798

12 646

EB
ITD

A
6 295

6 421
6 549

6 680
-48 639

6 950
7 089

7 231
7 376

-53 701
7 674

7 827
7 984

8 143
-59 290

8 472
8 642

8 814
8 991

-65 461
9 354

9 541
9 732

9 927
-72 275

10 328
EBITD

A m
argin

45%
45%

45%
45%

-321%
45%

45%
45%

45%
-321%

45%
45%

45%
45%

-321%
45%

45%
45%

45%
-321%

45%
45%

45%
45%

-321%
45%

D
epreciation (linear)

-28 463
-28 463

-28 463
-28 463

-28 463
-28 463

-28 463
-28 463

-28 463
-28 463

-28 463
-28 463

-28 463
-28 463

-28 463
-28 463

-28 463
-28 463

-28 463
-28 463

-28 463
-28 463

-28 463
-28 463

-28 463
0

EB
IT

-22 168
-22 043

-21 914
-21 783

-77 102
-21 513

-21 374
-21 232

-21 088
-82 165

-20 790
-20 636

-20 480
-20 320

-87 754
-19 991

-19 822
-19 649

-19 473
-93 925

-19 109
-18 922

-18 731
-18 537

-100 738
10 328

N
et interest

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

EB
T

-22 168
-22 043

-21 914
-21 783

-77 102
-21 513

-21 374
-21 232

-21 088
-82 165

-20 790
-20 636

-20 480
-20 320

-87 754
-19 991

-19 822
-19 649

-19 473
-93 925

-19 109
-18 922

-18 731
-18 537

-100 738
10 328

Tax
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

-2 127
N

et profit
-22 168

-22 043
-21 914

-21 783
-77 102

-21 513
-21 374

-21 232
-21 088

-82 165
-20 790

-20 636
-20 480

-20 320
-87 754

-19 991
-19 822

-19 649
-19 473

-93 925
-19 109

-18 922
-18 731

-18 537
-100 738

8 200

Pre-tax FC
F to equity

6 295
6 421

6 549
6 680

-48 639
6 950

7 089
7 231

7 376
-53 701

7 674
7 827

7 984
8 143

-59 290
8 472

8 642
8 814

8 991
-65 461

9 354
9 541

9 732
9 927

-72 275
10 328

Post-tax FC
F to equity

6 295
6 421

6 549
6 680

-48 639
6 950

7 089
7 231

7 376
-53 701

7 674
7 827

7 984
8 143

-59 290
8 472

8 642
8 814

8 991
-65 461

9 354
9 541
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Figure D.3: Investment appraisal of battery storage.
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Figure D.4: Investment appraisal of solar power plant.

142



K
ey input and results

Investm
ent appraisal

SPP w
ithout storage

2021

R
EVEN

U
ES AN

D
 O

PEX
IN

VESTM
EN

T AN
D

 FIN
AN

C
IN

G

Energy yield and park data
Econom

ic data
Installed solar capacity (kW

)
 

260 000
G

rid ower
 

 
 

 
Ellevio

Installed electrolyser capacity (kW
)

 
0

Tariff area
 

 
 

 
IN

40T10
Installed fuel cell capacity (kW

) 
 

0
Electricity area

 
 

 
 

SE3
Installed battery capacity (kW

)
 

0
Price of hydrogen (SEK/M

W
h)

 
 

 
 

1000
Installed battery storage (kW

h)
 

0
Average day-ahead price for this year (SEK/M

W
h)

 
 

 
 

671,5857808
Installed hydrogen storage (kW

h)
 

0
 

 
 

 
 

 
Installation cost SPP (SEK/kW

)
 

4 500
Installation cost electrolyser (SEK//kW

)
 

5073,25
Inflation and exchange rates

Installation cost fuel cell  (SEK/kW
)

 
9131,85

Inflation revenues
2,0%

Installation cost battery (SEK/(10M
W

/12M
W

h))
 

79065000
Inflation O

PEX
2,0%

Installation cost hydrogen storage (SEK/kW
h)

 
122,5585525

EU
R

/SEK exchange rate
11,30

Power for cooling/heating battery (kW
)

 
1215

U
SD

/SEK exchange rate
10,33

Power to com
pressed hydrogen storage (kW

h/kg)
 

2,88

Sim
ulation data

M
argin and investm

ent cost
Annual hydrogen production (M

W
h)

0
Initial Investm

ent  (TSEK)
1 170 000,000

Total delivered electricity production (M
W

h)
 

224 852
C

ost per M
W

h (SEK/M
W

h)
262

Electricity from
 battery (M

W
h)

0
I/P (SEK/kW

h)
5,2

Electricity to battery (M
W

h)
0

Electricity from
 fuel cell (M

W
h)

0
Solar electricity produced above 130M

W
0

D
ebt financing

Solar electricity produced below 130M
W

0
Econom

ic lifetim
e (year)

25
H

ydrogen to fuel cell (M
W

h)
0

C
orporate tax (%

)
20,6%

Electricity to electrolyser (M
W

h)
H

ydrogen to trucks (M
W

h)

R
evenues

O
ther facts

Total intraday revenues (TSEK)
 

141 757
Energy curtailed (M

W
h)

85858
C

ost of bought electricity by battery (TSEK)
 

0
M

oney curtailed (TSEK)
47271

R
evenue of sold electricity from

 battery (TSEK)
0

Percentage of energy curtailed (%
)

28%
C

ost of bought electricity by electrolyser (TSEK)
0

C
apacity factor transform

er (%
)

52%
R

evenue of sold hydrogen gas (TSEK)
0

SPP Energy produced (M
W

h)
224959

R
evenue of sold electricity from

 fuel cell (TSEK)
0

Forecast error (M
W

h/yr)
37378

Value of hydrogen gas to fuel cell (TSEK)
0

Average forecast error (M
W

)
4,27

R
evenue of sold solar electricity (TSEK)

0
Standalone W

PP error (M
W

h/yr)
49576,20

Balancing cost reduction by battery (TSEK)
 

0
G

rid benefit (SEK/M
W

h)
3

G
uarantees of origin (SEK/M

W
h)

25
C

om
ponent facts

Electrolyser capacity factor (%
)

53,5%
Tariffs

Battery capacity factor (%
)

11,0%
Sales cost + balance responsibility (SEK/M

W
h)

 
14,1

Fuel cell capacity factor (%
)

0,0%
Im

balance fee (SEK/M
W

h)
13,6

Lifetim
e of electrolyser (hours/years)

75000
16

Lifetim
e of battery (cycles/years)

6000
14

Lifetim
e of fuel cell (hours/years)

80000
-

O
PEX
Service & m

aintenance SPP (SEK/M
W

h)
 

9 kr
                      

R
eplacem

ent of inverters (1x/15 years) (SEK/M
W

)
283 000 kr

           
O

PEX electrolyser (SEK/kg/yr)
 

213 kr
                  

O
PEX fuel cell (SEK/kW

h)
 

0 kr
                      

Servicing contract of battery (1x/5 years) (TSEK)
 

50 225 175
O

PEX battery annual (TSEK/year)
 

7147,96

O
PEX fixed hydrogen storage (SEK/kW

h)
 

39,71
Pre-tax equity IR

R
12,6%

Land lease (%
 of gross revenues)

4%
Post-tax Equity IR

R
10,6%

TSEK
2011

2030
2031

2032
2033

2034
2035

2036
2037

2038
2039

2040
2041

2042
2043

2044
2045

2046
2047

2048
2049

2050
2051

2052
2053

2054
2055

Year of operation
1

2
3

4
5

6
7

8
9

10
11

12
13

14
15

16
17

18
19

20
21

22
23

24
25

26
Solar electricity produced (M

W
h)

224 852
224 852

224 852
224 852

224 852
224 852

224 852
224 852

224 852
224 852

224 852
224 852

224 852
224 852

224 852
224 852

224 852
224 852

224 852
224 852

224 852
224 852

224 852
224 852

224 852
224 852

Energy tariffs
C

ost of sales incl. balancing responsibility (SEK/M
W

h)
-14

-14
-15

-15
-15

-16
-16

-16
-16

-17
-17

-18
-18

-18
-19

-19
-19

-20
-20

-21
-21

-21
-22

-22
-23

-23
Im

balance fee (SEK/M
W

h)
-14

-14
-14

-14
-15

-15
-15

-16
-16

-16
-17

-17
-17

-18
-18

-18
-19

-19
-19

-20
-20

-21
-21

-21
-22

-22
G

rid benefit (SEK/M
W

h)
3

3
3

3
3

3
3

3
4

4
4

4
4

4
4

4
4

4
4

4
4

5
5

5
5

5
G

uarantees of origin (SEK/M
W

h)
25

26
26

27
27

28
28

29
29

30
30

31
32

32
33

34
34

35
36

36
37

38
39

39
40

41

R
evenues (TSEK

)
Total intraday revenues 

141 757
144 592

147 484
150 434

153 442
156 511

159 641
162 834

166 091
169 413

172 801
176 257

179 782
183 378

187 045
190 786

194 602
198 494

202 464
206 513

210 643
214 856

219 153
223 537

228 007
232 567

R
evenue of grid benefit

675
688

702
716

730
745

760
775

790
806

822
839

856
873

890
908

926
945

963
983

1 002
1 022

1 043
1 064

1 085
1 107

R
evenue of guarantees of origin

5 621
5 734

5 848
5 965

6 085
6 206

6 330
6 457

6 586
6 718

6 852
6 989

7 129
7 272

7 417
7 566

7 717
7 871

8 029
8 189

8 353
8 520

8 690
8 864

9 042
9 222

C
ost of sales incl. balancing resp.

-3 166
-3 229

-3 294
-3 360

-3 427
-3 495

-3 565
-3 637

-3 709
-3 784

-3 859
-3 936

-4 015
-4 095

-4 177
-4 261

-4 346
-4 433

-4 522
-4 612

-4 704
-4 798

-4 894
-4 992

-5 092
-5 194

C
ost of im

balance
-507

-517
-527

-538
-549

-560
-571

-582
-594

-606
-618

-630
-643

-656
-669

-682
-696

-710
-724

-738
-753

-768
-784

-799
-815

-832
G

ross revenues
144 380

147 268
150 213

153 217
156 282

159 407
162 595

165 847
169 164

172 548
175 999

179 519
183 109

186 771
190 507

194 317
198 203

202 167
206 210

210 335
214 541

218 832
223 209

227 673
232 226

236 871

O
PEX (TSEK

)
Service & M

aintenance solar
2 025

2 065
2 106

2 149
2 192

2 235
2 280

2 326
2 372

2 420
2 468

2 517
2 568

2 619
2 671

2 725
2 779

2 835
2 892

2 950
3 008

3 069
3 130

3 193
3 256

3 322
Land lease

5 775
5 891

6 009
6 129

6 251
6 376

6 504
6 634

6 767
6 902

7 040
7 181

7 324
7 471

7 620
7 773

7 928
8 087

8 248
8 413

8 582
8 753

8 928
9 107

9 289
9 475

R
eplacem

ent of inverters (1x/15 years)
0

0
0

0
0

0
0

0
0

0
0

0
0

0
99 029

0
0

0
0

0
0

0
0

0
0

0
Total O

PEX
7 800

7 956
8 115

8 277
8 443

8 612
8 784

8 960
9 139

9 322
9 508

9 698
9 892

10 090
109 321

10 498
10 708

10 922
11 140

11 363
11 590

11 822
12 058

12 300
12 546

12 796

EB
ITD

A
136 580

139 312
142 098

144 940
147 839

150 796
153 812

156 888
160 026

163 226
166 491

169 820
173 217

176 681
81 186

183 819
187 495

191 245
195 070

198 972
202 951

207 010
211 150

215 373
219 681

224 074
EBITD

A m
argin

95%
95%

95%
95%

95%
95%

95%
95%

95%
95%

95%
95%

95%
95%

43%
95%

95%
95%

95%
95%

95%
95%

95%
95%

95%
95%

D
epreciation (linear)

-46 800
-46 800

-46 800
-46 800

-46 800
-46 800

-46 800
-46 800

-46 800
-46 800

-46 800
-46 800

-46 800
-46 800

-46 800
-46 800

-46 800
-46 800

-46 800
-46 800

-46 800
-46 800

-46 800
-46 800

-46 800
0

EB
IT

89 780
92 512

95 298
98 140

101 039
103 996

107 012
110 088

113 226
116 426

119 691
123 020

126 417
129 881

34 386
137 019

140 695
144 445

148 270
152 172

156 151
160 210

164 350
168 573

172 881
224 074

N
et interest

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

EB
T

89 780
92 512

95 298
98 140

101 039
103 996

107 012
110 088

113 226
116 426

119 691
123 020

126 417
129 881

34 386
137 019

140 695
144 445

148 270
152 172

156 151
160 210

164 350
168 573

172 881
224 074

Tax
-18 495

-19 057
-19 631

-20 217
-20 814

-21 423
-22 044

-22 678
-23 324

-23 984
-24 656

-25 342
-26 042

-26 756
-7 083

-28 226
-28 983

-29 756
-30 544

-31 347
-32 167

-33 003
-33 856

-34 726
-35 613

-46 159
N

et profit
71 286

73 454
75 667

77 923
80 225

82 573
84 967

87 410
89 901

92 442
95 034

97 678
100 375

103 126
27 302

108 793
111 712

114 690
117 727

120 824
123 984

127 207
130 494

133 847
137 267

177 915

Pre-tax FC
F to equity

136 580
139 312

142 098
144 940

147 839
150 796

153 812
156 888

160 026
163 226

166 491
169 820

173 217
176 681

81 186
183 819

187 495
191 245

195 070
198 972

202 951
207 010

211 150
215 373

219 681
224 074

Post-tax FC
F to equity

118 086
120 254

122 467
124 723

127 025
129 373

131 767
134 210

136 701
139 242

141 834
144 478

147 175
149 926

74 102
155 593

158 512
161 490

164 527
167 624

170 784
174 007

177 294
180 647

184 067
177 915

Equity investm
ent

-1 170 000
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

N
et pre-tax FC

F to Equity
-1 170 000

136 580
139 312

142 098
144 940

147 839
150 796

153 812
156 888

160 026
163 226

166 491
169 820

173 217
176 681

81 186
183 819

187 495
191 245

195 070
198 972

202 951
207 010

211 150
215 373

219 681
224 074

N
et post-tax FC

F to Equity
-1 170 000

118 086
120 254

122 467
124 723

127 025
129 373

131 767
134 210

136 701
139 242

141 834
144 478

147 175
149 926

74 102
155 593

158 512
161 490

164 527
167 624

170 784
174 007

177 294
180 647

184 067
177 915

Pre-tax Equity IR
R

12,6%
Post-tax Equity IR

R
10,6%

Figure D.5: Investment appraisal of solar power plant with no storage.
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