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Abstract

The Swedish electricity system is undergoing a transition characterized by increasing
electrification, rising industrial electricity demand and a growing share of variable
renewable electricity generation. These developments increase the need for flexibil-
ity resources that can support system balancing and reduce exposure to electricity
market volatility. Battery energy storage systems (BESS) have therefore gained at-
tention as a potential flexibility solution for energy-intensive industries. This thesis
investigates the role of BESS in the Swedish paper and pulp industry and identifies
the main barriers limiting implementation at paper and pulp mills.

The study combines semi-structured interviews with actors from the paper and pulp
industry and the electricity system with a quantitative simulation and investment
appraisal based on site specific data from two anonymized mills. The qualitative
results show that BESS implementation is constrained by high investment costs,
uncertain and market-dependent revenues, requirements for continuous production,
existing flexibility solutions that reduce the perceived need for BESS, and regulatory
uncertainty flexibility. The quantitative results indicate that electricity price arbi-
trage alone is financially insufficient while profitability depends mainly on revenues
from ancillary services. In the base-case assessment, only one of the two studied sites
reaches operating payback within the 24-month analysis period, and the investment
outcome is highly sensitive to revenue levels and financial assumptions.

The thesis concludes that BESS can create value under specific site conditions, par-
ticularly where grid capacity, operational constraints and market access enable effec-
tive participation in ancillary service markets. However, under current conditions,
BESS cannot be regarded as a generally viable flexibility solution for all paper and
pulp mills. Whether BESS is viable depends on site-specific energy profiles, existing
flexibility resources, investment costs and future electricity market development.

Keywords: BESS, Battery Energy Storage System, Paper and pulp industry, Pulp,
Forest industry, Interview study, Flexibility, Industry, Ancillary service, Business
model
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Introduction

Climate change is a global threat primarily driven by anthropogenic emissions from
fossil fuels. In response, global organizations such as the United Nations and the
European Union have committed to achieving climate neutrality by 2050 [1, 2].
A key strategy for reaching these targets is the electrification of energy systems.
According to the International Energy Agency, electrification plays a central role in
decarbonizing the energy system and achieving net-zero goals [3].

In Sweden, this transition is particularly significant due to the country’s energy-
intensive industrial sector. Industrial electricity demand is projected to increase
substantially, from approximately 48 TWh today to around 145 TWh by 2035 [4].
The industrial sector is a cornerstone of the Swedish economy and is responsible for
nearly one-third of the nation’s total greenhouse gas emissions. Achieving Sweden’s
climate goals, therefore, requires not only a transition away from fossil fuels but also
rapid technological innovation and significant improvements in energy efficiency [5].

Within the industrial sector, the forest industry as a whole is a major economic
driver, contributing approximately 2-3% to Sweden’s total GDP and representing
about 10% of the nation’s total goods exports [6]. Within this framework, the paper
and pulp industry (P&PI) plays a particularly important role. The P&PI sector
also accounts for more than 50% of the total industrial energy use in Sweden with
its energy-intensive production processes [7]. At the same time, the P&PI has been
one of the industrial frontrunners. Since 2006, it has achieved a 60% reduction in
carbon emissions, the most significant reduction compared to any other sub-sector
[8]. This is largely due to long-term energy management efforts and increased use
of biofuels instead of oil [9].

In parallel with the changes in energy use, the role of the industry in the electricity
system has evolved. Historically, large parts of the Swedish P&PI owned and op-
erated their own power generation, particularly through hydropower [9]. Although
much of this capacity was decommissioned during the electricity market reforms of
the 1980s and 1990s, the industrial interest in electricity production has increased
once more in recent years. The P&PI has favorable conditions for renewable electric-
ity generation and has invested in biofuel-based combined heat and power (CHP)
plants as well as wind power on forest land. Today, companies within the forest
industry produce up to 50% of the electricity they consume internally [10]. This
combined role as both producer and consumer places the P&PI in a unique position
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to contribute to system flexibility.

At the same time, the Swedish electricity system is currently undergoing a funda-
mental transformation, characterized by a shift from centralized, dispatchable power
generation to a decentralized landscape dominated by variable renewable energy.
The rapid expansion of wind and solar power has introduced intermittency into the
national grid, resulting in increased price volatility and uncertainty regarding system
stability. As the future indicates a continued expansion in both renewable capacity
and industrial electricity demand, these fluctuations are expected to intensify. As
a consequence, maintaining the required frequency balance between generation and
consumption around 50 Hz has become increasingly complex [11]. The resulting in-
stability has created an urgent need for expanded system flexibility [12]. In Sweden,
this flexibility is largely procured through ancillary services markets operated by
Svenska kraftnédt (SvK), the Swedish transmission system operator. In recent years,
particularly during 2023 [13] and 2024 [14], batteries and wind power have been the
fastest-growing technologies in the Swedish ancillary service market.

To maintain the industry’s trajectory towards net-zero in 2050, traditional sectors
like the P&PIT will need to integrate new technological solutions to handle this new
energy reality. While various energy storage technologies, ranging from thermal
and mechanical to chemical solutions, offer potential for managing grid variability,
battery energy storage systems (BESS) have emerged as a particularly versatile
choice for enhancing industrial flexibility. From a business perspective, BESS may
provide several potential value streams for industrial actors. The system can be used
at a paper and pulp mill (P&PM) site to reduce costs by discharging stored energy
during periods of peak demand, thus lowering electricity costs, a known strategy
called arbitrage. Through participation in ancillary services markets, BESS can also
provide frequency regulation services to the national grid, thus creating an additional
revenue stream for a P&PM [15]. Furthermore, battery systems can enhance energy
resilience by providing rapid-response backup power to protect sensitive equipment
from voltage drops or short-term outages [12].

Svenska Kraftnat has identified BESS as a critical tool for regulating volatile renew-
able production and providing essential frequency regulation services to maintain
grid stability [15]. Large-scale industries, like P&PI, must play a central role in
achieving climate neutrality. Despite being a frontrunner in the Swedish energy
transition, there is a lack of comprehensive studies exploring how BESS can be in-
tegrated into the operational environment of a P&PM. This thesis aims to bridge
that gap by investigating the technological and economic viability of BESS within
this sector.



1. Introduction

1.1 Purpose, problem definition and research ques-
tions

The purpose of this bachelor’s thesis is to investigate the current situation of BESS
in the Swedish paper and pulp industry, and to identify the main barriers limiting
the implementation and business model innovation. By adopting a mixed-methods
approach, including both quantitative and qualitative studies, the research aims to
establish a comprehensive understanding of the subject. Further, the thesis focuses
on understanding why BESS is not yet widely adopted, despite its potential role in
increasing flexibility, and how technical, economic, and operational factors influence
this development.

Despite that, BESS can be used to increase the flexibility of industries, it remains
limited within the P&PI. While the technology is highlighted for improved energy
management and participation in the ancillary market the interest from the P&PM
is still low. Therefor, this study addresses the following research question:

What are the different barriers of implementing BESS in paper and pulp mills today?
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Theory

This chapter provides the theoretical foundation for examining the implementation
of BESS within the P&PI, including its associated potentials and barriers.

First, the paper and pulp industry is introduced to explain the operational context
in which BESS would be implemented. The chapter then describes the Swedish
electricity system, balancing markets and flexibility demand, since these create po-
tential value streams for BESS. Finally, BESS technology, aggregation, investment
appraisal, and simulation approaches are presented to support the later qualitative
and quantitative analysis.

2.1 Background to the Pulp and Paper Industry

The P&PI has a long history in Sweden and is one of the most important sectors
of the country’s industry where 90% of all pulp and paper products being exported,
which contributes considerably to the national GDP. [16, 6]. Pulp production is
today primarily based on cellulose fibers from wood, making the industry closely
connected to Sweden’s forest resources [17].

Since the P&PI is energy-intensive and includes several different production pro-
cesses [7], it is important to understand the basic structure of the industry when
analyzing barriers and opportunities related to BESS implementation.

2.1.1 Importance of the Forest Industry in Sweden

Sweden has extensive forest resources with approximately 68% of the country’s land
area being covered by forest [18]. Due to this access to resources, the forest industry
in Sweden has developed into one of the most important industrial sectors for the
country, employing around 23% of the total workforce within the Swedish industry
[16].

Sweden is the world’s third-largest exporter of wood products, highlighting the im-
portance of this industry to the country’s economy. Alongside being important for
the country, the forest in Sweden is also important for Europe, as 20% of the con-
tinent’s forests are located in Sweden. Due to this, the Swedish forest industry
is important for Europe from a pure economic perspective but also from a supply
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perspective [16].

2.1.2 Overview of Pulp Production Processes

To produce pulp, different production methods can be used, primarily mechanical
and chemical processes [17]. Both of the methods begin with similar preparation
steps, where logs are loaded into a large rotation drum with the purpose of removing
bark and branches. After this step, the logs are chipped into smaller wood chips,
which are later continued with either the mechanical process or the chemical process
in order to create the pulp [17].

During the chemical process, the wood chips produced in the initial stages are boiled
at high temperatures in a chemical solution. This process causes the lignin, a glue-
like substance that binds the fibers together, to separate from the cellulose fibers.
As a result, strong and intact cellulose fibers are released [17]. The separated lignin
is then burned together with other residual products, such as bark and branches, in
a recovery boiler, generating energy for the P&PM [19].

Today, the chemical process is the most used method in pulp making, more specifi-
cally, the sulfate process[17]. The chemical process also has, as previously mentioned,
the possibility to generate heat that can later be used to produce electricity for use
within the mill, and also to dry the pulp before further processing. In addition, the
chemicals used in the process can be recovered and reused [17].

The mechanical pulp process separates the fibers instead by using mechanical force
in large refining machines. Compared with chemical pulping, this process is more
electricity-intensive because it relies heavily on large machines, which require large
amounts of electricity [17]. The fibers extracted from this process is more damaged,
affecting the properties of the final product [17].

The processes are carried out in different ways and therefore have different energy
demands in order to operate. The chemical process generates energy within its own
process, whereas the mechanical process instead has a high demand for electricity
[17]. In 2024, the pulp industry in Sweden produced approximately 6,139 GWh of
electricity and purchased around 10,670 GWh [20].



2. Theory

Forest Resources Debarking Chemical Fiber Residual Products

%(—1()(—&(— <—.

On-site Electric Back-Pressure High-Pressure Recovery
Electricity Generator Turbine Steam Boiler

Figure 2.1: Simplified production line and energy recovery process of a chemical
pulp mill. The figure illustrates the integrated flow from raw forest resources to the
final products of paper pulp and on-site electricity.

2.1.3 Externalities

As mentioned, the chemical pulping process has historically utilized residual prod-
ucts for internal energy recovery, national climate strategies now encourage a transi-
tion toward "Waste-to-Value" applications. This strategic shift creates both critical
opportunities and systemic challenges which are described in the roadmap provided
by Fossilfritt Sverige [21]:

Positive Externalities:

o Material Substitution: Extracting byproducts like lignin enables the pro-
duction of advanced biofuels and bioplastics, directly substituting fossil-based
materials in hard-to-abate sectors .

o Carbon Storage: Refined biomaterials create long-term carbon storage,
which is identified as the forest industry’s primary climate contribution.

Negative Externalities:

e Loss of Internal Generation: Diverting waste streams from recovery boilers
to biorefineries reduces internal back-pressure power generation, depriving the
regional grid of stable, dispatchable electricity.

e Increased Grid Dependence: If mills transition from a high internal energy
production of electricity, their peak capacity demands increase, exposing them
to larger regional capacity tariffs.
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2.2 Sweden’s electricity system and flexibility de-
mand

The Swedish electricity market was fundamentally reformed in 1990 and imple-
mented in 1996. This reform introduced a clear separation between competitive and
regulated activities. Generation and retail were opened to competition, while trans-
mission and distribution remained regulated by natural monopolies [22]. As a result,
wholesale electricity pricing became market-based, while the physical operation of
the grid remained centrally coordinated by SvK [22]. Following the reform, Sweden
became part of a highly integrated Nordic electricity market, where cross-border
trade and interconnector capacities play a central role in price stability [23]. Today,
electricity trading primarily takes place on the Nordic power exchange, Nord Pool,
across several time horizons [24]. Because electricity is traded across national bor-
ders, domestic prices in Sweden are not solely determined by national factors, but
are heavily influenced by supply, demand, and transmission capacity in neighboring
countries [25].

However, the seamless trade of electricity is constrained by the physical grid. When
transmission capacity between different regions in Sweden is limited, congestion oc-
curs, preventing electricity from flowing freely from low-price to high-demand areas.
To manage these physical bottlenecks, Sweden is divided into four electricity bid-
ding zones (SE1-SE4). These structural constraints can lead to temporary price
divergences due to regional imbalances in production and consumption [26, 23]. Ul-
timately, the price differences between these four zones are a core feature of the
market design, serving as critical economic signals indicating where grid reinforce-
ments, local flexibility resources, or new generation capacities are needed [26, 23].
Furthermore, because electricity cannot be economically stored in large quantities
within the transmission system, it must be consumed at the exact moment it is pro-
duced. This fundamental characteristic means that the financial electricity markets
are inextricably linked to the physical realities of the grid [25]. The ultimate respon-
sibility for managing this continuous real-time balance and ensuring the operational
security of the national system lies with SvK [27].

2.2.1 The physical grid and grid operators

Svk determines how much transmission capacity can be made available for market
trading without jeopardizing system security. The transmission network, which Svk
owns and operates, consists of two interconnected high-voltage systems operating at
nominal voltages of 220 kV and 400 kV. These lines transport electricity over long
distances between major generation facilities, consumption centers, and intercon-
nections with neighboring countries [26]. Below the transmission grid, electricity is
distributed through regional and local grids. The regional grid typically operates at
voltage levels between 40 and 130 kV and transfers electricity from the transmission
grid to large industrial consumers and local distribution networks [28].

Due to their immense electricity demand and high-capacity requirements, P&PM
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typically bypasses local networks entirely and connects directly to the regional grids.
The specific grid level of this connection is highly significant from an economic
perspective. The grid tariff structures and pricing models on the regional grid differ
fundamentally from those on local distribution networks, creating distinct financial
conditions for industrial consumers, which is further examined in section 2.4.1 [29].

2.2.2 The wholesale electricity markets

The largest market is the day-ahead market, where electricity is traded one day in
advance for the following delivery day. Market participants submit their bids before
12:00 each day, specifying how much electricity they are willing to buy or sell and
at what price. These bids are matched in an auction, where supply and demand
determine the market-clearing price, commonly referred to as the spot price. The
prices for the following day are published shortly before 13:00. As of October 1,
2025, the market operates on 15-minute trading periods, allowing prices to reflect
short-term variations in supply and demand with greater accuracy than the preced-
ing hourly-based framework [30]. In addition to the day-ahead market, the intraday
market allows participants to adjust their positions closer to real time, while bal-
ancing markets are used to manage remaining imbalances during operation [31].

While bidding zones reflect structural transmission limitations, temporary variations
in supply and demand still occur within each zone. As mentioned, actors can partly
adjust their positions closer to real time on the intraday market [32]. However, even
after intraday trading closes, real-time imbalances may still occur. These are man-
aged through ancillary service markets, where SvK procures balancing services from
actors capable of rapidly increasing or decreasing production or consumption. SvK
projects that the demand for such flexibility resources will increase in the coming
years, creating additional economic opportunities for actors capable of responding
quickly to system needs [33].

2.2.3 Increasing demand for flexibility

Sweden aims to reach net-zero carbon emissions by 2045. At the same time, elec-
tricity demand is projected to reach 330 TWh by 2045, compared to approximately
170 TWh today, while peak demand is projected to reach 49 GW [34, 35].

Meeting this new demand will require significant investments in both electricity
generation and grid infrastructure. If no new investments are made, parts of the ex-
isting production infrastructure will reach the end of their technical lifespan, which
in turn would create a substantial gap between future electricity demand and avail-
able supply. Grid updates alone are estimated to cost around 1000 billion SEK
[34].

A significant portion of the required new capacity is expected to consist of variable
renewable energy. However, as emphasized in [36], this structural shift introduces
the critical challenge of intermittency. An electricity system increasingly dominated
by weather-dependent sources, such as wind and solar power, suffers from volatil-
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ity in generation and a reduction in natural rotational inertia [36]. Because this
intermittent production fluctuates independently of consumer demand, maintaining
the real-time 50 Hz balance of the grid becomes substantially more complex and
vulnerable to weather patterns [36].

Currently, 63 % of Sweden’s electricity production is renewable, with a large portion
of it already consisting of variable renewable energy. Managing the growing inter-
mittency is crucial [37, 36]. The Swedish Energy Authority [38] identifies flexibility
as a primary mechanism for maintaining grid stability and optimizing system costs.
According to [38] flexibility is defined as the ability to balance demand and supply
through:

e Adjustable Production: Dispatchable sources, such as hydropower, that
modulate output based on demand.

o Energy Storage: Utilizing energy storage systems, BESS or hydrogen, to
shift energy supply over time.

« Demand-Side Flexibility: Adjusting end-user consumption patterns to align
with generation peaks .

2.3 Power system frequency and balancing ser-
vices

Frequency is a key operational indicator in the Nordic synchronous power system.
The system is operated around a nominal frequency of 50 Hz, and the frequency must
be kept within narrow limits to maintain secure operation. Frequency deviations
occur when there is an instantaneous imbalance between total generation and total
consumption (including imports and exports) [39].

The physical reason is that synchronous machines link electrical frequency to me-
chanical speed. When demand suddenly increases or generation is lost, the missing
power is initially supplied by the kinetic energy stored in rotating masses of con-
nected synchronous machines [40]. This slows down the machines, and the frequency
decreases. The opposite happens during surplus generation. The amount of rota-
tional energy in the system, therefore, affects how quickly the frequency changes
after a disturbance, often expressed as the rate of change of frequency (RoCoF).
Systems with lower rotational inertia experience faster frequency dynamics, which
increases operational challenges and raises the need for fast-acting frequency support
[40].

A growing share of inverter-based generation can reduce the available rotational in-
ertia in the power system. Inverter-connected wind and solar power units normally
do not provide rotational inertia and can displace conventional generators and their
rotating machinery [41]. As a result, frequency dynamics become faster, making
frequency control more challenging. To address this, a range of mitigation mea-
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sures has been developed, including faster and more dynamic frequency control and
the participation of storage-based resources in frequency containment reserves [41].
Synthetic rotational inertia (“inertia mimicking”) from wind and solar power units,
as well as storage units, has also been identified as a mitigation option [42].

To manage both small continuous imbalances and large disturbances, the TSO pro-
cures balancing services with different response times. In Sweden, SvK uses several
products that together form a hierarchical “layered” defense. This structure is de-
signed to address different phases of a disturbance, starting with very fast support
to arrest steep frequency drops, followed by reserves that stabilize the frequency,
and finally products that restore the system to its nominal operating point [43].

2.3.1 Fast Frequency Reserve (FFR)

FFR is designed for the initial, very fast phase of frequency drop when system inertia
is low. The product is activated automatically and reaches full response within a
second (depending on the chosen activation threshold). The service is intended to
prevent the frequency from reaching critical levels before slower reserves can fully
activate [44].

2.3.2 Frequency Containment reserve (FCR)

FCR is the first continuously acting reserve that stabilizes the frequency following
deviations from 50 Hz. Activation is local and proportional to the measured fre-
quency deviation. In the Nordic market, FCR includes a symmetric product for
normal operation (FCR-N) around 50 Hz as well as disturbance products for larger
deviations (FCR-D up and down), each defined by frequency activation ranges.
FCR-N is a symmetrical product, whereas FCR-D, along with the slower restora-
tion reserves (aFRR and mFRR), are asymmetrical products procured specifically
for either upward or downward regulation [42].

Unlike aFRR and mFRR, FCR does not have a single full activation time. Full acti-
vation refers to reaching the contracted power at the edge of the activation frequency
range, while the required speed of response is specified through dynamic performance
criteria (e.g., response levels evaluated at defined time instants in prequalification
tests)[42].

2.3.3 Frequency Restoration Reserves (aFRR and mFRR)

While FCR mainly arrests and contains the deviation, restoration reserves are used
to bring the system back towards the normal operating point and to release FCR
capacity. aFRR is centrally controlled and automatically activated, with full acti-
vation required within minutes and an endurance requirement of one hour [45].

mFRR complements aFRR by providing additional balancing when imbalances are
larger or persist over time. mFRR is activated through market-based energy activa-
tion and must reach full activation within 12,5 minutes, with endurance requirements
that depend on the activation type [46, 30].
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2.3.4 Implications for battery energy storage

BESS are technically well-suited for fast frequency services because they can change
active power output quickly and with high precision. This makes BESS particularly
relevant for very fast products such as FFR and for containment services such as
FCR. Furthermore, batteries are uniquely advantageous in these markets because
they can seamlessly provide both upward and downward response [47, 41].

At the same time, battery participation is constrained by limited energy capacity
and by the state of charge (SOC), which must be managed to ensure availability
for the contracted service. For instance, under the Nordic TSOs requirements for
Limited Energy Reservoirs (LER), a BESS providing FCR-D must be able to sustain
continuous full activation for a minimum of 20 minutes. This creates operational
trade-offs when combining reserve provision with other value streams such as peak
shaving or energy arbitrage, as the SOC must be actively managed (e.g., through
Normal State Energy Management) to comply with these stringent endurance rules
[47, 42].

2.3.5 Developments in FCR and mFRR markets

It has already been established that the increasing share of variable renewable energy
in the Swedish electricity system has increased the need for frequency regulation
services. Historically, this has driven up prices in SvK ancillary service markets,
particularly for FCR and mFRR, creating strong financial incentives for investments

in BESS [36].

However, unlike the intraday energy market, where demand grows alongside soci-
etal electrification, the demand for frequency reserves is strictly limited by technical
system requirements. SvK procures only the exact power volume necessary to en-
sure grid stability, and the increasing volume of new flexibility resources creates an
imminent risk of market saturation [36]. Once the aggregate capacity of BESS and
other flexibility providers exceeds SvK’s static procurement needs, the market will
transition from being supply-constrained to highly competitive. This saturation will
lead to significant price drops in returns, which could pose a financial risk to actors
investing in flexible resources with historical price levels [36].

Specifically within the mFRR market, the transition from an hourly to a 15-minute
time resolution on March 4, 2025, as part of the Nordic Balancing Model, enables
price signals to reflect short-term fluctuations in supply and demand with signifi-
cantly higher precision [48]. This increased granularity should allow the market to
more effectively manage the volatility and imbalances introduced by a growing share
of variable renewable energy.

2.4 Market access for industrial flexibility

While the previous sections describe the technical need for flexibility and the balanc-
ing services that BESS can provide, technical capability alone does not guarantee

11



2. Theory

market participation. For P&PM, this flexibility must also be made available to
electricity markets through specific contracts or via specific aggregators. This is
important because revenues from ancillary services are not created automatically
when a mill installs a BESS, the asset must also comply with market requirements
and be connected to the appropriate actors.

2.4.1 Contracts between P&PM and grid operators

The relationship and contract structure between P&PM and regional grid operators
are shaped by the economic characteristics of the electricity grid. Because regional
grids function as natural monopolies, their pricing models are strictly regulated by
the Swedish Energy Markets Inspectorate (EI) to ensure objective and cost-reflective
tariffs [28]. A defining feature of grid operations is the dominance of residual costs,
where substantial sunk investments in infrastructure, such as high-voltage lines and
transformers, account for the vast majority of a grid operator’s expenses [49]. To
finance these fixed costs, regulations dictate that industrial consumers must pay a
fixed capacity fee based on a pre-determined subscribed power limit, typically locked
in through annual contracts [50, 51, 52]. This is exemplified with figure 2.2 below.

Effektab g regi at T130 L130 |T130T40 T40 L40 130710 40710
Anslutningsspénning 132 132 33-55 33-55 33-55 6-24 6-24 kv

Fast elnétsavgift 36 36 36 36 24 tusen kr/ar
Fackavgift 300 130 75 75 75 38 38 tusen kr/ar, fack|
Effektavgifter

Arseffekt (avtalad) 121 244 217 339 448 414 558 kr/kW, ar
éveruﬂag arseffekt 20,2 40,7 36,2 56,5 74,7 69,0 93,0 kr/kW, vecka
Fritt reaktivt uttag 15% 15% 25% 25% 25% 15% 25% | av arseffekten
Max fritt reaktivt uttag 15 15 15 15 15 15 15 MVAr

Fri reaktiv inmatning 5% 5% 10% 10% 10% 5% 10% av arseffekten
Max fri reaktiv inmatning 5 5 5 5 5 5 5 MVAr

Forhojd reaktiv effekt (avtalad) 40 40 40 40 40 40 40 kr/kVAr, ar
Avgift Reaktiv effekt 16 16 16 16 0 16 16 kr/kVAr, manad
Rorlig elnGtsavgift, faststalld 1,40 2,00 1,50 2,10 2,80 2,10 2,90 ore/kWh

Rorlig elnatsavgift, spotpris 0,00% 0,31% | 0,02% | 0,33% | 0,64% 0,33% 0,66% | % av spotpris

Figure 2.2: Regional grid provider Ellevio’s regional grid tariff structure borrowed
from their 2025 tariff levels [50].

Consequently, a P&PM facility pays for the right to a maximum capacity regardless
of its actual utilization, rendering this expense a sunk cost from the mill’s per-
spective. Furthermore, while these contracts offer no or limited reductions for tem-
porarily lowering consumption below the subscribed limit, they impose large penalty
fees for any power withdrawals that exceed it [52, 51]. This rigid structure incen-
tivizes industrial actors to deliberately over-subscribe and hoard capacity as a safety
margin against potential penalties, a behavior that contributes to the phenomenon
called virtual grid congestion, where capacity is legally bound but physically unuti-
lized [53]. Ultimately, this traditional contract design prioritizes revenue security

12



2. Theory

for grid operators and currently lacks the dynamic economic incentives required for
P&PM facilities to offer short-term flexibility to the broader energy system [49].
However, this rigid tariff design has come to EI’s attention and will possibly see a
structural reform in the coming years. The widely mentioned government inquiry
highlights these very shortcomings, stating that the current uniform tariff structures
are inadequate for addressing local capacity challenges [36]. The inquiry formally
recommends that EI evaluate how grid fees are transferred between voltage levels
and investigate the implementation of clearer locational signals and more transpar-
ent energy fees. By doing so, EI could create the predictability needed for industrial
customers to properly value and deploy flexible resources, such as BESS, to alleviate
grid congestion [36].

2.4.2 Contracts between P&PM and electric markets

The contracts between paper and pulp mills (P&PM) and the electrical system in
Sweden is structured through defined institutional roles within a liberalized mar-
ket [54]. Actors do not participate in the electrical balancing markets through di-
rect agreements with the grid operator. Instead, participation is mediated through
formal roles as Balance Responsible Party (BRP) and Balancing Service Provider
(BSP). These contracts carry both specific legal and operational responsibilities [54].

Prior to 2024, the Balance Responsible Party (BRP) and Balancing Service Provider
(BSP) roles were not formally separated, and participation in ancillary service mar-
kets was institutionally tied to balance responsibility. This increased both admin-
istrative complexity and financial exposure for actors providing balancing services.
The reform that was introduced in May 2024 separated the roles of BRP and BSP,
allowing actors to deliver ancillary services without the need for imbalance responsi-

bility, thereby reducing institutional entry barriers for industrial flexibility providers
[54].

Following the separation of BRP and BSP roles, now only registered BSPs may
offer ancillary services such as FCR, aFRR, and mFRR to the TSO [55, 23]. While
industrial actors can register BSPs directly with the TSO, participation frequently
occurs through external BSPs or independent aggregators. Direct participation
requires formal delivery obligations toward the TSO as well as compliance with
technical and reporting requirements [55]. Indirect participation via an external
BSP allows industrial actors to outsource these responsibilities while retaining access
to ancillary service revenues [56].

In addition to participation in the balancing market, P&PM engage with the elec-
tricity system through procurement contracts [56]. These contracts define price
exposure and imbalance responsibility, and may include power purchase agreements
(PPAs) to manage price risk and secure electricity supply [57].
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2.4.3 Aggregators

Aggregators combine flexibility from electricity consumption, generation or storage
into marketable units that can be offered in electricity markets. By pooling several
resources, they enable smaller and more distributed assets to participate in a more
coordinated way. In the Swedish and European regulatory context, aggregation
refers to the combination of multiple loads or production resources for sale, purchase
or auction in electricity markets. Aggregators have become more relevant as power
systems include more variable renewable generation and a larger number of flexible
distributed resources [58].

Within industrial demand response, aggregators act as intermediaries between flex-
ibility providers and power markets. Their role is not limited to bidding, but also
includes portfolio coordination, dispatch, control signals, and support during imple-
mentation. This is important in industrial settings because technical flexibility does
not automatically lead to market participation. Knowledge of market requirements,
internal coordination, and access to suitable market channels are often needed before
flexibility can be commercialized [59].

In Sweden, aggregation has been given a more formal role in the electricity market,
while participation in ancillary service markets is tied to market roles such as BSP.
Balancing services are therefore delivered either by actors that hold a BSP agreement
themselves or through cooperation with an approved BSP. This structure improves
the conditions for smaller and more distributed resources that would otherwise face
difficulties in meeting market requirements on their own [58, 60].

The economic value of aggregation depends on the conditions of the surrounding
market. Profitability is shaped by factors such as market structure, asset character-
istics, electricity prices, and remuneration in ancillary service markets. Aggregation
should therefore be understood as a way to access and coordinate flexibility in elec-
tricity markets rather than as a guarantee of profitability in itself [59, 61].

2.5 BESS in Sweden and its applications

Energy storage in the form of battery systems has become a crucial part of Swe-
den’s grid stability due to their ability to respond quickly to changes in electricity
supply and demand. [62]. Electricity users can use BESS for several applications,
including ancillary services, peak shaving, arbitrage and backup or island operation.
These applications may create new revenue streams or reduce electricity costs for
the industry [63].

2.5.1 Lithium-Ion Battery Technology

Parameters to be considered when selecting which type of battery for BESS include
energy density, power density, safety, life cycle durability, and cost [64].

Most batteries used in BESS are often of the lithium-ion (Li-ion) type, since they of-
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fer significantly higher energy density compared to alternatives such as lead-acid and
nickel-metal hydride batteries [65]. Within lithium-ion batteries different chemistries
are used depending on it’s application. For stationary large-scale BESS, Lithium
Iron Phosphate (LFP) batteries is commonly preferred because it offers more cost-
effective, long life cycle, and higher safety batteries compared to Nickel-Maanganese-
cobalt (NMC) batteries [64, 66]. NMC batteries are instead preferred in electrical
vehicles due to their high energy density [66].

Lithium-ion batteries (LIB) are rechargeable batteries, where energy is stored and
released through the movement of lithium ions between two electrodes during charge
and discharge [65]. This makes them suitable for repeated cycling in applications
such as energy storage.

2.5.2 System Architecture and Efficiency

An industrial BESS consists of several components, where a single battery cell is the
smallest functional unit. Multiple cells are connected to form a module to achieve
the desired voltage, and several modules are physically stacked into a rack. The
entire system is overseen by the battery management systems (BMS), which acts
as the "brain", monitoring each cell to prevent overheating and overcharging. Since
batteries store direct current (DC) while the power grid uses alternating current
(AC), a power conversion system (PCS) or inverter is also required [65].

Lithium-ion batteries have a round-trip cycle efficiency of 75-90%, meaning some
energy is lost during charging and discharging. These losses are mainly released as
heat, which makes cooling systems important to ensure optimal performance and
preventing accelerated aging. When integrating BESS into sensitive industrial en-
vironments such as P&PMs, safety, temperature control and grid architecture are
critical considerations [64]. Large-scale BESS may use isolated network configura-
tions, such as IT-systems, to reduce the risk of short circuits, sparks and electric
arcs. These systems are monitored by insulation monitoring devices (IMDs), which
detect insulation faults to alert operators of any anomalies [64].

2.5.3 Operational parameters and degradation

To safely operate and evaluate the battery, mathematical parameters are continu-
ously monitored. A crucial variable is the State of Charge (SOC), which indicates
the ratio of available electrical charge to the battery’s maximum capacity. Con-
versely, the Depth of Discharge (DoD) indicated the percentage of the battery that
has been discharged [64]. Additionally, the C-rate describes the applied current rela-
tive to the battery’s maximum capacity, dictating the speed of charge and discharge

[65).

Battery degradation occurs through two primary aging mechanisms: calendar aging
and cycle aging. Calendar aging takes place over time, even when the battery
is not actively used, and is influenced by factors such as temperature and SoC.
Cycle aging is caused by repeated charge-discharge cycles and depends on factors
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such as the DoD, the applied C-rate, and the cumulative energy throughput [67].
These degradation mechanisms are important because more intensive battery use
can increase revenues but also reduce battery lifetime.

2.5.4 Environmental Impact and Life-cycle

To evaluate BESS from a comprehensive sustainability perspective, the entire life
cycle must be considered. While BESS facilitates renewable energy integration, the
production of lithium-ion batteries carries a substantial environmental footprint [68].
The manufacturing process involves mining rare metals and highly energy-intensive
electrolysis. Studies estimate that the greenhouse gas emissions from producing a
lithium-ion battery range between 80 and 150 kg CO2-equivalents (CO2e) per kWh
of battery capacity, depending heavily on the energy mix used in the manufacturing
region [68].

End-of-life management is also important, since recycling can reduce the need for
virgin raw materials and recover valuable battery components. Several recycling
methods exist, including hydrometallurgical, pyrometallurgical and direct recycling
processes [66, 64]. A detailed life-cycle assessment is outside the scope of this thesis.
Instead, environmental impacts are considered as part of the broader context for
evaluating BESS implementation.

2.5.5 Peak shaving

In the Swedish regional power grid, grid operators use specific tariff structures to
prevent grid overload. For energy-intensive industries like paper mills, the tariff
usually includes two main components: a fixed annual capacity charge based on the
maximum subscribed power, and a dynamic high-load demand charge This high-load
charge is heavily penalized and applies exclusively during the winter months (usually
November to March) on weekdays between 06:00 and 22:00 [29]. By installing a
Battery Energy Storage System (BESS), industries can utilize "peak-shaving". This
strategy involves discharging the battery during these expensive winter peak hours to
lower the facility’s maximum power draw from the grid. As a result, the facility can
significantly reduce its regional grid distribution costs without having to decrease
its actual production or total energy consumption.

2.6 Simulating lifetime profitability of multi-asset
systems

Accurately assessing the lifetime profitability and best use cases of a large-scale
BESS investment is a complex challenge. It requires modeling the dynamic interac-
tion between grid requirements, market volatility, and non-linear battery degrada-
tion. Specifically, the challenge of “revenue stacking”, that is, optimizing simulta-
neous participation in multiple markets, requires advanced algorithmic solvers that
static calculations cannot match [69].
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The real-world behavior and profitability of these systems are highly dependent on
specific operational parameters, such as battery chemistry characteristics, power
conversion efficiencies, and geographical location. The geographical location deter-
mines which physical electricity markets the BESS can access. However, modern
energy infrastructure increasingly co-locates BESS with renewable generation, such
as solar or wind power, forming hybrid energy systems. Optimizing these multi-asset
systems extends beyond simple battery management; it involves dynamically bal-
ancing internal generation, grid capacity constraints, and fluctuating market prices
in real-time.

2.6.1 Modeling approaches

To evaluate operational strategies, different levels of abstraction can be applied
depending on the research objective. Traditionally, tools like SimSES have been
utilized to model the complex interactions within a BESS. Such high-fidelity models
provide an object-oriented framework that simulates the entire energy conversion
chain, including inverters, auxiliary systems, and advanced semi-empirical degrada-
tion based on precise physical states [70].

While highly accurate for hardware design and capturing dynamic efficiency losses,
these holistic physical models are often computationally heavy. When the objective
shifts towards long-term market simulation and financial optimization across multi-
ple assets, a techno-economic approach is often preferred. Techno-economic models
abstract deep physics into financial and operational constraints, such as simplified
efficiency rates, power limits, and cost-per-cycle degradation penalties. This ab-
straction allows for rapid, iterative simulations of multi-market strategies over a
system’s lifetime.

2.6.2 Model Predictive Control in Energy Markets

Historically, battery dispatch was often governed by simple Rule-Based Control
(RBC) strategies, which rely on reactive, predefined logic [71]. However, due to
the increasing complexity of multi-market participation and hybrid energy systems,
Model Predictive Control (MPC) has emerged as the modern industry standard for
BESS optimization [69, 71].

MPC is an advanced closed-loop algorithm that utilizes a receding horizon strategy
to proactively manage battery assets. By continuously updating Al-driven forecasts
for market prices and weather conditions, MPC can maximize the financial return of
the operation while strictly adhering to physical limits, such as State of Charge (SoC)
boundaries and local grid capacities [69]. This predictive, constraint-aware method
is fundamental to maximizing asset value and serves as the core computational logic
for the simulation framework introduced in the subsequent section.
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2.6.3 Applied Simulation Framework with Aire Energy Plat-
form

To conduct the operational research in this study, the simulation platform devel-
oped by Aire Energy Solutions [72] is utilized. Unlike purely physical models, this
tool is structured around techno-economic parameters, making it significantly faster
and highly suitable for multi-market optimization. The platform acts as a digital
twin of a hybrid energy site. By using market data, local electricity consumption
data, and specific user-defined constraints, such as activation costs, energy capacity,
and round-trip efficiency, the platform’s optimization engine determines the most
profitable dispatch strategy for each hour [73]. Utilizing this tool allows the method-
ology of this thesis to focus on market behavior and the financial impact of revenue
stacking, rather than the microscopic physical behavior of the battery.

2.7 Investment appraisal metrics

Investment appraisal is used to assess whether an investment is financially justified
by comparing the required initial investment with expected future cash flows. In
the context of BESS, this is particularly important because the investment requires
substantial upfront capital expenditure, while the revenues depend on uncertain
market conditions, operational constraints, and the ability to combine multiple value
streams [74, 75].

2.7.1 Net present value

Net present value (NPV) is a discounted cash-flow metric that compares the present
value of expected future cash flows with the initial investment [74]. It is commonly
expressed as:

T CF
NPV = [, +5 — -t
’ ; (L+7)

(2.1)
where Ij is the initial investment, C'F} is the cash flow in period ¢, r is the discount
rate, and T is the analysis period. A positive NPV indicates that the investment is
expected to generate value above the required rate of return, while a negative NPV
indicates that the investment does not meet the required return threshold. The
choice of discount rate is therefore central, since it determines how future cash flows
are valued relative to the initial investment.

2.7.2 Internal rate of return

Internal rate of return (IRR) is the discount rate that makes the NPV of an invest-
ment equal to zero [74]. It is therefore defined by:
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IRR is often used to compare investment alternatives, as it expresses profitability
as a rate of return.

2.7.3 Payback period and return on investment

Payback period measures how long it takes for cumulative cash flows to recover the
initial investment [74]. It is a simple and intuitive metric, but it does not account
for the time value of money or cash flows occurring after the payback point. Return
on investment (ROI) expresses the net return relative to the initial investment and
can be used as a simple measure of profitability:

Net cash flow
Initial investment

ROI = (2.3)

Both payback period and ROI are useful for illustrating investment performance,
but they should be interpreted together with other metrics since they simplify the
timing and risk of future cash flows.

2.7.4 Residual value and operating break-even

For assets with an economic lifetime longer than the analysis period, residual value
can be included to represent the estimated remaining value of the asset at the end
of the period [75]. In BESS investment appraisal, this can have a substantial effect
on total net cash flow when the analysis period is shorter than the expected useful
life of the battery system [75].

Operating break-even, in contrast, evaluates whether the investment can be recov-
ered through operating cash flows during the analysis period without relying on
residual value. This distinction is important because an investment may appear
profitable when residual value is included, while still failing to recover the initial
investment through operating revenues alone.

2.8 Externalities

Externalities occur when an activity creates costs or benefits for actors that are not
fully reflected in the private decision of the actor making the investment. A negative
externality exists when an activity creates costs that are not fully paid by the actor
causing them. A positive externality exists when an activity creates benefits that
are not fully captured by the actor making the investment [76].

This distinction is important when evaluating investment that affect both private
actors and wider systems. A project may be rational from societal perspective if it
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creates broader benefits, even if these benefits are not fully reflected in the investor’s
own revenues. In the same way, a project may appear less attractive from a private

perspective if the investor carries the main cost while other actors receive part of
the benefit [76].

An investment must also take into consideration externalities to provide a robust
economic assessment for the project [76]. As already mentioned in the roadmap from
Fossilfritt Sverige [21], the P&PM residuals have alternative economic potentials,
which in turn increases the mills’ external electricity demand. In accordance with
economic theory, this shift could inherently increases the financial value of the BESS.
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Methodology

This chapter presents the methodological approach used to address the purpose of
the study and the research questions. The chapter is structured around the research
design, the qualitative and quantitative methods applied, and a final discussion of
methodological considerations, including delimitations, limitations, method critique,
and ethical considerations.

3.1 Research approach and design

This study adopted an abductive research approach, in which insights from existing
literature were continuously combined with empirical findings from interviews and
quantitative analysis [77]. An abductive approach was considered appropriate since
the study addressed a topic where both the academic literature and the practical
industrial applications are still developing. Rather than applying a purely deductive
or inductive logic, the study moved iteratively between theory and empirical material
in order to refine the understanding of BESS in an industrial context [77].

The study was designed as a mixed-methods study, combining qualitative inter-
views with a quantitative simulation and investment appraisal. The qualitative part
was used to explore how actors within and around the paper and pulp industry
(P&PI) perceive the opportunities, barriers, and value-creation potential associated
with battery energy storage systems (BESS). The quantitative part was used to
assess technical and economic conditions in more detail for different mill profiles.
This combined design was chosen because the research questions concern both actor
perceptions and the operational and economic feasibility. A purely qualitative de-
sign would not have been sufficient to assess economic performance, while a purely
quantitative design would not have captured the organizational and process-related
constraints that strongly influence BESS implementation in practice [78, 79].
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3.2 Qualitative methods

3.2.1 Literature study

A structured literature study was conducted in order to provide the theoretical and
technical foundation for the thesis. The literature study supported the analysis in
three main ways. First, it was used to build background knowledge on the Swedish
electricity market, ancillary services, BESS technology, and industrial flexibility.
Second, it helped identify key concepts and themes relevant to the research ques-
tions. Third, it informed the development of the interview guides and supported
the interpretation of the empirical findings.

Scientific literature was identified primarily through Scopus and Google Scholar.
In addition, official publications and reports from relevant authorities and system
actors, such as Svenska kraftnat (SvK), were used where appropriate. Academic
peer-reviewed publications were prioritized in order to ensure scientific quality, but
industry reports, corporate documents, and sector-specific articles were also included
when necessary. This was particularly important in relation to BESS, since both
regulation and technology are developing rapidly, and some of the most up-to-date
information is not yet available in peer-reviewed form.

The literature selection was guided by relevance, credibility, and recency. Recent
publications were prioritized, especially in areas related to battery technology, mar-
ket conditions, and regulation, where older literature may no longer reflect current
conditions. However, older sources were also included when they were considered
foundational or necessary for explaining central concepts.

3.2.2 Interview selection and data collection

The main empirical material in the qualitative part of the study consisted of semi-
structured interviews. This interview format was chosen because the study sought to
capture how different actors understand and assess the opportunities and constraints
related to BESS in the paper and pulp industry (P&PI). Semi-structured interviews
made it possible to cover a common set of core themes while also allowing room for
follow-up questions and actor-specific discussion [78].

Interviewees were selected through a non-probability purposive sampling strategy,
targeting respondents expected to contribute relevant knowledge regarding BESS
implementation, mill operations, electricity markets or industrial flexibility in the
P&PT [80]. Within the mills, professionals with diverse roles were included, ranging
from operational and production-oriented positions to strategic and energy-related
roles. This ensured variation in perspectives across different mill conditions and
organizational roles. Most interviewees were contacted by email, and in some cases,
a snowball sampling approach was used where contact was established through re-
ferrals from professional connections, which was considered appropriate given the
specialized nature of the industry-specific competence required [80].

To provide a broader, system-level understanding, additional actors from the elec-
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tricity and BESS ecosystem were included. These included a distribution system
operator (DSO) with ownership experience of BESS assets, a representative from
the transmission system operator (T'SO), an aggregator, a BESS developer and sup-
plier, and an energy expert from a large energy company. By including actors from
different parts of the value chain, the study was able to capture interactions be-
tween industrial users, market actors, and technology providers. An overview of the
interviewed actors and their labels in this report is provided in Table 3.1.

Table 3.1: Overview of actors and their labels in the report

Type of actor Label in report
Paper and pulp mills P&PM A, B, C, D, E
DSO and BESS asset owner DSO

Energy system expert (Research & Development manager) | Energy expert
Transmission system operator TSO

BESS developer and supplier BESS actor
Aggregator and energy optimization provider Aggregator

The interviews were based on a semi-structured interview guide and centered on
recurring themes, such as the mill’s energy profile, experiences of flexibility, electric-
ity purchasing strategies, and perceived BESS value drivers like peak shaving and
ancillary services. The guides were adapted slightly depending on the actor’s role
to ensure relevance. The interview guides are presented in the appendices C and D.

3.2.3 Qualitative data analysis

The interview material was analyzed using thematic analysis, following a primarily
inductive approach, meaning that codes and themes were developed from the in-
terview material rather than from a predefined coding framework [81]. After each
interview had been transcribed, the material was coded in order to identify recurring
patterns, similarities, and differences between respondents [81]. The coding process
was conducted in pairs, and to reduce interpretive bias, each interview was analyzed
by two group members who had not conducted the interview. Each of the two coders
first reviewed and coded the transcript individually, after which the codes were com-
pared and merged into a common coding structure. Any differences between the two
coders were discussed until a shared interpretation was reached, and the final coding
structure was adjusted accordingly. This procedure was used to reduce the risk that
the analysis would be overly influenced by a single researcher’s interpretation [78].
The emerging themes were then compared with the research question and theoretical
background to ensure relevance to the purpose of the study.

The coding process resulted in a set of themes related to the research questions.
These themes were compiled in a shared Excel workbook, where codes and themes
from the different interviews were compared and organized. A summary of the
final themes, associated codes, and verbatim quotes is provided in Appendix B. The
themes were partly informed by the research questions and the literature study, but
they were also allowed to emerge from the empirical material. This made it possible
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to capture both expected and unanticipated findings.

In line with triangulation theory presented by Patton [79] and Denscombe [78], tri-
angulation was applied in two ways. First, interview findings were compared across
different parts of the value chain in order to identify where perceptions converged
and where they differed. Second, themes from the interviews were examined in re-
lation to the literature study, in order to assess how empirical findings aligned with,
complemented or challenged previous research and sector knowledge. Triangulation
was therefore used both as a validation technique and to develop a more nuanced
analysis.

3.3 Quantitative methods

3.3.1 Quantitative data and analytical purpose

The qualitative analysis was complemented by a quantitative assessment in order to
examine the technical and economic conditions for BESS more concretely. Whereas
the qualitative part focused on organizational constraints, actor perceptions and
implementation conditions, the quantitative part focused on the operational and
financial performance of BESS under different mill conditions. To ensure industrial
relevance, site-specific data were obtained. This includes site-specific electricity
usage and power subscription agreements. The data were provided by two companies
representing one P&PM each. Due to the companies’ explicit requests for anonymity,
the raw data will not be publicly disclosed or appended to this report. Because of
this, we will call the two sites Object 1 and Object 2, respectively.

The collected data were then used for simulating operations for a BESS at each
site. The simulation model was provided by Aire Energy, an energy optimizer com-
pany specializing in optimizing energy resources [72]. The model simulates how the
battery would perform if the company prediction model was used during a historic
period. This means that the model maximizes net revenue from energy arbitrage
and frequency regulation markets (revenue stacking) while strictly adhering to sys-
tem constraints. This approach was chosen to manage the complexity of balancing
multiple operational goals in real-time. These constraints include physical battery
limitations (such as C-rates and State of Charge boundaries), grid connection limits,
and the specific industrial load requirements of the P&PM. Hence, the use of site-
specific data provided by P&PI actors ensures the model’s accuracy and industrial
relevance.

To isolate and evaluate the financial impact of different revenue streams, the simu-
lations were conducted using two distinct scenarios for each site. The first scenario
evaluated operations based solely on energy arbitrage. The second scenario incorpo-
rated revenue stacking, combining energy arbitrage with the ancillary services FCR
and mFRR. While the Swedish balancing market includes several other ancillary
services, the scope was restricted to FCR and mFRR, as Aire Energy’s simulation
tool is limited to those, and their operational experience indicates these are the most
viable and utilized markets for BESS under current conditions [73]. The output of
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the simulation then served as the basis for the subsequent economic evaluation, pro-
viding a realistic operational profile rather than a theoretical maximum. The results
from the simulation generated input values for calculating simple payback period,
net cash flow, internal rate of return (IRR), operating break-even, and simple return
on investment (ROI). Using these figures, the report evaluated the financial viability
of BESS and compared the different P&PMs.

3.3.2 Parameter setup and model delimitations

To accurately simulate the financial and operational performance of the BESS at the
selected P&PM sites, several parameters, constraints, and operational assumptions
were established. The simulation environment is divided into three main compo-
nents: the Grid Node (representing the external connection and tariffs), the Industry
(representing the passive mill consumption), and the BESS itself.

Load Profile Extrapolation

Due to data availability constraints, the high-resolution empirical load data provided
by the P&PMs covered a period of one month. To evaluate annual profitability, this
data was extrapolated to represent a full year. A direct duplication approach was
avoided to prevent the distortion of operational trends. Instead, the data was ex-
trapolated in four-week blocks. This method successfully preserved weekly variations
and specific daily trends which can be seen in figure 4.1 in the result section 4.2.1

Simulation runperiod

The simulation tool was only able to run from February 2024 to the present. Because
of this, we decided to run it for 2 complete annual cycles, first from February 2024
to February 2025 and the second from February 2025 to February 2026.

BESS Sizing Strategy and Technical Specifications

The physical size of the BESS for each object was determined with an iterative
sizing strategy. Initially, the baseline battery capacity was dimensioned to absorb
the unused power margin between the mill’s maximum grid connection limit and its
typical base load. Since utility-scale batteries are typically delivered in megawatt in-
crements, the capacity was rounded up accordingly. To identify the optimal financial
setup, variations of 0.75 and 1.25 times this baseline capacity were also simulated.
The most profitable configuration was ultimately selected for the final results. The
batteries were assumed to operate at a C-rate of 1.5, (meaning a 10 MWh capacity
yields an maximal power output of 15 MW).

To maximize the cycle life of the battery, the State of Charge (SoC) boundaries
were strictly set between 10% and 90%, avoiding the degrading effects of absolute
minimum and maximum charge levels. The safety margin was set to 0%, and the
round-trip efficiency (RTE) of the entire system, including inverter losses, was esti-
mated at 90% [82].
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Financial Assumptions and Model Delimitations

A techno-economic model requires simplifications to process long-term simulations
efficiently. The following financial assumptions and delimitations outline the bound-
aries of the quantitative assessment.

Battery Degradation Costs: In the simulation, battery degradation is monetized
as a variable marginal cost per energy unit processed. Based on recent industry
benchmarks, a complete LFP system installation (including inverters and connec-
tion) has an estimated re-investment cost of approximately 125000 USD/MWh [82].
Distributed over a guaranteed 15-year cycle life and 5000 battery cycles, the pure
degradation cost per full cycle is approximately 25 Euro/MWh (125000/5000). Con-
sequently, the model applies a wear cost of 12.5 Euro/MWh for charging and 12.5
Euro/MWh for discharging. The industrial facility itself is assumed to have a degra-
dation cost of zero, with the assumption that O&M (Operation and maintenance)
costs are disconnected from the MWh throughput in this context.

Grid tariffs and exclusion of peak shaving A primary limitation regarding grid
costs is the model’s inability to accurately incorporate savings from peak shaving on
the regional grid. The tariff design is primarily based on a fixed capacity subscription
model, meaning the industry pays for a pre-booked maximum power capacity rather
than facing variable penalties for individual short-term peaks [29]. Because this tariff
design does not financially accommodate or reward short-term variations in energy
consumption, and because the exact contractual details for the two P&PMs were
strictly confidential, attempting to calculate peak shaving revenues would introduce
a high degree of inaccuracy. Therefore, the simulation focuses strictly on energy
arbitrage and frequency regulation markets as revenue sources.

Grid Benefit Compensation:

In the simulation model, the grid benefit compensation for energy discharged into
the grid was set to a static rate of 1.0 Euro/MWh, based on Vattenfall Eldistribu-
tion’s regional grid tariff prices [29]. Unlike local low-voltage distribution networks
that often apply a simple static grid benefit for micro-producers, high-voltage re-
gional grids typically employ highly dynamic, time-of-use tariff structures coupled
to current spot prices and physical transmission losses [50, 52]. The simulation tool
currently lacks the ability to accurately simulate this dynamic regional compensa-
tion hour by hour. Therefore, utilizing the static rate serves as a necessary and
grounded simplification. This approach provides a conservative estimate of the sys-
tem’s profitability. Because a BESS inherently discharges during hours with high
spot prices, which is when dynamic grid benefit compensations are generally at their
highest, the actual revenue generated from energy export in a real-world scenario
would likely be marginally higher than the model’s projections.
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3.3.3 Case design simplification and scenario selection

Initially, the report structure was intended to support case designs where different
individual factors in the P&PM were to be present. Due to a limited time frame and
the inability to acquire more site-specific data, a simplified structure was selected.
The case scenarios were instead based on the inherent properties of Objects 1 and 2.
The "case" phrasing will be dropped, instead, the site specific properties of Objects
1 and 2 will be explained briefly. Both are located in SE3.

The first site, Object 1, is an example of a smaller mill with a relatively low power
consumption, although it is still connected to the regional grid. This site does
not have any considerable power production or other assets (e.g., wind or solar) to
optimize its energy profile. The consumption pattern is relatively stable during the
year, and no assets or flexibility are used today.

The second site, Object 2, is an example of a larger mill with a relatively high
power consumption. This site does have considerable power production capabilities;
however, it has no extra assets (e.g., wind or solar) to optimize its energy profile.
The consumption pattern is relatively stable over the year, although its production
is used to lower costs when prices are typically high.

3.3.4 Investment appraisal approach

The investment appraisal was conducted as a monthly cash-flow model over a 24-
month analysis period. The purpose of the model was to evaluate whether the
simulated BESS revenues were sufficient to justify the initial investment under dif-
ferent market participation strategies. The model was constructed per installed
MWh of battery capacity in order to enable comparison between the two mill cases,
since the simulated BESS sizes differed between the sites.

Two revenue scenarios were evaluated. The first scenario included only electricity
price arbitrage, where the BESS charges during low-price periods and discharges
during high-price periods. The second scenario included both arbitrage and ancil-
lary services, where the BESS could also generate revenues from frequency-related
services such as FCR and mFRR. The monthly profit values were taken directly from
the simulation outputs, and used as revenue inputs in the investment appraisal.

The cash-flow model included the initial investment, monthly operating profit, main-
tenance cost, residual value, net cash flow, and cumulative cash flow. The initial
investment was included as a negative cash flow in month zero. Monthly net cash
flow was then calculated as profit minus maintenance cost. In the final month, a
residual value was added to account for the remaining economic value of the BESS
after the 24-month analysis period.

The investment appraisal required assumptions regarding investment cost, mainte-
nance cost, useful life, analysis period, and residual value. The base-case CAPEX
was set to 650,000 EUR/MWHh, representing an all-in investment cost that includes
the battery system, power conversion equipment, and installation-related expenses.

27



3. Methodology

This estimate is derived from an interview with a representative of a BESS devel-
oper and supplier, labeled BESS-actor in the study, who indicated a market price
of 650,000 - 730,000 EUR per installed MWh. Monthly maintenance cost was set to
200 EUR/MWh, corresponding to 2,400 EUR/MWh/year, or approximately 0.37%
of the assumed CAPEX per year. The estimate is based on reference literature
indicating that pure technical operation and maintenance, and extended warranty
amount to approximately 160 EUR/MWh per month [83]. The 200 EUR value
provides a conservative safety margin. These assumptions were applied equally to
both objects in order to isolate the effect of differences in simulated revenue profiles
rather than differences in assumed investment costs. It is important to note that
actual CAPEX is site-specific and can fluctuate based on local grid conditions and
existing infrastructure.

Table 3.2: Base-case assumptions used in the investment appraisal

Assumption Value Unit
CAPEX 650,000 EUR/MWh
Maintenance cost 200 ~ EUR/MWh/month
Analysis period 24 months
Useful life 15 years
Residual value 86.7 % of CAPEX

Residual value 563,333 EUR/MWh

Since the analysis period was shorter than the expected economic lifetime of the
BESS, a residual value was included at the end of the 24-month period. The residual
value was estimated using a straight-line remaining-life approach:

L —

RV = CAPEX x (3.1)

where RV is residual value, CAPEX is the initial investment cost per MWh, L is
the assumed useful life in years, and 7T is the analysis period in years. With a useful
life of 15 years [84] and an analysis period of two years, the remaining-life share
becomes 13/15, corresponding to a residual value of 86.7% of CAPEX. The residual
value should therefore be interpreted as a terminal value estimate rather than as a
guaranteed resale value.

No explicit discount rate or required rate of return was applied in the main invest-
ment appraisal. In a conventional discounted cash-flow analysis, the discount rate
should reflect the risk of the investment. For listed firms, such a rate can often be
estimated using market-based risk parameters such as beta and market risk pre-
mia. However, such estimates rely on observable market returns and are sensitive
to choices regarding index, time period, and return interval [85]. In this study, the
evaluated investments are project-specific BESS applications at anonymized indus-
trial sites rather than listed companies with observable market prices. Estimating
an additional project- or asset-specific risk premium would therefore require qualita-
tive judgment and data that were not available within the scope of the study. Since
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company- and asset-specific risk premia are difficult to quantify and lack generally
accepted data sources, applying a single discount rate would risk introducing false
precision into the analysis [86]. Net present value was therefore not used as a de-
cision metric. Instead, the appraisal focuses on non-discounted cash-flow measures:
operating payback period, operating net cash flow, total net cash flow including
residual value, internal rate of return (IRR), operating break-even and simple re-
turn on investment (ROI).

Payback period was defined as the first month in which cumulative operating cash
flow became positive. The payback calculation, therefore, excluded residual value,
since the purpose was to assess whether the investment could be recovered through
operating cash flows during the analysis period. If cumulative operating cash flow
did not become positive within the 24-month period, the investment was reported
as not recovered within the analysis period.

IRR was calculated based on the monthly cash-flow series, including the initial in-
vestment in month zero and the residual value in the final month. The monthly
IRR was annualized to improve interpretability. However, due to the short analysis
period and the inclusion of a residual value, IRR was interpreted with caution and
used mainly for comparison between scenarios rather than as a standalone invest-
ment decision criterion.

Simple ROI was calculated as total net cash flow, including residual value, divided
by the initial investment. It was therefore used as a relative measure of the total
24-month investment outcome, rather than as a discounted profitability measure:

NC F;’ncl. RV

ROI; = CAPEX,

(3.2)

where ROI, is the simple return on investment for object i, NOF/"" £V is the total
net cash flow including residual value, and CAPFEX; is the initial investment cost

per MWh.

Two types of robustness tests were conducted. First, a combined scenario analysis
was used to evaluate how the investment results changed under optimistic, base-
case, and pessimistic financial assumptions. In this analysis, CAPEX, maintenance
cost, useful life, and residual value were changed simultaneously in order to represent
internally consistent investment conditions. The optimistic scenario assumed lower
CAPEX, lower maintenance cost, and a longer useful life, while the pessimistic
scenario assumed higher CAPEX, higher maintenance cost, and a shorter useful life.

Second, a revenue sensitivity analysis was conducted for the combined arbitrage and
ancillary services case. In this analysis, the simulated revenue level was reduced to
100%, 75%, 50%, and 25% of the original simulated value while keeping the base-
case financial assumptions constant. This was done to assess how dependent the
investment case was on capturing the simulated market revenues.

In addition to these discrete revenue levels, an operating break-even revenue share
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was calculated for each object and reported as a percentage. This measure represents
the share of the simulated 24-month arbitrage and ancillary services profit required
for the cumulative operating net cash flow to equal zero during the project period,
without including residual value. The break-even revenue share was calculated as:

CAPEX; + YL, MC;,
Pibase

PBE,i = (3.3)

where ppg; is the operating break-even revenue share for object i, CAPEX;, is the
investment cost per MWh, M} ; is the monthly maintenance cost, 7" is the 24-month
analysis period, and P?*¢ is the total simulated profit per MWh from the combined
arbitrage and ancillary services case at 100% revenue. Residual value was excluded
from this calculation, since the purpose was to assess whether the investment could
be recovered through operating cash flows during the project period. The sensitivity
analysis does not represent all possible future market outcomes, but rather identifies
which assumptions the investment case is most dependent on.

3.4 Methodological considerations

3.4.1 Delimitations

This study includes three delimitations in order to ensure analytical focus and
methodological consistency.

First, the study is geographically limited to Sweden. The paper and pulp industry
operates under significantly different regulatory frameworks, market structures, and
climatic conditions across countries. Expanding the analysis beyond Sweden would
introduce significant differences, reducing comparability and increasing uncertainty
in the results. By focusing on Sweden, the study ensures that all analyzed actors
operate under the same institutional and market conditions, which strengthens the
reliability of the results.

Second, the analysis is restricted to pulp production processes based on mechan-
ical and chemical methods. These processes represent the dominant production
technologies within the Swedish industry and are therefore the most relevant when
investigating the integration and impact of BESS. Other, less common production
methods are excluded, as their limited use reduces their relevance for the overall
conclusions of the study.

Third, the study focuses on the integration and use of BESS within existing indus-
trial operations and does not include a full system analysis of the electricity grid.
While interactions with the electricity market and ancillary services are considered,
the analysis is conducted from the perspective of individual paper and pulp mills
and how they can make use of BESS.
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3.4.2 Method critique and limitations

The methodological choices made in this study involve certain limitations that
should be acknowledged. Since the empirical material is based on actors operat-
ing within the Swedish paper and pulp industry (P&PI) and electricity system, the
findings reflect Swedish regulatory, market, and industrial conditions. The results
should therefore not be directly generalized to other countries.

The qualitative empirical material consists primarily of interviews, while the quan-
titative part of the study is based on simulations and investment appraisals using
mill-specific electricity consumption data where available. While the interview-based
material enables access to informed assessments relevant to the research questions,
it also entails a risk that strategic considerations, confidentiality concerns, and orga-
nizational roles influence the information shared by respondents. Furthermore, the
semi-structured interview format means that findings are shaped by how respon-
dents frame and prioritize different opportunities and constraints related to BESS.
Since the interviews were adapted to each actor category, respondents did not answer
exactly the same questions in the same way. Consequently, the absence of a specific
statement from one actor should not automatically be interpreted as disagreement
or lack of relevance.

A further limitation concerns the quantitative data used in the simulation and in-
vestment appraisal. Detailed mill-specific electricity consumption data could only
be obtained from two P&PMs. As a result, the simulation and investment ap-
praisal are based on limited available data, which restricts the extent to which
differences between mill types can be evaluated and limits the representativeness of
the simulation-based results.

Another limitation concerns the financial assumptions used in the investment ap-
praisal. The CAPEX and maintenance cost assumptions should be interpreted as
simplified base-case estimates, rather than tailored site-specific price offers. Ac-
tual investment costs may vary depending on system configuration, grid connection
requirements, and site-specific installation factors. Consequently, the investment ap-
praisal should be interpreted as an indicative comparison between scenarios rather
than as a definitive investment decision model.

A final limitation concerns the sources used in the literature study. Since BESS
technologies, market conditions, and policy frameworks are developing rapidly, some
findings from earlier studies may become outdated or may not fully reflect current
conditions.

3.4.3 Ethical considerations

All interviewees were informed of the purpose of the study before the interview took
place. Consent was obtained for recording and transcription, and respondents were
informed that the material would be used only for the purposes of this thesis. To
protect confidentiality, both individuals and organizations were anonymized through
the coded labels presented in Table 3.1.
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Audio files and transcripts were stored by the group members responsible for tran-
scription and analysis and were not shared outside the project group. Since several
respondents represented companies operating in competitive or strategically sensi-
tive markets, particular care was taken not to disclose information that could identify
individual respondents or reveal confidential business information. After completion
of the thesis, the material will be retained only for as long as required for examina-

tion and in accordance with Chalmers’ guidelines for handling personal data, after
which it will be deleted.
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Results

The results are presented in two main parts: qualitative and quantitative. The qual-
itative results are findings from the interviews conducted for this project, focusing
on how participants view BESS from their perspectives, given today’s conditions.
The quantitative results are based on consumption data from two mills where anal-
yses have been made by simulating potential revenue streams from BESS. Together,
the results provide a basis for evaluating the barriers to BESS being implemented
in P&PM today.

4.1 Qualitative Results: How actors perceive BESS
and flexibility

Interview Object | Type of Mill
P&PM A Mainly chemical
P&PM B Mechanical
P&PM C Mainly mechanical
P&PM D Chemical

P&PM E Mainly chemical

Table 4.1: Overview of interviewed P&PMs and their mill types

The P&PMs interviewed for this report operate different types of mills, either chem-
ical or mechanical. P&PM D only operates chemical pulp processes, while P&PM
A and E mainly operate chemical mills, but also have one mill using the mechan-
ical process. P&PM B operates purely mechanical processes, whereas P&PM C
primarily operates mechanical mills but also has one mill using a chemical process.
During the interviews, several of the P&PMs highlighted that chemical mills gener-
ate large amounts of energy, whereas mechanical mills instead have a high electricity
consumption.

4.1.1 The different processes and energy systems between
the P&PM

The studied P&PMs show great variation in their operations and energy systems.
These variations result in differing views on flexibility and BESS. In particular,
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the differences between chemical and mechanical mills indicate that the different
processes lead to varying energy profiles and technical conditions.

The interviews with the chemical pulp mills state that they have a high share of
internal energy production, whereby byproducts from the process that are not used
are instead burned to generate heat and electricity that can be reused in the process.
Due to this, these plants have a high degree of energy self-sufficiency, and even in
some cases, they produce so much energy that the plants can sell to the grid. The
energy system in these plants is therefore integrated and relatively self-balanced,
which can decrease the need for external electricity supply.

In contrast, mechanical mills are large consumers of electricity in their processes.
Unlike chemical mills, these processes lack the ability to generate larger amounts of
energy. This makes mechanical mills heavily reliant on continuous electricity supply
from the market and more exposed to electricity price fluctuations.

In addition to differences in energy consumption and internal energy production,
the potential use of flexibility also varies between mills. Although chemical and
mechanical pulping are based on the same general principles, the specific process
steps and operational conditions differ between sites. These differences affect how
each mill assesses the possibility of integrating flexibility into its operations.

The mills also vary significantly in size, which affects both their ability to integrate
BESS and the scale of their operations. Larger mills generally have more extensive
production processes, resulting in differences in pulp production volumes, energy
generation and energy consumption.

4.1.2 Process and operational constraints on flexibility

The interviews show that process and operational constraints are central barriers to
flexibility and BESS implementation in the P&PI. A recurring pattern is that the
mills are designed for continuous operation, where stable production is prioritized
over short-term adjustments. P&PM A explains that the mill cannot be flexible in
the pulp production itself, since the "mill needs to run 24/7". Similarly, P&P D
states that the pulp mill and paper machines should run "at a steady pace all the
time, day and night, 350 days a year", while P&PM E describes that almost all mills
operate around the clock. This indicates that flexibility is often difficult to integrate
into the core production process without disturbing the operational logic of the mill.

The interviews also show that the degree of flexibility varies between different process
steps. P&PM B describes that one refining step can be shut down, corresponding
to approximately 6 MW, but emphasizes that "the rest of the process must continue
as usual". The same interviewee also notes that they cannot guarantee that this 6
MW reduction is always available. This suggests that flexibility exists, but only in
limited and process-dependent parts of the operation. P&PM E expresses a similar
view, stating that flexibility may be possible in smaller parts of the process, but not
in the main production lines or the most important machines.

34



4. Results

Another barrier is that several processes are slow, integrated, and difficult to start
or stop. P&PM D explains that a sulfate pulp mill cannot simply be turned on and
off, since "it takes three days to shut down". The same respondent also describes fuel
and steam production as much slower processes, where it is not possible to "jump
back and forth"'. This limits the possibilities of responding quickly to electricity
prices or flexibility markets.

The interviews further indicate that production reliability is prioritized over flexi-
bility. P&PM E states that the most profitable strategy so far has been to have as
little flexibility as possible, meaning that the mills should keep production running
continuously and minimize downtime. P&PM B had a similar view, describing how
they "make more money by running the pulp production than by shutting down to
provide flexibility".

Finally, several interviewees question whether BESS can meaningfully affect the core
industrial process at full scale. P&PM B argues that, since the mill already operates
at around 32 MW, very large batteries would be required to make a noticeable
difference (and would need a lot of space). P&PM D makes a similar point, stating
that batteries in relation to their consumption would represent a very small part of
the peak load.

The main barriers are continuous production, slow and integrated process systems,
high costs of downtime, and a scale mismatch between BESS and the industrial
electricity demand. Therefore, BESS implementation can not be understood as a
general solution for operational flexibility, but must be evaluated in relation to each
mill’s specific process structure and operational constraints.

4.1.3 Economic barriers and uncertainty

The findings from the interviews indicate that the implementation of BESS in the
mills is primarily constrained by economic factors. This is based on the respondents
views on high investment costs, limited and uncertain revenue streams from BESS,
and uncertainty regarding the future development of the ancillary services market.

A central finding across all of the interviews is the high cost of batteries, result-
ing in a high investment cost when implementing BESS in their operation. When
interviewing P&PM A they clearly stated that the prices are still too high, but if
the prices continue to decrease it can become interesting stating that the prices of
batteries on the market are currently too high. P&PM D stated that when compar-
ing investing in batteries in relation to flexibility in the operations, it is extremely
expensive, and they can therefore regulate their process more. P&PM B also ac-
knowledged that they think batteries are expensive, but also highlighted that they
need a lot of space. The P&PMs that were interviewed can not see a need for bat-
teries in relation to the price of them today, as they can manage their operations in
other ways to regulate in relation to electricity consumption.

The cost of the batteries is not the only problem that the P&PMs sees with the
batteries today. The size of them is also something that is highlighted when con-
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cluding the interviews. The different P&PMs states that they would only be able to
store energy from a small part of the production, making it irrelevant, and another
one describes that the electricity production from a P&PM is too large in relation
to the batteries on the market today. The size of the batteries also relates to their
price, as they store smaller volumes, the P&PM needs more batteries to be able to
store more, resulting in a higher price since they are already expensive.

A majority of the P&PMs also states that the revenue streams from implementing
BESS are not worth it in relation to the investment cost. When investing in some-
thing expensive, it is important that the investment pays off, but the P&PMs has
a hard time seeing that with the large implementation investment. P&PM C states
that it is difficult to make money from batteries only for ancillary services. In the
energy market, the differences in prices from high to low are too small, and the bat-
teries will not be able to charge in between the differences in price, making it hard
to earn money from it, as stated by P&PM A. The answers from the P&PMs show
that when the investment cost is higher, the companies also expect higher returns
on the investment, and regarding BESS, the P&PMs does not see that it is possible
right now. Either the cost of BESS has to decrease or the revenue streams from
investing in BESS has to increase.

Likewise, they also state that the market for ancillary services was better in the
beginning. Then there were a few market participants making the handout larger,
but with time, more and more participants got knowledge of the market, wanting to
become a part of it, which resulted in smaller payout, and therefore not being seen
as profitable anymore. Due to this, it is seen that the prices on the ancillary services
market are decreasing and are therefore not being seen as profitable anymore.

Alongside the lack of revenue streams that the P&PMs can see from their perspective
they also state that it is seen as a risky investment and business. P&PM E clearly
stated that nobody buys batteries if there is not a clear financial benefit, and that
they at this point do not see any financial benefit. Alongside the lack of financial
benefits there is also an uncertainty in the ancillary services market which P&PM B
implies and follows by saying that there is a lot of uncertainty and nobody is willing
to take the risk. They follow by commenting that the companies that are trying
to sell the services often leave uncertain forecasts. P&PM A also comments that
the best market today is the frequency regulation market and that it is difficult to
predict how it will evolve. This creates an uncertainty regarding how the market
and business model for BESS will evolve with time resulting in the P&PMs waiting
to gain more insight and information before investing.

Today the P&PMs can see alternative solutions today that gain more revenue for
them. P&PM A and B highlight that they make more money on creating pulp,
and therefore, it is more profitable for them than alternative businesses such as
BESS. Alongside P&PM B also states that if there were enough incitement and was
profitable they would consider investing in BESS, implying that they do not believe
that it is that today. There are also different types of flexibility that can be used
today as P&PM C states that they choose not to buy electricity from the market
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during the most expensive hours and therefore does not always produce pulp and
paper around the clock during these times, saving money by doing that instead. It
is clear that the mills value making pulp instead of looking into alternatives since
they gain so much revenue by doing so.

4.1.4 Existing strategies reduce the perceived need for BESS

The interviews show that several P&PMs already rely on existing strategies to man-
age electricity costs, increase resilience, or provide flexibility. One of these strategies
include an substantial on-site electricity generation, which can be used as a flexi-
bility resource. For mills with a high degree of self-sufficiency, the value of battery
storage for reducing grid dependency or managing electricity purcheses may there-
fore be less apparent. This is especially visible in the case of P&PM E, which states
that they produce more electricity than they consume. Some of their mills reach
around 250 % self-sufficiency, and older mills around 180 %. This electricity surplus
also covers other electricity uses within the group, which reduces the percieved need
for additional storage solutions. Similarly, P&PM D states that their mill produces
approximately 55-60 % of the electricity it needs internally. Although not entirely
self-sufficient, the reduced exposure to the electricity market still lowers the per-
ceived need for flexibility solutions such as BESS. In addition, P&PM A describes
an ambition for all its mills to participate in frequency markets by operating their
own electricity production flexibly.

Another strategy some P&PMs have implemented is to have flexibility embedded
in their process operations. For example, P&PM A describes that the turbine can
be shut down in order to participate in the frequency market, and P&PM C can
reduce its electricity demand by around 10 MW for an unlimited period of time by
shutting down a refiner. P&PM D gives the example of being able to shut down a
pump for an hour and explains that their mill has an easier time regulating its own
process. These examples suggest that process-based flexibility may be perceived as
more practical than BESS, since it’s already integrated into the operations and does
not require a separate storage investment.

Financial strategies are another way for the mills to reduce uncertainty related to
electricity costs. P&PM B explains that although part of the electricity is bought
on the spot market, the company secures around 60-70% of its electricity several
years in advance, with some volumes secured at around 0.40 SEK/kWh, compared
to current prices that may reach one SEK/kWh or more. P&PM D describes a
similar strategy, stating that the company mainly buys electricity through contracts
and follows an electricity hedging policy to achieve stable and predictable electricity
prices. These strategies reduce the mills” exposure to short-term price fluctuations,
which weakens the incentive to invest in BESS for electricity price arbitrage.

The interviews show that the flexibility strategies used by pulp and paper mills
do not always match the strengths of battery storage. P&PM C describes the
industry’s niche as endurance rather than speed, explaining that the mills already
provide sustained ancillary services, although not the fastest ones. This distinction is
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important, since BESS is particularly well suited for fast response and short-duration
power balancing, while industrial flexibility may instead be based on larger and more
sustained load adjustments. This is supported by the Energy expert, who argues
that batteries are suitable for short power peaks but become large and expensive
when used for long-duration power needs. For larger and more sustained power
requirements, grid expansion may therefore be more relevant than battery storage.

Finally, some mills already have process-based storage or are considering other tech-
nologies that may be more closely connected to their existing energy systems. P&PM
C describes pulp towers as a form of energy storage that enables time shifting to
lower the cost of electricity, with one pulp tower corresponding to approximately 300
MWh. P&PM D also highlights off-grid operation as an existing resilience measure
at one of its mills. By temporarily operating the mill using its own turbine, the site
can maintain operation during thunderstorms or external grid disturbances. This
means that one potential value of BESS, namely backup capacity and increased
operational security, is partly provided through an already established solution. In
addition, both P&PM B and P&PM D mention electric boilers as potentially attrac-
tive, especially during periods of low or negative electricity prices or for managing
peak loads. These alternatives may reduce the perceived need for BESS by offering
flexibility that is more directly linked to the mills” thermal processes and existing
operations.

4.1.5 Perceived advantages with BESS

A central advantage of BESS is its ability to complement rather than replace existing
industrial flexibility. The energy expert highlights that batteries are designed to sup-
port the industry’s specific needs. Aggregator reinforces this, stating that the most
important factor for successful integration is a deep understanding of the industry’s
specific processes, production, and consumption. According to the DSO, awareness
has increased regarding the ability of batteries to balance the system during periods
of unplanned production or consumption. Furthermore, the DSO identifies BESS as
a vital tool where the power grid acts as a bottleneck, contributing to local flexibility
markets and grid optimization. The TSO adds that coordinated BESS can reduce
grid fees and imbalances cost while simultaneously providing necessary ancillary
services. P&PM C specifically notes that while industrial process offers “indefinite
flexibility”, battery duration is limited by capacity, however BESS provides superior
speed for frequency control and rapid activations.

The use of BESS for peak shaving is identified as a concrete advantage for lowering
fixed costs. P&PM C observes that BESS investments can be justified by shaving
peak demand to reduce fixed subscriptions costs, particularly given the long lead
times for grid capacity upgrades. This perspective is shared by the TSO, who views
peak shaving as an effective method for managing grid limitations. According to the
energy expert, batteries are especially effective for managing short and rare power
peaks that would otherwise drive up industrial network fees. The DSO confirms
that batteries can be used for peak shaving to reduce both peak and general network
costs.
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From an economic standpoint, BESS is viewed as a strategic tool for navigating a
volatile energy market. The energy expert emphasizes that even short outages can
cause significant economic losses, making BESS a form of operational insurance.
P&PM C highlights that BESS mitigates financial risks stemming from imbalance
costs in a 15-minute market. Furthermore, the same interviewee notes that being a
significant energy producer provides a natural hedge against price fluctuations, as
they buy and sell on the same spot market. An additional economic benefit identi-
fied by P&PM C is that small-scale batteries can minimize operational wear on the
equipment by preventing frequent starts and stops of large loads during brief activa-
tions. Aggregator notes that while pure arbitrage may have a long payback period
of approximately 7-8 years, the profitability is significantly improved by combining
multiple value streams, revenue stacking. Many interviews, BESS actor, P&PM A,
and the energy expert predict that battery prices will continue to fall as the sector
expands.

Another advantage of BESS is its potential to mitigate risk exposure to imbalance
costs, although its effectiveness depends on the scale of the disruption. While P&PM
A points out that current battery capacities are insufficient to cover massive energy
swings that arise during long, unplanned outages, they note that a battery could ide-
ally be redirected from the frequency market to reduce local imbalances if the costs
were known in advance. For shorter-term market fluctuations, however, the benefit
is clear. P&PM C emphasizes that the primary purpose of exploring BESS is not
necessarily to make money on support services, but rather to reduce risk exposure
to imbalances, particularly with the shift to a 15-minute market. The energy expert
concurs, pointing out that avoided imbalance costs and intraday trading must be
included when evaluating the full business case of a battery. This strategic value
is further evidenced by P&PM F| whose investment plan to install BESS is heavily
driven by the need to smooth out imbalance costs and optimize intraday trading.

A major advantage of BESS, highlighted by several actors, is the ability to store
surplus energy from local solar panels or wind farms. P&PM A points out that they
currently only consider investing in BESS in combination with their wind farms, as
it creates a significant opportunity to manage imbalances. Furthermore, the BESS
actor and the Aggregator emphasize that batteries provide necessary flexibility for
industries that currently have, or are planning to install, solar panels. Another
concrete application and economic advantage identified in the interviews is the use
of BESS to facilitate the expansion of charging infrastructure. The BESS actor
explains that they work with battery storage specifically to simplify the installation
of chargers for electric trucks at industrial sites and to reduce peak power costs
during the charging process. The energy expert concurs, noting that batteries can
provide local benefits by charging electric trucks, thereby offering increased flexibility
to the industrial operations.

Finally, batteries are identified as a cleaner alternative to traditional backup solu-
tions. The DSO suggests that batteries can serve as backup power, replacing tradi-
tional diesel generators. The energy expert concurs, stating that BESS can provide
backup power and improve overall operational security. Beyond energy storage, the
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BESS Actor mentions that batteries can be used for reactive power, which further
stabilizes the local electrical environment at the industrial site. Aggregator adds
that systems can be configured to reserve a specific amount of battery capacity to
ensure the up-time of critical industrial processes.

4.1.6 Policies

Unclear regulations and the lack of a unified policy create obstacles for industrial
BESS investments, making it difficult for companies to plan their energy strategies.
The DSO highlights that the existing tax structure often results in double taxation,
applied both during charging and grid feed-in, which undermines project profitabil-
ity. While tax reductions are available, the associated administrative burden remains
an obstacle. Similarly, grid fee challenges emerge when electricity is traded under a
single subscription. The BESS actor points out that there are no national guidelines
from the TSO or the Swedish Energy Market Inspectorate, leading to different inter-
pretations of the rules across Sweden. This lack of coordination leads to longer wait
times and unclear technical requirements, where building permits and safety assess-
ments vary depending on the municipality. These issues result in project lead times
that can reach up to twelve months from contract to operation. Comparing Sweden
to Denmark and Finland, the BESS actor suggests that a national framework for
power charges and standardized rules would make it much easier for industries to
evaluate BESS investments.

Broader political decisions regarding the national energy mix create uncertainty
that indirectly hinders BESS investments. The Aggregator emphasizes that politi-
cal interventions, such as subsidies or guaranteed pricing for new nuclear power, risk
lowering marginal electricity prices, which would reduce the price margins necessary
for profitable electricity arbitrage trading. The energy expert concurs, noting that
long-term political decisions, whether concerning nuclear expansion or the pace of
wind power development, affect future electricity price volatility. This makes it dif-
ficult for industrial actors to rely on the long-term profitability calculations required
to justify the substantial capital expenditures associated with energy storage today.

Policy is also mentioned as a possible future driver for industrial BESS adoption.
One industrial actor states that batteries may become legally required in connection
with new wind-power production in the future and refers to similar tendencies in
Finland. The BESS actor also highlights that EU-level technical requirements, such
as the Requirements for Generators, affect how energy storage systems must be
connected to the grid. In this way, the interview material presents policy-related
factors both as current barriers and as possible future requirements for industrial
BESS investments.

4.2 Quantitative Results

In this section, the results of the different mills’ consumption data and the results of
the simulations will be presented. Remember, Object 1 is the smaller mill without
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its own electricity production and Object 2 is the larger mill with its own energy
production.

4.2.1 Consumption patterns for the different mills

Figur 4.1 illustrates the relative variation in net grid consumption for Object 1 and
Object 2, analyzed across both weekdays and individual hours of the day. Although
both facilities report continuous 24/7 operations with relatively constant internal
energy demands, their actual net grid consumption profiles exhibit distinct differ-
ences.

The weekday analysis reveals that Object 1 maintains a highly stable consumption
profile with a narrow spread. The median consumption remains consistent through-
out the week, with only a slight reduction observed on Mondays. In contrast, Object
2 demonstrates a significantly larger variance in its grid reliance, which makes sense
due to its ability to regulate its energy production. The data indicates a pattern
where Object 2 lowers its net grid consumption during the middle of the week (most
significant on Monday through Thursday), followed by a noticeable increase during
the weekends.

These differing characteristics of the mills are further emphasized in the hourly
variance analysis. Object 1 displays a virtually flat mean consumption profile across
all hours of the day, confirming a constant, unadjusted reliance on the external power
grid. Object 2, however, exhibits a pronounced daily pattern. The grid consumption
for Object 2 decreases substantially during typical daytime hours (approximately
08:00 to 15:00) and increases during the evening and night. Given that Object
2 possesses in-house power generation capabilities, the resulting data illustrate a
dynamic grid interaction where net external consumption is actively reduced during
daytime hours.
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Object 1 (A) Object 2 (B)
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Figure 4.1: Electricity consumtion analysis for object 1 & 2.

4.2.2 Simulation results

Figure 4.2 presents the proportional distribution of revenue streams generated by
the simulated battery energy storage systems for both facilities over two consecutive
one-year periods (2024-2025 and 2025-2026). The evaluated revenue sources include
traditional energy arbitrage (Spot Market) and two distinct ancillary services: Fre-
quency Containment Reserves (FCR) and manual Frequency Restoration Reserves

(mFRR).

The data reveals a significant shift in market profitability between the two time-
frames. During the 2024-2025 period, the results indicate that FCR services con-
tributed to the absolute majority of the total revenues for both Object 1 and Object
2. However, in the subsequent 2025-2026 period, the proportion of revenue derived
from FCR decreased substantially, while mFRR expanded to become the dominant
revenue stream. Notably, traditional energy arbitrage accounted for a marginal frac-
tion of the total financial yield in this scenario. For both mills, arbitrage revenues
represented 0.8% of the total revenue during the first period and experienced only
a slight proportional increase to approximately 2.3% in the following year. Further-
more, the visual data demonstrates that the relative distribution of these revenue
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streams is similar for both Object 1 and Object 2, indicating that the proportional
profitability of the battery is primarily dictated by external market dynamics rather
than the differing underlying consumption profiles of the individual mills.

Proportion of revenue streems
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40%
30%
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Object 1; 24/25 Object 1; 25/26 Object 2; 24/25 Object 2; 25/26

mFCR mmFRR mArbitrage

Figure 4.2: Proportion distribution of revenue streams for arbitrage and ancillary
services.

Comparing the profit per MWh of installed capacity at the two sites in figure 4.3
shows a difference in the mills” ability to effectively utilize the BESS. Even though
the proportional revenue streams were similar for both cases, there is a significant
difference in the total profit per MWh between Object 1 and Object 2 during the
2024-2025 period. This could partly be explained by the FCR market being par-
ticularly profitable during a certain period of time and when Object 2 had the
grid capacity to utilize its full potential continuously, whereas Object 1 was more
constrained by its grid connection point. This discrepancy is also evident in the
20252026 period, although the gap is somewhat smaller. This indicates that hav-
ing a greater margin in grid connection capacity during highly constrained hours
significantly increases profitability.

Isolating the arbitrage-only scenario from figure 4.3 reveals something interesting.
In the first period, Object 1’'s BESS performed better with a 4.1% profit per MWh
than Object 2, while in the next period, the BESSs performed about the same. This
was less anticipated, given Object 2’s more fluctuating internal consumption profile;
it was initially hypothesized that the mill’s own power peaks would occasionally
coincide with the battery’s optimal charging or discharging cycles, thereby creating
intermittent bottlenecks. However, Object 2’s BESS rarely experienced constraints
when the mill’s internal consumption ramped up. This unobstructed operation can
likely be linked to the mill’s power subscription, which accommodates a substantial
margin during the day (see figure 4.1), allowing the BESS to more often operate
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independently of the facility’s internal load variations. This can also be illustrated
further down in figure 4.5

Comparative Profit Analysis per MWh
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Figure 4.3: Comparative profit analysis per MWh for all simulations

Figure 4.4 is derived from the results shown in Figure 4.3, intended to visualize how
much more profit revenue-stacking with ancillary services provides, as well as the
differences between the two simulation periods.

Ancillary service multiplier
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Figure 4.4: Ancillary service multiplier
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Figure 4.5 below illustrates the BESS dispatch strategy for the arbitrage-only sce-
nario. This shows well how the BESS shifts energy usage from the price peaks in
the mornings (Blue) too the middle of the day and in the nights (Red).
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Figure 4.5: BESS dispatch profile through Feb 2024 - Feb 2026 for arbitrage only
scenario. The heatmaps illustrate the intensity of battery activity across different

periods.
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4.2.3 Investment appraisal results

The investment appraisal evaluates the financial performance of the simulated BESS
applications under different market participation strategies. The appraisal uses the
monthly simulated profits presented in Section 4.2.2 as revenue inputs and combines
them with the financial assumptions described in Section 3.3.4. All results are pre-
sented per MWh of installed BESS capacity in order to enable comparison between
Object 1 and Object 2.

The results distinguish between operating net cash flow, which excludes residual
value, and total net cash flow, which includes the residual value at the end of the
24-month analysis period. This distinction is important because operating net cash
flow shows whether the investment is recovered through revenues during the analysis
period, while total net cash flow also includes the estimated remaining value of the

BESS.

The investment appraisal results are presented in three steps. First, the base-case
appraisal compares the arbitrage-only scenario with the combined arbitrage and
ancillary services scenario. Second, a scenario analysis evaluates how the results
change under optimistic, base-case, and pessimistic financial assumptions. Finally, a
revenue sensitivity analysis examines how reductions in the simulated arbitrage and
ancillary services revenue affect the investment outcome and identifies the revenue
percentage required for operating break-even without residual value.

4.2.3.1 Base-case investment appraisal

Table 4.2 presents the base-case investment appraisal results. The base case assumes
a CAPEX of 650.000 EUR/MWh, a maintenance cost of 200 EUR/MWh/month, a
useful life of 15 years, and a residual value corresponding to 86.7% of CAPEX after
the 24-month analysis period.

The arbitrage-only scenario did not recover the investment for either object. Object
1 generated a total simulated profit of 38.397 EUR/MWHh, resulting in an operating
net cash flow of -616.403 EUR/MWh. Object 2 showed a similar outcome, with
a total simulated profit of 38.521 EUR/MWh and an operating net cash flow of
-616.279 EUR/MWh. Even when residual value was included, total net cash flow
remained negative for both objects. This indicates that electricity price arbitrage
alone was not sufficient to justify the investment within the 24-month period.

The combined arbitrage and ancillary services scenario improved the investment
outcome substantially. For Object 1, total simulated profit increased to 544,777
EUR/MWh. However, operating net cash flow remained negative at -110.023 EU-
R/MWh, meaning that the investment did not reach operating payback within the
analysis period. When residual value was included, total net cash flow became
positive at 446.110 EUR/MWh.

Object 2 produced the strongest base-case result. In the combined arbitrage and
ancillary services scenario, total simulated profit amounted to 682.038 EUR/MWh,
resulting in a positive operating net cash flow of 27.238 EUR/MWh and a total net
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cash flow of 583,371 EUR/MWh when residual value was included. Object 2 was
therefore the only base-case alternative that reached operating payback within the
24-month period, with a payback period of 20.9 months.

Overall, the base-case results show that the investment outcome was primarily driven
by the inclusion of ancillary service revenues. While both objects generated positive
total net cash flow in the combined arbitrage and ancillary services scenario when
residual value was included, only Object 2 recovered the investment through oper-
ating cash flows within the analysis period. This difference between the two objects
motivates a more explicit break-even assessment in the revenue sensitivity analysis.
Since Object 1 remained below operating break-even in the base case, while Object
2 only slightly exceeded it, the required revenue level for operating break-even was
calculated separately in Section 4.2.3.3.

Table 4.2: Base-case investment appraisal results per MWh of installed BESS
capacity

Object Seenario Total profit Op. NCF excl. NCF incl. Total ROI  Annualized IRR  Operating payback
’ (EUR/MWhL) RV (EUR/MWh) RV (EUR/MWh) incl. RV incl. RV excl. RV
Object 1  Arbitrage 38.397 -616.403 -60.269 -9.3% -4.8% Not recovered
Object 1 Arb + Anc 544.777 -110.023 453.310 69.7% 53.9% Not recovered
Object 2 Arbitrage 38.521 -616.279 -60.146 -9.3% -4.8% Not recovered
Object 2 Arb + Anc 682.038 27.238 590.571 90.9% 86.3% 20,9 months

Note: Arb = arbitrage, Anc = ancillary services, RV = residual value, NCF = net cash flow, and
Op. NCF = operating net cash flow. Operating payback is calculated excluding residual value.
ROI and IRR include residual value.
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4.2.3.2 Scenario analysis of financial assumptions

Table 4.3 presents the scenario analysis for the combined arbitrage and ancillary
services scenario. The analysis compares optimistic, base-case, and pessimistic fi-
nancial assumptions for CAPEX, maintenance cost, useful life, and residual value.
The simulated revenues were kept unchanged across the three scenarios, meaning
that the differences in outcome are caused by changes in the financial assumptions
rather than changes in market revenues.

In the optimistic scenario, both objects reached operating payback within the 24-
month period. Object 1 generated an operating net cash flow of 35.177 EUR/MWh
and reached payback after 20.3 months. Object 2 generated a stronger result, with
an operating net cash flow of 172.438 EUR/MWh and a payback period of 12.1
months.

In the base case, the results were more mixed. Object 1 did not reach operating
payback, as its operating net cash flow remained negative at -117.223 EUR/MWh.
Object 2, however, reached operating payback after 21.5 months, with an operating
net cash flow of 20.038 EUR/MWh.

In the pessimistic scenario, neither object reached operating payback within the
analysis period. Object 1 had an operating net cash flow of -269.623 EUR/MWh,
while Object 2 had an operating net cash flow of -132.362 EUR/MWh. However,
when residual value was included, both objects still showed positive total net cash
flow. This demonstrates that the residual value assumption has a substantial effect
on the total 24-month investment result.

The scenario analysis, therefore, shows that the investment scenario is sensitive to
the combined effect of CAPEX, maintenance cost, and useful life. Object 2 remained
more financially robust than Object 1 across all three scenarios, but both objects
became dependent on residual value under less favourable assumptions.

Table 4.3: Scenario analysis of financial assumptions for the Arb + Anc scenario

Case Object CAPEX Maintenance Useful life RV Op. NCF excl. NCF incl. Op. payback
" (EUR/MWh) (EUR/MWh/month)  (years) (% of CAPEX) RV (EUR/MWh) RV (EUR/MWh) excl. RV
Optimistic  Object 1 500.000 100 20.0 90.0% 35.177 485.177  20.3 months
Optimistic  Object 2 500.000 100 20.0 90.0% 172.438 622.438 12.1 months
Base case  Object 1 650.000 200 15.0 86.7% -117.223 446.110 Not recovered
Base case  Object 2 650.000 200 15.0 86.7% 20.038 583.371  20.9 months
Pessimistic  Object 1 800.000 300 10.0 80.0% -269.623 370.377  Not recovered
Pessimistic  Object 2 800.000 300 10.0 80.0% -132.362 507.638 Not recovered

Note: Arb + Anc refers to arbitrage and ancillary services. RV = residual value and NCF = net
cash flow. Operating payback is calculated excluding residual value.

4.2.3.3 Revenue sensitivity analysis

Table 4.4 presents the revenue sensitivity analysis for the combined arbitrage and
ancillary services case. The analysis was performed using the base-case financial
assumptions, while reducing the simulated arbitrage and ancillary services revenue
level to 100%, 75%, 50%, and 25% of the original simulated value.

49



4. Results

The results show that the investment case was highly sensitive to reductions in
simulated market revenues. At the full simulated revenue level, Object 2 reached
operating payback after 20.9 months, while Object 1 did not reach operating pay-
back. When the revenue level was reduced to 75%, neither object reached operating
payback within the 24-month period. Object 1 then had an operating net cash flow
of -246.218 EUR/MWh, while Object 2 had an operating net cash flow of -143.271
EUR/MWh.

At 50% of the simulated revenue level, operating net cash flow decreased further
to -382.412 EUR/MWh for Object 1 and -313.781 EUR/MWh for Object 2. At
25%, the corresponding values were -518.606 EUR/MWh and -484.290 EUR/MWh.
These results show that operating payback within the 24-month period is highly
dependent on maintaining revenues close to the simulated base level. To quantify
this dependency more precisely, an operating break-even revenue percentage was
calculated separately for each object.

Table 4.4: Revenue sensitivity analysis for the Arb + Anc scenario

Revenue Object Op. NCF excl. NCF incl. Total ROI  Operating payback
level RV (EUR/MWh) RV (EUR/MWh) incl. RV excl. RV
100% Object 1 -117.223 446.110 68.6% Not recovered
100% Object 2 27.238 590.571 90.9% 20.9 months
75% Object 1 -246.218 317.116 48.8% Not recovered
5% Object 2 -143.271 420.062 64.6% Not recovered
50% Object 1 -382.412 180.922 27.8% Not recovered
50% Object 2 -313.781 249.552 38.4% Not recovered
25% Object 1 -518.606 44.727 6.9% Not recovered
25% Object 2 -484.290 79.043 12.2% Not recovered

Note: Revenue level refers to the share of the simulated Arb + Anc revenue retained. Arb =
arbitrage, Anc = ancillary services, RV = residual value, NCF = net cash flow, and Op. NCF =
operating net cash flow. Operating payback is calculated excluding residual value. ROI includes
residual value.

Table 4.5: Operating break-even revenue requirement for the Arb + Anc scenario

Base simulated  Required operating Break-even Difference from

Object  ~ LUR/MWL)  inflow (EUR/MWhL)  level 100% level
Object 1 544.777 654.800 1202%  +20.9 pp
Object 2 682.038 654.800 96.0% -2.9 pp

Note: The required operating cash inflow equals CAPEX plus total maintenance cost during the
24-month analysis period: 650.000 + 4.800 = 654.800 EUR/MWh. Residual value is excluded.
The break-even revenue level is calculated as required operating cash inflow divided by the base
simulated profit from the combined arbitrage and ancillary services scenario. pp = percentage
points.

The break-even calculation shows that Object 1 would require 120.2% of the simu-
lated arbitrage and ancillary services revenue to reach operating break-even within
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the project period. This means that the simulated base-case revenue was not suffi-
cient to recover the investment without residual value. Object 2 required 96.0% of
the simulated revenue to reach operating break-even, meaning that it only slightly
exceeded the break-even threshold in the base case. This indicates that Object 2 was
financially stronger than Object 1, but still sensitive to relatively small reductions
in market revenue.

When residual value was included, total net cash flow remained positive for both
objects across all tested revenue levels. However, the margin decreased substantially
as revenues were reduced. At 25% of the simulated revenue level, total net cash
flow, including residual value, was only 44.727 EUR/MWh for Object 1 and 79.043
EUR/MWHh for Object 2. This shows that the positive total result under low-revenue
conditions was mainly supported by the residual value rather than by operating cash
flows.

Overall, the revenue sensitivity analysis confirms that the financial attractiveness of
the BESS investment depends strongly on the ability to capture revenues from the
combined arbitrage and ancillary services scenario. The arbitrage-only scenario was
not sufficient, and reductions in simulated arbitrage and ancillary services revenues
quickly removed operating payback within the 24-month period. The operating
break-even calculation further shows that Object 1 did not reach break-even at
the simulated base-case revenue level, while Object 2 only exceeded the break-even
threshold by a small margin.
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Discussion

5.1 Economic viability and revenue stacking

The findings indicate that the barriers to BESS implementation are not driven by a
single factor but emerge from a combination of economic, strategic, and operational
conditions. The most limiting of these is economic, and the financial analysis sug-
gests that this barrier operates through a specific mechanism, namely the inability
of arbitrage alone, and the dependence on combined market revenues, to recover the
investment within a reasonable horizon.

The investment appraisal shows that electricity price arbitrage alone produced oper-
ating net cash flows of approximately —616,000 EUR/MWh for both studied sites.
This finding is consistent with previous research showing that BESS profitability
from energy arbitrage is highly sensitive to price volatility, operating strategy, and
degradation costs [69]. In the present study, this makes revenue stacking an es-
sential requirement rather than a complementary feature, since arbitrage alone is
insufficient to recover the investment under current Swedish market conditions.

When ancillary service revenues are added, the financial picture changes substan-
tially. One of the two studied sites reaches operating payback within the analysis
period, while the other requires approximately 120.2% of the simulated revenues to
recover the investment through operating cash flows alone. The qualitative results
align with this asymmetry, since the mills consistently describe ancillary service rev-
enues as the only realistic justification for a BESS investment, but also as uncertain
and competition-sensitive. This combined picture clarifies the often-repeated claim
that BESS is "not yet profitable" by showing that profitability is in fact achievable
under specific conditions in narrow regions of the parameter space defined by site
characteristics, market access, and the sustainability of ancillary service margins.

A further methodological observation is that the financial analysis excludes peak
shaving revenues, partly due to the model limitation but also because of the regional
grid tariff structure, which offer no or limited reduction possibilities for temporarily
lowering consumption. This exclusion is conservative for the studied scenarios, but
it also illustrates that the financial value of BESS is not determined by the bat-
tery technology alone. In this study, the profitability gap depends on which value
streams can be quantified and accessed, particularly arbitrage, ancillary services,

52



5. Discussion

and potential tariff-related savings. The observed gap should therefore be inter-
preted as conditional on the current market and tariff assumptions rather than as a
fixed characteristic of BESS technology.

5.2 Revenue dynamics and policy uncertainty

A central observation in the financial analysis is that the dominant ancillary service
revenue stream changed between the two simulated periods, shifting from FCR in
2024/2025 toward mFRR in 2025/2026. This shift is identified in the simulation
results, but its underlying market causes are not analyzed in detail. It nevertheless
has important implications for the investment case, since it indicates that BESS
profitability depends not only on access to ancillary service markets, but also on
how the relative value of different balancing products develops over time.

Several mutually consistent factors may help explain this shift. First, SvK has
reported lower and more stable FCR prices during 2024, particularly for FCR-D,
linked to lower market concentration, improved liquidity, and a more diversified sup-
ply of actors, including increasing participation from energy storage and wind power
[87, 88]. This supports the interpretation that increased participation can diminish
revenues in fast frequency products. Second, SvK has also stated that there remains
a need for more mFRR suppliers, especially for down-regulation, and that this need
was expected to increase with the introduction of automated mFRR balancing and
balancing per bidding zone [88]. The Nordic mFRR energy activation market with
15-minute activation resolution went live in March 2025, which further indicates
that mFRR was undergoing structural market development during the second sim-
ulated period [48]. These explanations should, however, be interpreted cautiously.
The simulation results show a change in revenue composition, but without a sepa-
rate empirical analysis of procurement volumes, bid prices, and activation patterns,
the causes of the shift cannot be confirmed within this study. For this reason, the
observed shift should be used as an indication of market dependence rather than as
a confirmed explanation of market development. The important analytical point is
that the dominant revenue stream can change within a short period. This makes
BESS investment different from many traditional industrial investments. The asset
may remain technically useful, while the market product that pays for the asset
changes. This increases the need for flexible business models and careful risk allo-
cation between the mill, aggregators and market actors.

The findings regarding the saturation of the ancillary market, such as FRR and
FCR-D, can be interpreted through Rogers’ (1995) theory on the Diffusion of In-
novations [89]. Early adopters in the Swedish BESS market were able to capture
high revenues during the initial phase of market introduction, a period character-
ized by low competition and high demand for fast frequency response. However, as
the innovation moves towards the early majority phase, increased competition leads
to price stabilization or decline, reducing the profit margins for latecomers. This
aligns with the observations from the DSO, suggesting that while early projects were
highly profitable, the current market environment requires more complex revenue

53



5. Discussion

stacking strategies.

This observation has two implications. First, it shows that the financial value of
BESS is not determined by static technical performance alone, such as energy capac-
ity or power output, but by the evolving structure of the markets in which the asset
participates. This strengthens the argument that BESS should be analyzed as a
market-dependent investment rather than as a technology-deterministic investment.
Second, it highlights that revenue uncertainty is not only a matter of price volatil-
ity within a single market, but also of structural changes in which markets become
most valuable. For industrial investors, this type of uncertainty is particularly chal-
lenging, since long-term profitability depends on future market rules, procurement
needs, and market saturation that are outside the control of the mill.

The qualitative results add a further dimension by showing that uncertainty is not
limited to future market revenues, but also affects the earlier conditions under which
a BESS project can be planned, permitted, and connected. Interviewees describe
unclear and locally varying permitting requirements, ambiguous national guidance
for grid connection and technical requirements, and broader political uncertainty
regarding the future electricity mix as factors that extend lead times and weaken
the basis for long-term profitability calculations. This is consistent with external
guidance on stationary battery installations, which emphasizes that local risk as-
sessments and possible municipal or county-level permitting requirements may affect
project design [90]. In addition, participation in ancillary service markets requires
prequalification and cooperation with, or registration as, a BSP, which adds further
institutional requirements to the investment process [91]. The investment appraisal
in this study assumes a stable institutional environment over the analysis period.
This simplification is reasonable for the simulation, but becomes more problematic
when the result is interpreted as a basis for real industrial capital investment deci-
sions. The combined effect of market uncertainty and policy uncertainty, therefore,
suggests that the relevant barrier for many mills is not only the expected return
itself, but the difficulty of constructing a robust forecast within the decision frame
typically used for industrial investments.

5.3 Scale mismatch and the business logic of BESS
in mill operations

The qualitative results consistently describe a scale mismatch between commercially
available BESS units and the energy demand of P&PMs, but the analytical impli-
cations of this mismatch deserve more attention than a simple observation that
batteries are too small. The mismatch operates on at least three levels.

First, it shapes the business logic of BESS at industrial sites. Because typical indus-
trial BESS installations cover only a small fraction of the mill’s continuous load, they
cannot meaningfully replace grid imports during normal operation. The economic
case, therefore, cannot rest on energy substitution and must instead be built on
services that monetize short-duration power capability, which in practice means an-
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cillary services and short-term arbitrage. The financial analysis confirms this, since
it is precisely these short-duration services that drive the simulated profitability, and
arbitrage on energy volumes alone produces almost negligible revenue. This means
that the business case for BESS at a mill is less about reducing internal electricity
consumption and more about monetizing flexibility in external markets. A mill that
invests in BESS mainly for ancillary services is therefore exposed to a market with
its own rules, price dynamics, and uncertainties, rather than simply acquiring a tool
to optimize its existing electricity consumption.

Second, the scale mismatch shifts the investment risk profile. A BESS sized to in-
dustrial loads would require capital investments that, at current prices, scale beyond
what most mills are willing to commit for a non-core asset. The respondents explic-
itly link the perceived risk to investment size, and the financial analysis supports
this concern, since the operating payback under base-case assumptions is highly
sensitive to revenue levels and to relatively small changes in CAPEX, maintenance
cost, and useful life. The combination of large fixed investment and partially un-
certain market revenues creates an investment profile in which the downside risk
is concentrated in the early years of the asset’s life, which is unattractive for in-
vestment decision-making oriented toward predictable returns. The scale mismatch
also limits the strategic optionality of the investment. If ancillary service revenues
decline, a relatively small BESS is difficult to repurpose toward broader site-level
functions such as backup power, peak coverage, or internal energy management,
since its capacity remains small relative to the mill’s total load.

Third, the scale mismatch interacts with market design. Ancillary service markets
primarily reward available power capacity and response capability, often measured
in MW, rather than the total MWh needed to cover mill consumption. This means
that even a relatively small BESS can be commercially viable if it has access to
sufficiently lucrative reserve markets. It also explains why aggregator participation
and BSP access are emphasized in the qualitative findings as enablers of profitability,
since they allow industrial BESS units to overcome scale disadvantages by pooling
capacity and lowering barriers to market participation [59]. The scale mismatch
is therefore not only a technical observation but a structural feature that ties the
viability of industrial BESS to the existence of well-functioning aggregation channels
and to the presence of reserve markets where small assets are competitive.

Taken together, these three levels suggest that the relevant question for P&PMs is
not whether BESS can replace existing energy infrastructure, but whether it can be
configured as a value-added flexibility asset alongside existing operations. Framed
in this way, the scale mismatch shifts from being an obstacle to being a defining
characteristic that shapes how the technology must be positioned within the mill’s
business model.
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5.4 Reframing operational constraints and the flexibility-
production trade-off

The qualitative results contain a recurring framing in which flexibility is associated
with adjusting or reducing production. Several mill representatives describe their
core production processes as continuous and tightly integrated, and they argue that
providing flexibility would conflict with the prioritization of stable output. While
the description of the underlying processes is accurate, the conclusion that flexibility
requires sacrificing production requires further examination.

A BESS does not require process intervention in order to deliver flexibility. Because
the battery is electrically connected in parallel with the mill’s load, it can charge and
discharge against the grid without directly intervening in the production process.
This means that the flexibility service is provided by the battery, while the mill
continues to operate at its preferred set point. The qualitative results, therefore,
merge two fundamentally different types of flexibility, namely process-based flexibil-
ity, which does require operational adjustment, and storage-based flexibility, which
does not. The theoretical framework supports this distinction by highlighting that
BESS is technically well-suited for fast frequency services through precise electrical
control, which can be operated alongside the host facility’s production logic.

This reframing has important implications. The mills’ reluctance to engage in flex-
ibility markets is partly explained by an assumption that flexibility participation
will compromise production reliability. Once storage-based flexibility is recognized
as functionally separable from process-based flexibility, the trade-off becomes pri-
marily financial rather than operational. The relevant question is no longer whether
the mill should reduce production in order to provide flexibility, but whether the
BESS investment generates sufficient returns to be justified as a stand-alone or co-
located asset.

This distinction is important for how the barrier should be interpreted. If flexibility
is understood only as process adjustment, the mills’ reluctance appears mainly op-
erational. If storage based flexibility is considered separately, the same reluctance
appears more economic and organizational. The barrier is then less about whether
the mill can keep producing while offering flexibility, and more about whether the
additional asset creates enough value to justify investment, integration work and
operational responsibility.

The continued relevance of operational constraints lies elsewhere. They affect the
willingness to host an additional asset on site, the availability of physical space, the
requirements for safety and integration with high-voltage industrial environments,
and the perceived organizational distance between the mill’s core competence and
BESS operation. These are real barriers, but they are different in kind from the
trade-off between flexibility and production that some respondents emphasize.

Existing flexibility solutions, such as internal electricity generation, off-grid opera-
tion through turbines, electric boilers, and pulp tower storage, complicate the picture
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but do not invalidate the reframing. The qualitative results indicate that several
mills already cover parts of their flexibility needs through these solutions and there-
fore see limited additional value in BESS. From a system perspective, however, these
process-based solutions tend to operate on slower timescales and at larger energy
volumes than the fast power services that BESS is capable of providing. The two
flexibility categories should therefore be understood as potential complements rather
than direct substitutes, which suggests that the perceived redundancy between BESS
and existing flexibility may be partly a result of how the mills evaluate flexibility
against their own internal needs rather than against system-level requirements.

5.5 Private profitability versus system value

A central tension in the results is the difference between private profitability and
system value. From an electricity system perspective, BESS can support frequency
stability, reduce the need for short term balancing and help integrate more variable
renewable electricity. These effects may create value for the wider electricity system
and for society. From the perspective of an individual mill, however, these benefits
only matter if they are translated into reliable revenues or reduced costs.

This tension can be understood through the concept of positive externalities. If a
BESS provider improves grid stability or enables higher use of wind and solar power,
part of the value may benefit actors outside the mill. The mill carries the investment
cost, but the full system benefit is not necessarily captured in the mill’s cash flow.
this helps explain why mills can be technically capable of providing flexibility while
still choosing not to invest. The barrier is therefore not only technical ability, but
also the absence of market arrangements that convert system value into private
investments.

The qualitative results support this interpretation. Several mills describe flexibility
as possible in some form, but they also emphasize profitability, risk and the need
to protect the core production process. The quantitative results show the same
logic from another angle. BESS can become profitable under specific market and
site conditions, but the margins are narrow and highly dependent on ancillary ser-
vice revenues. This means that socially useful flexibility resource may still remain
unattractive at mill level if revenue model is uncertain.

This has policy implications. If policymakers and system operators want industrial
actors to provide more flexibility, the relevant issues is not only wether BESS works
technically. The issue is wether market design, grid tariffs and regulatory frame-
works give mills a reason to invest. Stronger and more predictable remuneration
for flexibility, clearer rules for grid connection and better access through aggrega-
tors could reduce the gap between system value and private profitability. Without
such incentives, BESS adoption in the P&PI is likely to remain selective and site
dependent.
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5.6 Site-specific conditions and BESS as a contin-
gent business case

The combined findings from the qualitative and quantitative parts of the study
indicate that the business case for BESS in P&PMs is highly conditional rather
than generally applicable. The two simulated sites differ in scale, internal electricity
production, and net grid-consumption profiles. Object 1 represents a smaller mill
without significant internal electricity production and with a relatively stable grid-
consumption profile, while Object 2 represents a larger mill with internal electricity
production and a more dynamic interaction with the external grid. These differences
affected how freely the BESS could be operated. When ancillary service revenues
were high, Object 2 was able to utilize the BESS more continuously, whereas Object
1 was more constrained by its grid connection point. This suggests that the available
operational margin between the mill’s subscribed grid capacity, net load profile, and
BESS dispatch requirements is an important determinant of BESS value. However,
since only two sites were analyzed, this should be interpreted as an indicative finding
rather than a general predictor for all P&PMs.

The sensitivity of the business case becomes even more apparent when the finan-
cial assumptions are varied. In the base-case assessment, electricity price arbitrage
alone was insufficient for both sites, and only Object 2 reached operating payback
within the 24-month analysis period when ancillary services were included. Ob-
ject 1 remained below operating break-even, while Object 2 only slightly exceeded
it. The scenario analysis further shows that the investment outcome is sensitive to
the combined effect of CAPEX, maintenance cost, and useful life, as both objects
reached operating payback under optimistic assumptions, while neither did so un-
der pessimistic assumptions. Similarly, the revenue sensitivity analysis shows that
a reduction to 75% of simulated revenues removed operating payback for Object 2
and left Object 1 unrecovered. This means that the investment case depends on
maintaining revenues close to the simulated base level, rather than on a broad and
robust profitability margin.

The implication is that BESS in P&PMs should not be evaluated as a uniform
technology with a uniform business case. Instead, it should be understood as a
configuration-dependent flexibility asset whose viability is shaped by the interaction
between site-specific energy profiles, grid connection margins, existing flexibility
resources, market access, tariff structures, and future market development. This
framing helps resolve the apparent tension between system-level optimism for BESS
and mill-level skepticism. BESS may be valuable from an electricity-system perspec-
tive by contributing flexibility and balancing services, while still being unattractive
for many individual mills if revenues are uncertain, margins are narrow, or the asset
does not align with the mill’s operational and investment logic.
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5.7 BESS in a broader energy transition: wind,
solar, and future business cases

Battery energy storage system should not only be discussed as an isolated invest-
ment at individual P&PMs. It should also be understood in relation to the wider
transformation of the Swedish electricity system. The theoretical framework shows
that increasing electrification and a larger share of wind and solar power increase the
need for flexibility. In that context, BESS can provide fast and controllable power
that supports balancing and frequency stability. This broader use case is relevant
for the P&PI, but it should not be overstated. The results do not show that all
mills will benefit from combining BESS with wind or solar power. They show that
BESS value depends on market access, grid capacity, existing flexibility resources
and site specific energy profiles. Wind and solar power should therefore be used in
the discussion as a system level context and as a possible future business case, not
as a direct conclusion for all studied mills.

The results show that the current business case for BESS remains uncertain. Elec-
tricity price arbitrage alone is not sufficient, while profitability mainly depends on
revenues from ancillary services. These revenues are market-dependent and may
change as more actors enter the market. The shift between FCR and mFRR rev-
enues during the simulated years also indicates that the business case is affected by
changing market conditions. One possible explanation is that increased participa-
tion in FCR markets reduces prices and moves profitability toward other balancing
products, such as mFRR. This can be linked to the development of aggregators,
the separation between BRP and BSP roles, and changing policy conditions, which
together influence how industrial flexibility can access and create value in ancillary
service markets. However, the future relevance of BESS may increase if the battery
is combined with other energy assets, such as wind and solar power, or with other
on-site electricity production. For mills with available land, own electricity produc-
tion, or large electricity flows, BESS could be integrated into the existing energy
system rather than treated as a separate asset. The battery could then support
several functions, such as storing renewable electricity, reducing imbalance costs,
and participating in flexibility markets.

Therefore, BESS should not be viewed as a solution that fits all paper and pulp
mills. Its usefulness depends on the conditions at each site, such as electricity use,
grid capacity, existing flexibility, and access to relevant markets. Under current con-
ditions, high investment costs, operational constraints, and regulatory uncertainty
still make implementation difficult. This also helps explain why implementation
remains limited, even though BESS has technical potential. Mills are unlikely to
adopt the technology more widely before the revenue model is clearer, revenues are
more predictable, and the battery can be integrated without disturbing normal pro-
duction. However, BESS may become more relevant for some mills if battery costs
decrease, flexibility markets mature, and renewable electricity production increases.
The main implication is that paper and pulp mills should evaluate BESS as part of
a broader flexibility strategy rather than as a stand-alone arbitrage asset.
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Conclusion

The purpose of this thesis was to investigate the barriers to the implementation of
battery energy storage systems (BESS) within the Swedish paper and pulp industry
(P&PI). The results demonstrate that BESS is recognized as a technically capable
technology for supporting system flexibility, but that several barriers currently limit
its adoption within the sector.

The primary barrier is economic. The study finds that high investment costs are not
matched by predicted revenue streams under current market conditions. The simu-
lations confirm that electricity arbitrage alone is insufficient to justify an investment.
Instead, profitability depends on revenue stacking through ancillary services, such
as FCR and mFRR. However, the market-dependent nature of these revenues, to-
gether with increasing competition and uncertainty about future price levels, create
financial risk and discourages mills from investing.

Operational and strategic constraints present significant obstacles. The P&PI is
characterized by continuous 24/7 production where stability is prioritized over flex-
ibility. Many mills already possess flexibility through internal electricity production
and process-based storage, which can fulfill their short-term needs. These existing
solutions reduce the perceived need for BESS. At the same time, BESS can provide
storage-based flexibility without disrupting core production. The barrier is therefore
not only operational, but also strategic. BESS must create enough additional value
to justify investment, integration work and operational responsibility

The results also show scale mismatch between BESS and mill operations. Batteries
are well suited for fast response and ancillary services, while many mills operate
with large and continuous energy flows. This means that the value of BESS is not
universal. It depends on site-specific conditions, such as local grid constraints elec-
tricity consumption profiles, existing flexibility resources, market access and tariff
structures.

Regulatory and administrative uncertainty further increases the difficulty of imple-
mentation. unclear permitting processes, technical requirements and future market
conditions can increase leaf times and make investment decisions more uncertain.
This particularly important for capital-intensive industries that require stable as-
sumptions before making large investments.
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In conclusion, BESS has the potential to complement existing flexibility solutions
in the paper and pulp industry, but it is not currently generally viable solution for
all mills. The main barriers are high financial risk, uncertain revenues, site-specific
operational fit and regulatory uncertainty. The study also highlights a tension be-
tween system value and private profitability. BESS can support grid stability and
contribute to the wider electricity system, but current market and tariff structures
do not always translate this system value into a sufficiently strong business case for
individual mills.

For wider adoption, BESS must be evaluated as a part of a broader flexibility strat-
egy rather than as a stand-alone technology. Future implementation will depend on
clearer revenue models, more predictable market conditions, suitable site character-
istics and business models that align the value of BESS with the operational and
economic logic of paper and pulp mills.

61



62

Bibliography

United Nations Framework Convention on Climate Change. Climate Neutral
Now: United Nations Carbon Offset Platform. Accessed: 2026-01. 2024. URL:
https://unfccc. int/climate-action/tracking-and-recognition/
united-nations-carbon-offset-platform/climate-neutral-now.

European Commission. 2050 Long-Term Strategy. Accessed: 2026-01. 2020.
URL: https://climate.ec.europa.eu/eu-action/climate-strategies-
targets/2050-1long-term-strategy_en.

International Energy Agency. FElectrification. Accessed: 2026-01. 2024. URL:
https://www.iea.org/energy-system/electricity/electrification.

Johnsson, Filip and Goransson, Lisa and Chen, Peiyuan and Oberg, Simon and
Visaria, Anant Atul and Kofoed-Wiuff, Anders and Hedegaard, Karsten and
Fritz, Peter and Lofblad, Ebba and Westerberg, Jenny and Odenberger, Mikael
and Unger, Thomas and Walter, Viktor and Strand, Malin and Wrake, Markus.
Sa far industrin tillrdckligt med el till 2035: Slutrapport. Tech. rep. 2025:1133.
Accessed: 2026-01. Energiforsk / NEPP, 2025. URL: https://energiforsk.
se/media/gygf3zer/2025-1033-sa-far-industrin-tillrackligt-med-
el-till-2035-slutrapport.pdf.

Naturvardsverket. Klimatet och industrin. Accessed: 2026-02-02. 2025. URL:
https://www.naturvardsverket.se/amnesomraden/klimatomstallningen/
omraden/klimatet-och-industrin/.

Skogsindustrierna. Skogsndringens betydelse for vdlfarden 2025 [The Impor-

tance of the Forest Industry for Welfare 2025]. Tech. rep. Accessed: 2026-05-07.
Swedish Forest Industries Federation, 2025. URL: https://www.skogsindustrierna.
se/siteassets/bilder-och-dokument/rapporter/valfard/skogsnaringens-
betydelse-for-valfarden-2025.pdf.

Swedish Energy Agency. Energy in Sweden 2021: An overview. Tech. rep.
ET 2021:11. Accessed: 2026-01. Swedish Energy Agency, 2021. URL: https:
//www . energimyndigheten.se/globalassets/statistik/overgripande-
rapporter/energy-in-sweden-2021.pdf.

Regeringskansliet. En klimatstrategi for Sverige. Skrivelse 2017/18:238. Regerin-
gen, 2018. URL: https://www.riksdagen.se/sv/dokument-lagar/dokument/
regeringens-skrivelse/en-klimatstrategi-for-sverige H503238.


https://unfccc.int/climate-action/tracking-and-recognition/united-nations-carbon-offset-platform/climate-neutral-now
https://unfccc.int/climate-action/tracking-and-recognition/united-nations-carbon-offset-platform/climate-neutral-now
https://climate.ec.europa.eu/eu-action/climate-strategies-targets/2050-long-term-strategy_en
https://climate.ec.europa.eu/eu-action/climate-strategies-targets/2050-long-term-strategy_en
https://www.iea.org/energy-system/electricity/electrification
https://energiforsk.se/media/gygf3zer/2025-1033-sa-far-industrin-tillrackligt-med-el-till-2035-slutrapport.pdf
https://energiforsk.se/media/gygf3zer/2025-1033-sa-far-industrin-tillrackligt-med-el-till-2035-slutrapport.pdf
https://energiforsk.se/media/gygf3zer/2025-1033-sa-far-industrin-tillrackligt-med-el-till-2035-slutrapport.pdf
https://www.naturvardsverket.se/amnesomraden/klimatomstallningen/omraden/klimatet-och-industrin/
https://www.naturvardsverket.se/amnesomraden/klimatomstallningen/omraden/klimatet-och-industrin/
https://www.skogsindustrierna.se/siteassets/bilder-och-dokument/rapporter/valfard/skogsnaringens-betydelse-for-valfarden-2025.pdf
https://www.skogsindustrierna.se/siteassets/bilder-och-dokument/rapporter/valfard/skogsnaringens-betydelse-for-valfarden-2025.pdf
https://www.skogsindustrierna.se/siteassets/bilder-och-dokument/rapporter/valfard/skogsnaringens-betydelse-for-valfarden-2025.pdf
https://www.energimyndigheten.se/globalassets/statistik/overgripande-rapporter/energy-in-sweden-2021.pdf
https://www.energimyndigheten.se/globalassets/statistik/overgripande-rapporter/energy-in-sweden-2021.pdf
https://www.energimyndigheten.se/globalassets/statistik/overgripande-rapporter/energy-in-sweden-2021.pdf
https://www.riksdagen.se/sv/dokument-lagar/dokument/regeringens-skrivelse/en-klimatstrategi-for-sverige_H503238
https://www.riksdagen.se/sv/dokument-lagar/dokument/regeringens-skrivelse/en-klimatstrategi-for-sverige_H503238

Bibliography

[10]

[11]

[12]

[13]

[19]

[20]

[21]

Swedish Energy Agency. Industrins langsiktiga utveckling och samspel med en-
ergisystemet. Tech. rep. Swedish Energy Agency, 2015. URL: https://wuw.
energimyndigheten.se/globalassets/klimat--miljo/fyra-framtider/
38764_industrins-langsiktiga-utveckling-och-samspel-med-energisystemet_
webb.pdf.

Skogsindustrierna. El och energi. Accessed: 2026-02. 2025. URL: https://www.
skogsindustrierna. se/om-skogsindustrin/vad-gor-skogsindustrin/
material-fran-skogen/el-och-energi/.

Svenska kraftnét. Frekvensstabilitet. Accessed: 2026-02. 2025. URL: https://
www.svk.se/om-kraftsystemet/om-systemansvaret/kraftsystemstabilitet/
frekvensstabilitet/.

Svenska Kraftnat. Energilagring med batterier och vdtgas. Accessed: 2026-01.
2025. URL: https://www.svk.se/om-kraftsystemet/energilagring-med-
batterier-och-vatgas/.

Svenska kraftnat. Arsredovisning 2023. Tech. rep. Svenska kraftnét, Feb. 2024.
URL: https://www.svk.se/49bd7c/siteassets/om-oss/organisation/
finansiell-information/arkiv/svenska-kraftnats-arsredovisning-
2023. pdf.

Svenska kraftnat. Arsredovisning 2024. Tech. rep. Svenska kraftnéit, Feb. 2025.
URL: https://wuw.svk.se/48f16c/siteassets/om-oss/organisation/
finansiell-information/arkiv/arsredovisning-2024.pdf.

Nordic TSOs. Batteries in the Nordic Reserve Markets. Technical Report.
Joint report by the Nordic Transmission System Operators. Energinet, Fin-
grid, Statnett and Svenska Kraftnit, Apr. 2025.

Framtidens skogsnéring. Skogen och ekonomin. FAM. 2022. URL: https://
framtidensskogsnaring.se/skogen-och-ekonomin-2.

Bo Edlund. Papperstillverkning. Svenska industriminnesféreningen. n.d. URL:
https://brukshistoria.se/medial . brukshistoria.se/pdf _o_thumb/
Papperstillverkning.pdf.

Statistiska centralbyran. Marken i Sverige. SCB. 2023. URL: https://wuw.
scb.se/hitta-statistik/sverige-i-siffror/miljo/marken-i-sverige
(visited on 03/2026).

RISE Research Institutes of Sweden. Lignin pa frammarsch med svensk teknik.
URL: https://www.ri.se/sv/berattelse/lignin-pa-frammarsch-med-
svensk-teknik.

Skogsindustrierna. Skogsindustrins miljodatabas. URL: https://miljodatabas.
skogsindustrierna.se/simdb/web/main/report.aspx?id=119.

Skogsindustrierna and Fossilfritt Sverige. Fardplan for fossilfri konkurrenskraft:
Skogsndaringen. Fardplan. Fossilfritt Sverige, 2018. URL: https://fossilfrittsverige.
se/wp- content /uploads/2020/10/ffs_skogsnaringen . pdf (visited on
05/08/2026).

63


https://www.energimyndigheten.se/globalassets/klimat--miljo/fyra-framtider/38764_industrins-langsiktiga-utveckling-och-samspel-med-energisystemet_webb.pdf
https://www.energimyndigheten.se/globalassets/klimat--miljo/fyra-framtider/38764_industrins-langsiktiga-utveckling-och-samspel-med-energisystemet_webb.pdf
https://www.energimyndigheten.se/globalassets/klimat--miljo/fyra-framtider/38764_industrins-langsiktiga-utveckling-och-samspel-med-energisystemet_webb.pdf
https://www.energimyndigheten.se/globalassets/klimat--miljo/fyra-framtider/38764_industrins-langsiktiga-utveckling-och-samspel-med-energisystemet_webb.pdf
https://www.skogsindustrierna.se/om-skogsindustrin/vad-gor-skogsindustrin/material-fran-skogen/el-och-energi/
https://www.skogsindustrierna.se/om-skogsindustrin/vad-gor-skogsindustrin/material-fran-skogen/el-och-energi/
https://www.skogsindustrierna.se/om-skogsindustrin/vad-gor-skogsindustrin/material-fran-skogen/el-och-energi/
https://www.svk.se/om-kraftsystemet/om-systemansvaret/kraftsystemstabilitet/frekvensstabilitet/
https://www.svk.se/om-kraftsystemet/om-systemansvaret/kraftsystemstabilitet/frekvensstabilitet/
https://www.svk.se/om-kraftsystemet/om-systemansvaret/kraftsystemstabilitet/frekvensstabilitet/
https://www.svk.se/om-kraftsystemet/energilagring-med-batterier-och-vatgas/
https://www.svk.se/om-kraftsystemet/energilagring-med-batterier-och-vatgas/
https://www.svk.se/49bd7c/siteassets/om-oss/organisation/finansiell-information/arkiv/svenska-kraftnats-arsredovisning-2023.pdf
https://www.svk.se/49bd7c/siteassets/om-oss/organisation/finansiell-information/arkiv/svenska-kraftnats-arsredovisning-2023.pdf
https://www.svk.se/49bd7c/siteassets/om-oss/organisation/finansiell-information/arkiv/svenska-kraftnats-arsredovisning-2023.pdf
https://www.svk.se/48f16c/siteassets/om-oss/organisation/finansiell-information/arkiv/arsredovisning-2024.pdf
https://www.svk.se/48f16c/siteassets/om-oss/organisation/finansiell-information/arkiv/arsredovisning-2024.pdf
https://framtidensskogsnaring.se/skogen-och-ekonomin-2
https://framtidensskogsnaring.se/skogen-och-ekonomin-2
https://brukshistoria.se/media1.brukshistoria.se/pdf_o_thumb/Papperstillverkning.pdf
https://brukshistoria.se/media1.brukshistoria.se/pdf_o_thumb/Papperstillverkning.pdf
https://www.scb.se/hitta-statistik/sverige-i-siffror/miljo/marken-i-sverige
https://www.scb.se/hitta-statistik/sverige-i-siffror/miljo/marken-i-sverige
https://www.ri.se/sv/berattelse/lignin-pa-frammarsch-med-svensk-teknik
https://www.ri.se/sv/berattelse/lignin-pa-frammarsch-med-svensk-teknik
https://miljodatabas.skogsindustrierna.se/simdb/web/main/report.aspx?id=119
https://miljodatabas.skogsindustrierna.se/simdb/web/main/report.aspx?id=119
https://fossilfrittsverige.se/wp-content/uploads/2020/10/ffs_skogsnaringen.pdf
https://fossilfrittsverige.se/wp-content/uploads/2020/10/ffs_skogsnaringen.pdf

Bibliography

[22] Thomas Tangeras Lars Persson. Transmission network investment across na-
tional borders: The liberalized Nordic electricity market. Tech. rep. 1242, 2018.
Accessed: 2026-03. Research Institute of Industrial Economics, 2018. URL:
https://www.ifn.se/media/3wblqwédt/wp1242.pdf.

[23] Svenska Kraftnat. About us. Accessed: 2026-02. 2025. URL: https://www.
svk.se/en/about-us.

[24] Nord Pool. Our business. Nord Pool website. Accessed: 2026-02. URL: https:
//www.nordpoolgroup.com/en/About-us/our-business/.

[25] Energimyndigheten. Om det svenska elsystemet. Accessed: 2026-02. 2025. URL:
https://www.energimyndigheten.se/energisystem-och-analys/nulaget-
i-energisystemet/om-det-svenska-elsystemet/.

[26] Sveriges Riksbank. The Swedish Electricity Market — Today and in the Future.
Accessed: 2026-02. 2023. URL: https://www.riksbank.se/globalassets/
media/rapporter/pov/artiklar/engelska/2023/230512/2023_1-the-
swedish-electricity-market--today-and-in-the-future.pdf.

[27]  Svenska kraftndt. Om systemansvaret. Accessed: 2026-02. 2025. URL: https:
//www.svk.se/om-kraftsystemet/om-systemansvaret/.

[28]  Energimarknadsinspektionen. Elndtet i Sverige. Accessed: 2026-02. 2026. URL:
https://ei.se/konsument/el/elnatet-i-sverige.

[29] Vattenfall Eldistribution. Price list for demand-based network tariffs 2025.
https://www.vattenfalleldistribution.se/globalassets/2.-foretag/
abonnemang-och-avgifter/avtal-och-elnatsavgift/prislista-effekttariffer-
2025-01-foretag.pdf. Accessed: May 3, 2026. 2025.

[30] Svenska kraftnit. 15 minuters balansering av elsystemet dr nu permanent.
2025. URL: https://www.svk.se/press-och-nyheter/nyheter/balansansvar/
2025/15-minuters-balansering-av-elsystemet-ar-nu-permanent/ (vis-
ited on 03/25/2026).

[31] Energimarknadsinspektionen. Elmarknaden. Accessed: 2026-02. 2026. URL: https:
//ei.se/konsument/el/elmarknaden.

[32] Nord Pool. Intraday market. Accessed: 2026-02. 2026. URL: https://www.
nordpoolgroup.com/en/the-power-market/Intraday-market/.

[33] Svenska kraftnat. Balancing Market Outlook 2030. Accessed: 2026-02. 2024.
URL: https://www.svk.se/48d672/siteassets/om-oss/rapporter/2024/
svenska-kraftnat-balancing-market-outlook-2030.pdf.

[34] Energiforetagen Sverige. Sveriges elbehov till 2045: En analys av scenarier
och kraftsystemets utveckling. Tech. rep. Energiforetagen Sverige, 2023. URL:
https://www.energiforetagen.se/493642/globalassets/dokument/gap-
rapport-handlingsplan/sveriges-elbehov-2045_vers230307.pdf.

[35] Energiforetagen Sverige. Sa sag Sveriges elproduktion ut per elomrade under
2025. Accessed: 2026-02-18. Feb. 2026. URL: https://www.energiforetagen.
se/medlemsportalen/medlemsnyheter/2026/februari/sa-sag-sveriges-
elproduktion-ut-per-elomrade-under-2025/.

64


https://www.ifn.se/media/3wblqw4t/wp1242.pdf
https://www.svk.se/en/about-us
https://www.svk.se/en/about-us
https://www.nordpoolgroup.com/en/About-us/our-business/
https://www.nordpoolgroup.com/en/About-us/our-business/
https://www.energimyndigheten.se/energisystem-och-analys/nulaget-i-energisystemet/om-det-svenska-elsystemet/
https://www.energimyndigheten.se/energisystem-och-analys/nulaget-i-energisystemet/om-det-svenska-elsystemet/
https://www.riksbank.se/globalassets/media/rapporter/pov/artiklar/engelska/2023/230512/2023_1-the-swedish-electricity-market--today-and-in-the-future.pdf
https://www.riksbank.se/globalassets/media/rapporter/pov/artiklar/engelska/2023/230512/2023_1-the-swedish-electricity-market--today-and-in-the-future.pdf
https://www.riksbank.se/globalassets/media/rapporter/pov/artiklar/engelska/2023/230512/2023_1-the-swedish-electricity-market--today-and-in-the-future.pdf
https://www.svk.se/om-kraftsystemet/om-systemansvaret/
https://www.svk.se/om-kraftsystemet/om-systemansvaret/
https://ei.se/konsument/el/elnatet-i-sverige
https://www.vattenfalleldistribution.se/globalassets/2.-foretag/abonnemang-och-avgifter/avtal-och-elnatsavgift/prislista-effekttariffer-2025-01-foretag.pdf
https://www.vattenfalleldistribution.se/globalassets/2.-foretag/abonnemang-och-avgifter/avtal-och-elnatsavgift/prislista-effekttariffer-2025-01-foretag.pdf
https://www.vattenfalleldistribution.se/globalassets/2.-foretag/abonnemang-och-avgifter/avtal-och-elnatsavgift/prislista-effekttariffer-2025-01-foretag.pdf
https://www.svk.se/press-och-nyheter/nyheter/balansansvar/2025/15-minuters-balansering-av-elsystemet-ar-nu-permanent/
https://www.svk.se/press-och-nyheter/nyheter/balansansvar/2025/15-minuters-balansering-av-elsystemet-ar-nu-permanent/
https://ei.se/konsument/el/elmarknaden
https://ei.se/konsument/el/elmarknaden
https://www.nordpoolgroup.com/en/the-power-market/Intraday-market/
https://www.nordpoolgroup.com/en/the-power-market/Intraday-market/
https://www.svk.se/48d672/siteassets/om-oss/rapporter/2024/svenska-kraftnat-balancing-market-outlook-2030.pdf
https://www.svk.se/48d672/siteassets/om-oss/rapporter/2024/svenska-kraftnat-balancing-market-outlook-2030.pdf
https://www.energiforetagen.se/493642/globalassets/dokument/gap-rapport-handlingsplan/sveriges-elbehov-2045_vers230307.pdf
https://www.energiforetagen.se/493642/globalassets/dokument/gap-rapport-handlingsplan/sveriges-elbehov-2045_vers230307.pdf
https://www.energiforetagen.se/medlemsportalen/medlemsnyheter/2026/februari/sa-sag-sveriges-elproduktion-ut-per-elomrade-under-2025/
https://www.energiforetagen.se/medlemsportalen/medlemsnyheter/2026/februari/sa-sag-sveriges-elproduktion-ut-per-elomrade-under-2025/
https://www.energiforetagen.se/medlemsportalen/medlemsnyheter/2026/februari/sa-sag-sveriges-elproduktion-ut-per-elomrade-under-2025/

Bibliography

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Regeringskansliet. Spanning I Tillvaron. Accessed: 2026-02. 2025. URL: https:
//regeringen.se/rattsliga-dokument/statens-offentliga-utredningar/
2025/04/s0u-202547/.

Energimyndigheten. Energildget i Sverige. Swedish Energy Agency. 2024. URL:
https://www.energimyndigheten.se/energisystem-och-analys/nulaget-
i-energisystemet/energilaget/.

Energimyndigheten. Flexibilitet ¢ energisystemet. Swedish Energy Agency. 2024.
URL: https://www.energimyndigheten.se/energisystem-och-analys/
energisystem-och-analys/flexibilitet-i-energisystemet/.

Svenska kraftnét. Frekvensstabilitet. 2025. URL: https://www.svk.se/om-

kraftsystemet/om-systemansvaret/kraftsystemstabilitet/frekvensstabilitet/
(visited on 03/25/2026).

Alf Assenkamp, Christian Kreischer, and Stefan Kulig. “Capability of syn-
chronous machines to ride through events with high ROCOF”. In: Archives of
Flectrical Engineering 68.2 (2019), pp. 325-339. DOI: 10.24425/aee.2019.
128271.

Andreas Ulbig, Theodor S Borsche, and Goéran Andersson. “Impact of low
rotational inertia on power system stability and operation”. In: IFAC' Proceed-
ings Volumes 47.3 (2014), pp. 7290-7297. DOI: 10.3182/20140824-6~-ZA~
1003.02615.

Svenska kraftnéat. Technical Requirements for Frequency Containment Reserve
Provision in the Nordic Synchronous Area. Version 1.1. Svenska kraftnat, 2025.
URL: https://www.svk.se/495d28/siteassets/aktorsportalen/bidra-
med-reserver/om-olika-reserver/fcr/fcr-technical-requirements_
vl.1 28 march_2025.pdf.

Svenska kraftnat. Om olika reserver. 2025. URL: https://www . svk . se/
aktorsportalen/bidra-med-reserver/om-olika-reserver/ (visited on

03/25/2026).
Svenska kraftnét. Snabb frekvensreserv (FFR). 2024. URL: https: //www .

svk.se/aktorsportalen/bidra-med-reserver/om-olika-reserver/ffr/
(visited on 03/25/2026).

Svenska kraftnét. Automatisk frekvensdaterstillningsreserv (aFRR). 2026. URL:

https://www.svk.se/aktorsportalen/bidra-med-reserver/om-olika-
reserver/afrr/ (visited on 03/25/2026).

Svenska kraftnit. Manuell frekvensdaterstillningsreserv (mFRR). 2025. URL:

https://www.svk.se/aktorsportalen/bidra-med-reserver/om-olika-
reserver/mfrr/ (visited on 03/25/2026).

Nitin Padmanabhan, Mohamed Ahmed, and Kankar Bhattacharya. “Battery
energy storage systems in energy and reserve markets”. In: IEEE Transactions
on Power Systems 35.1 (2019), pp. 215-226. DOI: 10.1109/TPWRS . 2019 .
2936131.

65


https://regeringen.se/rattsliga-dokument/statens-offentliga-utredningar/2025/04/sou-202547/
https://regeringen.se/rattsliga-dokument/statens-offentliga-utredningar/2025/04/sou-202547/
https://regeringen.se/rattsliga-dokument/statens-offentliga-utredningar/2025/04/sou-202547/
https://www.energimyndigheten.se/energisystem-och-analys/nulaget-i-energisystemet/energilaget/
https://www.energimyndigheten.se/energisystem-och-analys/nulaget-i-energisystemet/energilaget/
https://www.energimyndigheten.se/energisystem-och-analys/energisystem-och-analys/flexibilitet-i-energisystemet/
https://www.energimyndigheten.se/energisystem-och-analys/energisystem-och-analys/flexibilitet-i-energisystemet/
https://www.svk.se/om-kraftsystemet/om-systemansvaret/kraftsystemstabilitet/frekvensstabilitet/
https://www.svk.se/om-kraftsystemet/om-systemansvaret/kraftsystemstabilitet/frekvensstabilitet/
https://doi.org/10.24425/aee.2019.128271
https://doi.org/10.24425/aee.2019.128271
https://doi.org/10.3182/20140824-6-ZA-1003.02615
https://doi.org/10.3182/20140824-6-ZA-1003.02615
https://www.svk.se/495d28/siteassets/aktorsportalen/bidra-med-reserver/om-olika-reserver/fcr/fcr-technical-requirements_v1.1_28_march_2025.pdf
https://www.svk.se/495d28/siteassets/aktorsportalen/bidra-med-reserver/om-olika-reserver/fcr/fcr-technical-requirements_v1.1_28_march_2025.pdf
https://www.svk.se/495d28/siteassets/aktorsportalen/bidra-med-reserver/om-olika-reserver/fcr/fcr-technical-requirements_v1.1_28_march_2025.pdf
https://www.svk.se/aktorsportalen/bidra-med-reserver/om-olika-reserver/
https://www.svk.se/aktorsportalen/bidra-med-reserver/om-olika-reserver/
https://www.svk.se/aktorsportalen/bidra-med-reserver/om-olika-reserver/ffr/
https://www.svk.se/aktorsportalen/bidra-med-reserver/om-olika-reserver/ffr/
https://www.svk.se/aktorsportalen/bidra-med-reserver/om-olika-reserver/afrr/
https://www.svk.se/aktorsportalen/bidra-med-reserver/om-olika-reserver/afrr/
https://www.svk.se/aktorsportalen/bidra-med-reserver/om-olika-reserver/mfrr/
https://www.svk.se/aktorsportalen/bidra-med-reserver/om-olika-reserver/mfrr/
https://doi.org/10.1109/TPWRS.2019.2936131
https://doi.org/10.1109/TPWRS.2019.2936131

Bibliography

[48]

[49]

[50]

[51]

[55]

[56]

[57]

66

Nordic Balancing Model. Confirmation of mFRR EAM go live March 4th
2025. Web page. Feb. 2025. URL: https://nordicbalancingmodel . net/
confirmation - of - mfrr - eam- go - live - march - 4th - 2025/ (visited on

05,/07,/2026).

Energimarknadsinspektionen. FElndtstariffer for ett effektivt ndtutnyttjande —
Principiella val for utformningen av ndttariffer. Promemoria Ei PM2020:06.
Eskilstuna, Sweden: Energimarknadsinspektionen, 2020.

Ellevio AB. FElndgtspriser Prisomrade Stockholm — Effektabonnemang vid re-
gionndt och vid transformator. Accessed: 2026-05-04. 2025. URL: https://
www.ellevio.se/globalassets/content/priserabonnemang-pdf/tidigare-
priser-2025/regionnat/reg_prisomrade3_effekt_2501.pdf.

Vattenfall Eldistribution AB. Tillampningsbestammelser i sammandrag: 2025

ars regionndtstariff. Accessed: 2026-05-04. 2025. URL: https://www.vattenfalleldistributis
se/globalassets/2.-foretag/abonnemang-och-avgifter/avtal-och-
elnatsavgift/avgifter-och-bestammelser-for-regionnatet/prisblad-

rn—-2026.pdf.

E.ON Energidistribution AB. Prislista Regionndt Syd. Accessed: 2026-05-04.
2026. URL: https://www.eon.se/content/dam/eon-se/swe-documents/
swe-prislista-regionnat-syd-3-260101.pdf.

Svenska kraftniat. Oversyn av transmissionsndtstariffen — Slutrapport. Tech.

rep. Svenska kraftnat, 2023. URL: https://www.svk.se/492b56/siteassets/
2.utveckling-av-kraftsystemet/systemansvar-o-elmarknad/tariffoversyn/
slutrapport_ny-tariffmodell vO.pdf.

Svenska Kraftnat. Inférande av aktérsrollerna BSP och BRP. Accessed: 2026-
02. 2026. URL: https://www.svk.se/utveckling-av-kraftsystemet/
systemansvar -- elmarknad / inforande - av - aktorsrollerna-bsp-och-
brp/.

Svenska Kraftnit. Balancing Service Provider (BSP). Accessed: 2026-02. 2024.
URL: https://www.svk.se/en/stakeholders-portal /electricity-
market/balancing-service-provider-bsp/.

Swedish Energy Agency. Sweden’s electricity and natural gas market, 2024.
Tech. rep. Ei R2025:19. Accessed: 2026-02. Swedish Energy Agency, 2025. URL:
https://ei.se/download/18.6fe475b619b356781735d3/1766159092506/
Swedens-electricity—-and-natural -gas-market-2024-Ei-R2025-19.
pdf.

Svensk Vindenergi. PPA — ett langsiktigt avtal om inkop av el. Accessed:
2026-02. 2026. URL: https://svenskvindenergi . org/fakta/ppa-ett-
langsiktigt-avtal-om-inkop-av-el.


https://nordicbalancingmodel.net/confirmation-of-mfrr-eam-go-live-march-4th-2025/
https://nordicbalancingmodel.net/confirmation-of-mfrr-eam-go-live-march-4th-2025/
https://www.ellevio.se/globalassets/content/priserabonnemang-pdf/tidigare-priser-2025/regionnat/reg_prisomrade3_effekt_2501.pdf
https://www.ellevio.se/globalassets/content/priserabonnemang-pdf/tidigare-priser-2025/regionnat/reg_prisomrade3_effekt_2501.pdf
https://www.ellevio.se/globalassets/content/priserabonnemang-pdf/tidigare-priser-2025/regionnat/reg_prisomrade3_effekt_2501.pdf
https://www.vattenfalleldistribution.se/globalassets/2.-foretag/abonnemang-och-avgifter/avtal-och-elnatsavgift/avgifter-och-bestammelser-for-regionnatet/prisblad-rn-2026.pdf
https://www.vattenfalleldistribution.se/globalassets/2.-foretag/abonnemang-och-avgifter/avtal-och-elnatsavgift/avgifter-och-bestammelser-for-regionnatet/prisblad-rn-2026.pdf
https://www.vattenfalleldistribution.se/globalassets/2.-foretag/abonnemang-och-avgifter/avtal-och-elnatsavgift/avgifter-och-bestammelser-for-regionnatet/prisblad-rn-2026.pdf
https://www.vattenfalleldistribution.se/globalassets/2.-foretag/abonnemang-och-avgifter/avtal-och-elnatsavgift/avgifter-och-bestammelser-for-regionnatet/prisblad-rn-2026.pdf
https://www.eon.se/content/dam/eon-se/swe-documents/swe-prislista-regionnat-syd-3-260101.pdf
https://www.eon.se/content/dam/eon-se/swe-documents/swe-prislista-regionnat-syd-3-260101.pdf
https://www.svk.se/492b56/siteassets/2.utveckling-av-kraftsystemet/systemansvar-o-elmarknad/tariffoversyn/slutrapport_ny-tariffmodell_v0.pdf
https://www.svk.se/492b56/siteassets/2.utveckling-av-kraftsystemet/systemansvar-o-elmarknad/tariffoversyn/slutrapport_ny-tariffmodell_v0.pdf
https://www.svk.se/492b56/siteassets/2.utveckling-av-kraftsystemet/systemansvar-o-elmarknad/tariffoversyn/slutrapport_ny-tariffmodell_v0.pdf
https://www.svk.se/utveckling-av-kraftsystemet/systemansvar--elmarknad/inforande-av-aktorsrollerna-bsp-och-brp/
https://www.svk.se/utveckling-av-kraftsystemet/systemansvar--elmarknad/inforande-av-aktorsrollerna-bsp-och-brp/
https://www.svk.se/utveckling-av-kraftsystemet/systemansvar--elmarknad/inforande-av-aktorsrollerna-bsp-och-brp/
https://www.svk.se/en/stakeholders-portal/electricity-market/balancing-service-provider-bsp/
https://www.svk.se/en/stakeholders-portal/electricity-market/balancing-service-provider-bsp/
https://ei.se/download/18.6fe475b619b356781735d3/1766159092506/Swedens-electricity-and-natural-gas-market-2024-Ei-R2025-19.pdf
https://ei.se/download/18.6fe475b619b356781735d3/1766159092506/Swedens-electricity-and-natural-gas-market-2024-Ei-R2025-19.pdf
https://ei.se/download/18.6fe475b619b356781735d3/1766159092506/Swedens-electricity-and-natural-gas-market-2024-Ei-R2025-19.pdf
https://svenskvindenergi.org/fakta/ppa-ett-langsiktigt-avtal-om-inkop-av-el
https://svenskvindenergi.org/fakta/ppa-ett-langsiktigt-avtal-om-inkop-av-el

Bibliography

[59]

[60]

[61]

[62]

Energimarknadsinspektionen. Oberoende aggregatorer: Férslag till nya regler
for att genomféra elmarknadsdirektivet. i R2021:03. Energimarknadsinspek-
tionen, 2021. URL: https://ei.se/download/18.75fbb4c4177d803861elafd6/
1615211401910 / Oberoende - aggregatorer - F %, C3 7, B6rslag - till -nya -
regler-£f%C3%B6r-att - genonf % C3%B6ra- elmarknadsdirektivet - Ei-
R2021-03. pdf.

Jan Stede et al. “The role of aggregators in facilitating industrial demand
response: Evidence from Germany”. In: Energy policy 147 (2020), p. 111893.
DOI: 10.1016/j.enpol.2020.111893.

Svenska kraftnat. Balancing Service Provider (BSP). 2024. URL: https://
www.svk.se/en/stakeholders-portal/electricity-market/balancing-
service-provider-bsp/ (visited on 03/25/2026).

Jose-Fernando Forero-Quintero et al. “Profitability analysis on demand-side
flexibility: A review”. In: Renewable and Sustainable Energy Reviews 169 (2022),
p. 112906. po1: 10.1016/j.rser.2022.112906.

Godfrey Macharia Njoka, Lucas Mogaka, and Agnes Wangai. “Enhancing grid
stability and resilience through BESS optimal placement and sizing in VRES-
dominated systems”. In: Energy Reports 13 (2025), pp. 1764-1779.

Julia R Conceigao et al. “Assessing the Potential of Large-Scale Energy Stor-
age for Distribution Systems Demand Management”. In: 2019 IEEE Power &
Energy Society General Meeting (PESGM). IEEE. 2019, pp. 1-5.

Varun Kumar Reddy N, Manjunath SH, et al. “Battery Technology—A Com-
prehensive Review.” In: Journal of Mines, Metals & Fuels 70 (2022).

Jianmin Ma et al. “The 2021 battery technology roadmap”. In: Journal of
Physics D: Applied Physics 54.18 (2021), p. 183001.

Mohammad Assi and Mohammed Amer. “A comparative analysis of lithium-
ion batteries using a proposed electrothermal model based on numerical sim-
ulation”. In: World Electric Vehicle Journal 16.2 (2025), p. 60.

Zhihao Yang et al. “Study on Influencing Factors of Calendar Aging and Cycle
Aging of LFP Batteries”. In: Applied Sciences 15.23 (2025), p. 12749.

Xin Lai et al. “Investigating greenhouse gas emissions and environmental im-
pacts from the production of lithium-ion batteries in China”. In: Journal of
Cleaner Production 372 (2022), p. 133756.

Nils Collath et al. “Increasing the lifetime profitability of battery energy stor-
age systems through aging aware operation”. In: Applied Energy 348 (2023),
p. 121531.

Marc Moller et al. “SimSES: A holistic simulation framework for modeling and
analyzing stationary energy storage systems”. In: Journal of Energy Storage
49 (2022), p. 103743. 18sN: 2352-152X. DOI: https://doi.org/10.1016/
j.est.2021.103743. URL: https://www.sciencedirect . com/science/
article/pii/S2352152X21014171.

67


https://ei.se/download/18.75fbb4c4177d803861e1afd6/1615211401910/Oberoende-aggregatorer-F%C3%B6rslag-till-nya-regler-f%C3%B6r-att-genomf%C3%B6ra-elmarknadsdirektivet-Ei-R2021-03.pdf
https://ei.se/download/18.75fbb4c4177d803861e1afd6/1615211401910/Oberoende-aggregatorer-F%C3%B6rslag-till-nya-regler-f%C3%B6r-att-genomf%C3%B6ra-elmarknadsdirektivet-Ei-R2021-03.pdf
https://ei.se/download/18.75fbb4c4177d803861e1afd6/1615211401910/Oberoende-aggregatorer-F%C3%B6rslag-till-nya-regler-f%C3%B6r-att-genomf%C3%B6ra-elmarknadsdirektivet-Ei-R2021-03.pdf
https://ei.se/download/18.75fbb4c4177d803861e1afd6/1615211401910/Oberoende-aggregatorer-F%C3%B6rslag-till-nya-regler-f%C3%B6r-att-genomf%C3%B6ra-elmarknadsdirektivet-Ei-R2021-03.pdf
https://doi.org/10.1016/j.enpol.2020.111893
https://www.svk.se/en/stakeholders-portal/electricity-market/balancing-service-provider-bsp/
https://www.svk.se/en/stakeholders-portal/electricity-market/balancing-service-provider-bsp/
https://www.svk.se/en/stakeholders-portal/electricity-market/balancing-service-provider-bsp/
https://doi.org/10.1016/j.rser.2022.112906
https://doi.org/https://doi.org/10.1016/j.est.2021.103743
https://doi.org/https://doi.org/10.1016/j.est.2021.103743
https://www.sciencedirect.com/science/article/pii/S2352152X21014171
https://www.sciencedirect.com/science/article/pii/S2352152X21014171

Bibliography

[71] Brendan Banfield, Duane A. Robinson, and Ashish P. Agalgaonkar. “Compar-
ison of economic model predictive control and rule-based control for residential
energy storage systems”. In: IET Smart Grid 3 (5 2020), pp. 722-729. DOI:
10.1049/iet-stg.2020.0090. eprint: https://digital-library.theiet.
org/doi/pdf/10.1049/iet-stg.2020.0090. URL: https://digital-
library.theiet.org/doi/abs/10.1049/iet-stg.2020.0090.

[72] Aire Energy Solutions. Aire Enerqy — Energy Intelligence for the Green Tran-
sition. Accessed: May 2, 2026. 2026. URL: https://www.aire.energy/.

[73] Philip Holgersson. Private communication. Aire Energy Solutions. Question
regarding BESS simulation and market conditions. Apr. 2026.

[74] Liaqat Ali et al. “Expediting battery investment returns for residential cus-
tomers utilising spot price-aware local energy exchanges”. In: Energy 306
(2024), p. 132458. DOI: 10. 1016/ j . energy . 2024 . 132458. URL: https:
//doi.org/10.1016/j.energy.2024 .132458.

[75] Kjersti Berg et al. “Economic evaluation of operation strategies for battery
systems in football stadiums: A Norwegian case study”. In: Journal of Energy
Storage 34 (2021), p. 102190. DOI: 10. 1016/ j . est . 2020 . 102190. URL:
https://doi.org/10.1016/3.est.2020.102190.

[76] Ahmed Hussen. Principles of Environmental Economics and Sustainability:
An Integrated Economic and FEcological Approach. 4th. London: Routledge,
2019. 1SBN: 978-0815363545.

[77)  Anna Dubois and Lars-Erik Gadde. “Systematic combining: an abductive ap-
proach to case research”. In: Journal of business research 55.7 (2002), pp. 553~
560.

[78] Martyn Denscombe. The Good Research Guide: For Small-Scale Social Re-
search Projects. 4th ed. Maidenhead: Open University Press, 2010. ISBN: 978-
0-3352-4138-5.

[79] Michael Quinn Patton. Qualitative evaluation and research methods. 2nd. New-
bury Park, CA: Sage Publications, 1990. 1SBN: 9780803937796.

[80] Ilker Etikan and Kabiru Bala. “Sampling and sampling methods”. In: Biomet-
rics € Biostatistics International Journal 5.6 (2017), p. 00149.

[81] Victoria Clarke and Virginia Braun. “Thematic analysis”. In: The journal of
positive psychology 12.3 (2017), pp. 297-298.

[82] Ember. How cheap is battery storage? Analysis. Ember, Dec. 2025. URL: https:
/ / ember - energy . org / latest — insights / how - cheap - is - battery -
storage/ (visited on 05/08/2026).

[83] Gustav Arnberg. “Implementation of battery energy storage systems in the
Swedish electrical infrastructure: A techno-economic assessment”. Degree project
in Chemical Engineering, Second cycle, 30 credits. Stockholm, Sweden: KTH
Royal Institute of Technology, 2022. URL: https://www.diva-portal.org/
smash/record. jsf?pid=diva2:1682333.

68


https://doi.org/10.1049/iet-stg.2020.0090
https://digital-library.theiet.org/doi/pdf/10.1049/iet-stg.2020.0090
https://digital-library.theiet.org/doi/pdf/10.1049/iet-stg.2020.0090
https://digital-library.theiet.org/doi/abs/10.1049/iet-stg.2020.0090
https://digital-library.theiet.org/doi/abs/10.1049/iet-stg.2020.0090
https://www.aire.energy/
https://doi.org/10.1016/j.energy.2024.132458
https://doi.org/10.1016/j.energy.2024.132458
https://doi.org/10.1016/j.energy.2024.132458
https://doi.org/10.1016/j.est.2020.102190
https://doi.org/10.1016/j.est.2020.102190
https://ember-energy.org/latest-insights/how-cheap-is-battery-storage/
https://ember-energy.org/latest-insights/how-cheap-is-battery-storage/
https://ember-energy.org/latest-insights/how-cheap-is-battery-storage/
https://www.diva-portal.org/smash/record.jsf?pid=diva2:1682333
https://www.diva-portal.org/smash/record.jsf?pid=diva2:1682333

Bibliography

[85]

[80]

[87]

[33]

[89]
[90]

[91]

Wesley Cole, Vignesh Ramasamy, and Merve Turan. Cost Projections for
Utility-Scale Battery Storage: 2025 Update. Technical Report NREL /TP-6A40-
93281. Golden, CO: National Renewable Energy Laboratory (NREL), June
2025. URL: https://www.nrel.gov/docs/fy250sti/93281.pdf.

Aswath Damodaran. Fstimating risk parameters. Tech. rep. Stern School of
Business, New York University, 1999.

Lisa H. Tran. “Providing Support and Rationale for the Estimation of a
Company-Specific Risk Premium”. In: Perspectives (Jan. 2025). Willamette
Management Associates, a Citizens Company, pp. 1-7.

Svenska kraftnat. Laga priser pa FCR ndr 2024 summeras. Web page. Jan.

2025. URL: https://www.svk.se/press-och-nyheter/nyheter/balansansvar/

2025/laga-priser-pa-fcr-nar-2024-summeras/ (visited on 05/07/2026).

Svenska kraftnét. Allt fler leverantdrer av stédtjinster for det svenska elsys-
temet. Web page. Sept. 2024. URL: https://www . svk . se/press-och-
nyheter /nyheter /balansansvar /2024 /allt - fler - leverantorer - av -
stodtjanster-for-det-svenska-elsystemet/ (visited on 05/07,/2026).

Everett M. Rogers. Diffusion of Innovations. 5th. New York: Free Press, 1995.
Svensk Solenergi. Riktlinje for brandskydd av stationdra batterier. PDF. Oct.

2024. URL: https://www.stromstad.se/download/18.2a3d2f67195ad7911405af56/
1743607124047 /Svensk’%20solenergis’20riktlinje’20f0%CC%88r%20brandskyddy

20av’,20stationa’CC)88ra%20batterier.pdf (visited on 05/07/2026).

Svenska kraftnat. Forkvalificering. Web page. 2026. URL: https://www.svk.
se/aktorsportalen/bidra-med-reserver/forkvalificering/ (visited on

05,/07/2026).

69


https://www.nrel.gov/docs/fy25osti/93281.pdf
https://www.svk.se/press-och-nyheter/nyheter/balansansvar/2025/laga-priser-pa-fcr-nar-2024-summeras/
https://www.svk.se/press-och-nyheter/nyheter/balansansvar/2025/laga-priser-pa-fcr-nar-2024-summeras/
https://www.svk.se/press-och-nyheter/nyheter/balansansvar/2024/allt-fler-leverantorer-av-stodtjanster-for-det-svenska-elsystemet/
https://www.svk.se/press-och-nyheter/nyheter/balansansvar/2024/allt-fler-leverantorer-av-stodtjanster-for-det-svenska-elsystemet/
https://www.svk.se/press-och-nyheter/nyheter/balansansvar/2024/allt-fler-leverantorer-av-stodtjanster-for-det-svenska-elsystemet/
https://www.stromstad.se/download/18.2a3d2f67195ad7911405af56/1743607124047/Svensk%20solenergis%20riktlinje%20fo%CC%88r%20brandskydd%20av%20stationa%CC%88ra%20batterier.pdf
https://www.stromstad.se/download/18.2a3d2f67195ad7911405af56/1743607124047/Svensk%20solenergis%20riktlinje%20fo%CC%88r%20brandskydd%20av%20stationa%CC%88ra%20batterier.pdf
https://www.stromstad.se/download/18.2a3d2f67195ad7911405af56/1743607124047/Svensk%20solenergis%20riktlinje%20fo%CC%88r%20brandskydd%20av%20stationa%CC%88ra%20batterier.pdf
https://www.svk.se/aktorsportalen/bidra-med-reserver/forkvalificering/
https://www.svk.se/aktorsportalen/bidra-med-reserver/forkvalificering/

Coding Trees

[Integrated energy production and salesj

[Theme: Energy ]ntegration]_(lntegrated trading across production assets]

[Flexible on-site generation for frequency market parti(:ipationj

[Large power imbalance during disruptions]

Large le requirement

heme: Scale €& Technical Factors]

[Battery too small relative to demand peakj

[Battcry infeasibility at large production scalcj

[Battery not considered for production Hexibilityj

[Continuméproduction limits operational ﬂexibilityj

[Topic: Operations]

Load shifting
Limited flexibility

[Theme: Production Constmints]

[Steam and fuel system too rigid]

[Continuous production prioritizcd]

[No mparable process storage ﬂcxibilityj

[Limited internal load controlj

[N’[echanical needs much energy]

[Theme: Demand Proﬁle}

No peak demand




A. Coding Trees

[Changcs in the markctj

[Theme: Market De’U@lOpmentj‘[Market shifts to faster services]

Market maturity
High investment cost

[High cost per stored MWh]
P
[Theme: FEconomic Barriers]

[Proﬁtability threshold]

[TOpiC: ECOI’IOI’I’IiCSJ [Billion—scalc battery invcstmcnt]

Uncertain returns
[Theme: Risk & Uncertainty]—[Peak demand penalties]

[Imbalance driven by disruptions]

Low arbitrage profit

[Theme.‘ Financial OptimizatiOn]‘[Ancillary service price comparison]

FFR profitability

IT



A. Coding Trees

[Scaling flexible generation across sites for frequency markcts]

[T heme: Market Participatz’onT/\/

[Future—prooﬁng wind assets for BESS integration}

[Long—tcrm contract-based procurcmcnt]
]/

[Thevyfe: Asset Development

[Electricity hedging strategy]
—

heme: Financial Rz’sk]

[Long-term price smoothing]

[Process optimization preferred to storage]
}/

heme: Flexibility Prioritization

R
[Process control preferred over storagej

[Island mode as resilience requirement]

{Topic: Strategyj—[ Theme: Resilience Continuz‘ty]

\
[Turbine-based island operation]

[ Theme: ]TLf’I'(ZStTU()tU’I'@]‘(Futurc infrastructure planning and energy storagc]

[High share of self-generated Clcctricity]

{ Theme: Self—SU]%C’L‘enCy]‘(Internal use of self-generated electricity}

[Very high electricity self-sufﬁciency]

[Reduced market exposure through self—generationj

[The\qte: Market Ezposumi

[Mix of self-generation and market purchasc]

Electricity-based heating
[ Theme:Electmﬁcationr//

[Electric boiler as a flexibility option]

ITT



A. Coding Trees

Requires incentives
Revenue-driven deployment

[Theme: Strategic € Economic Dm’vers]

Outside core business

[Flcxibility considered but not implcnmnccd]

Technical immaturity

[Quality risk / Hardware integrity]

[Theme: Technical Performance & Risk]

[Wear mitigation / Operational efficiency

Battery feasibility assessment
Peak shaving and ROT
[Topic: Battery Energy Storage Systems]
—

[Theme: Value Stacking & ROI]

Industrial synergy potential

BESS grid benefits
Backup power function
[Theme: Operational Resilience }‘4 Outage cost sensitivity
Complementary role of BESS
| (Comemmmm)

[Theme: Market Development]

—_—

[Markct pull / Customer ccntricity]

IV



Thematic Analysis Summary
Table

Respondent Theme Code Representative Quotation
Topic: Operations
P&PM A Demand Profile Mechanical "Hela processen drar ungefir 30-32 MW... fab-
needs much riken gér i princip kontinuerligt."
energy
P&PM A Scale & Techni- Large  power "Ett oplanerat stopp i kedjan medfér stora dif-
cal Factors imbalance dur- ferenser, det skiljer 70 MW fran produktion till
ing disruptions  konsumtion."
P&PM A Energy Integra- Flexible on-site "Anldggningarna deltar i frekvensmarknaden,
tion generation men produktionen &r kontinuerlig och kan inte
for frequency anpassas flexibelt."
market partici-
pation
P&PM B Production Limited flexi- "Det ar egentligen det enda vi kan sténga av;
Constraints bility resten av processen maste ga som vanligt."
P&PM B Production Continuous "Resten maste ga som vanligt. Sa vi kan inte
Constraints production lova att vi alltid kan ga ner 6 megawatt."
prioritized
P&PM B Scale & Techni- Large-scale re- "Vi ligger redan pa runt 32 MW, sé& det skulle
cal Factors quirement krévas ganska stora batterier for att det ska
gbra nagon skillnad."
P&PM C Production No comparable "Genom att stdnga av en raffinér kan elanvind-
Constraints process storage ningen minskas... pa obegransad tid, till skill-
flexibility nad fran ett batteri som toms."
P&PM D Production Continuous "Henrik Essén forklarar att ett sulfatmassabruk
Constraints production lim- &r svart att reglera snabbt: ’ett sulfatmassabruk
its operational gar inte att stdnga av och sétta pa’."
flexibility
P&PM D Production Steam and fuel "Né&r det géller branslen och angsystem
Constraints system too  beskriver han dem som ’'mycket trogare pro-
rigid cesser’ dar det inte gar att hoppa fram och till-

baka."
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Respondent Theme Code Representative Quotation
P&PM D Production Continuous "Henrik Essén betonar att verksamheten ska ga
Constraints production stabilt: vart massabruk och vara pappersmask-
prioritized iner... ska ga pa jamnt takt hela tiden."
P&PM D Production No comparable "De bedémer dock att de sjdlva saknar dessa
Constraints process storage mojligheter: 'De mojligheterna har vi inte rik-
flexibility tigt. Vi kan inte lagra sasom vi gor’."
P&PM D Production Limited in- "Den flexibilitet som faktiskt finns beskrivs som
Constraints ternal load begriansad: Vi kan stdnga av och sétta pa lite
control pumpar och kvarnar har och da’."
P&PM D Scale & Techni- Battery infea- "Han resonerar om batterier i brukets fulla
cal Factors sibility at large skala: 'Det gar inte med batterier att kora det’
production (full drift)."
scale
P&PM D Scale & Techni- Battery too "Han menar ocksa att ett batteri skulle bli for
cal Factors small relative litet i relation till brukets storlek och totala
to demand energikonsumtion."
peak
P&PM E Production Continuous "De kors i princip kontinuerligt. Néstan alla
Constraints production lim-  vara bruk &r i drift dygnet runt."
its operational
flexibility
P&PM E Production Continuous "Man undviker att stoppa maskiner... om det
Constraints production inte dr absolut nédvandigt."
prioritized
P&PM E Production Limited flexi- "Hittills har det mest 16nsamma varit att ha sa
Constraints bility lite flexibilitet som mdojligt, alltsa att hélla allt
igang kontinuerligt."
P&PM E Production Continuous "Malet har varit att kora bruken med mycket
Constraints production hog tillganglighet, omkring 96-97 procent."
prioritized
P&PM E Production Limited in- "Det finns vissa diskussioner om viss flexi-
Constraints ternal load Dbilitet... i delar av processerna... men inte i
control huvudlinjerna eller de viktigaste maskinerna."
P&PM E Scale & Techni- Battery too "Elproduktionen fran ett massabruk dr sa stor
cal Factors small relative att batterier fortfarande &r for sma i relation till
to demand de energiméngder det handlar om."
peak
P&PM E Scale & Techni- Battery not "Det skulle bara kunna lagra en mycket liten

cal Factors

considered for
production
flexibility

del av produktionen, sa i nuldget verkar det inte
séarskilt relevant."
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Respondent Theme

Code

Representative Quotation

Topic: Economics

P&PM A

P&PM A

P&PM A

P&PM A

P&PM A

P&PM A

P&PM A

P&PM A

P&PM D

P&PM D

P&PM D

P&PM D

BESS-actor

BESS-actor

BESS-actor

Financial Opti-
mization

Risk & Uncer-
tainty

Financial Opti-
mization

Risk & Uncer-
tainty

Market Devel-
opment

Financial Opti-
mization

Market Devel-
opment

Risk & Uncer-
tainty

Risk & Uncer-
tainty

Economic Bar-

riers

Economic Bar-

riers

Economic Bar-

riers

Bar-

Economic
riers

Economic Bar-

riers

Economic Bar-

riers

Low arbitrage
profit

Imbalance
driven by
disruptions
Ancillary  ser-
vice price
comparison
Peak demand
penalties

Changes in the
market

FFR profitabil-
ity

Changes in the
market

Uncertain
returns

Imbalance
driven by
disruptions

High invest-
ment cost

High cost per
stored MWh

Billion-scale
battery invest-
ment

Profitability
threshold

High invest-
ment cost

High invest-
ment cost

"Energimarknaden kommer du att se... sma
prisskillnader gor batterier olénsamma."

"Om man ska minska obalanskostnader... de
uppstar framst vid oplanerade stopp."

"Béattre priser pa frekvensmarknaden ger hogre
ersdttning dn energimarknaden."

"Var konsumtion ligger pa en viss genom-
snittsniva... 6verskridande av effektgrianser leder
till mycket héga kostnader."

"Néar priserna ser ut som de ser ut... koper man
tillbaka el fér att minska obalanskostnader."

"Man har mojlighet att gora flera saker... men
anvinds idag enbart for FFR eftersom det ar
mest 16nsamt."

"Priserna fortsatter att falla och motiverar inte i
nuldget att vara attraktiva."

"Inkomstkéllan idag dr framforallt fran frekvens-
marknaden, men framtida utveckling ar oséker."

"Han kopplar detta direkt till forlust av intdkter
vid produktionsstopp."

"Nér de jamforde batterier med att justera pro-
cessen... sags batterier som for dyra."

"Han forklarar ocksé att de tittat pa kostnaden
per lagrad MWh och den var fér hog."

"Han forstarker detta med att fullskalig bat-
teridrift ses som ekonomiskt orealistiskt."

"Lagringskostnaden ligger pa cirka 40-50 ore
per kilowattimme... man maéaste sélja hogre om
arbitrage ska vara lonsamt."

"Ett genomsnittsprojekt i Sverige kostar 7-8
Mkr per installerad megawatt."

"En grov uppskattning ar att tva tredjedelar ar
hardvara och en tredjedel till installation."
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Respondent Theme Code Representative Quotation
Topic: Strategy
P&PM A Market Partici- Scaling flexi- "Det vi kan anpassa ar den egna produktionen...
pation ble generation vi forsoker att inte producera el, vi forsoker
across sites  sélja av turbinen for att vara del av frekvens-
for frequency marknaden."
markets
P&PM A Market Partici- Scaling flexi- "Vi jobbar for att alla vara bruk ska delta i
pation ble generation frekvensmarknaden genom att styra sin egen
across sites  produktion."
for  frequency
markets

P&PM B Financial Risk Electricity "Vi koper det pa spoten. Men just nu har vi
hedging strat- forsokt att binda upp ungefiar 60-70 procent...
egy for att fa forutsdgbara priser."

P&PM C Asset Develop- Battery scale "Industrins nisch dr uthallighet snarare &n

ment mismatch snabbhet."

P&PM D Infrastructure Future in- "Vi 4r 6ppna for andra tekniker som flodes-
frastructure batterier... da de ar vana vid stora volymer
planning and flytande material."
energy storage

P&PM D Self-Sufficiency  High share of "I det hér bruket sa gor vi ungefér 55-60 pro-
self-generated cent av den elen vi behéver gor vi sjilva."
electricity

P&PM D Asset Develop- Long-term 'T stéllet beskriver han en inkdpsstrategi med

ment contract-based  kontrakt: 'Vi koper el pa kontrakt mest’."
procurement

P&PM D Financial Risk  Electricity "Han forklarar ocksé att foretaget har ’en policy
hedging strat- for elhedging’ for att fa ’stabila och forutség-
egy bara elpriser framat’."

P&PM D Resilience Con- Turbine-based "En annan 16sning de redan anvinder ar 6drift.

tinuity island  opera- ’Odrift har vi pa ett av vara bruk, det dr Béck-
tion hammar och det kor vi nar det askar’."

P&PM D Resilience Con- Island mode "Han betonar att detta dr nodvandigt: ’det

tinuity as resilience maste man ha for annars blir man alldeles for
requirement askkénslig’."

P&PM D Flexibility Pri- Process control 'I stéllet framhaller han att de ’har lattare att

oritization preferred over reglera var egen process istéllet’."
storage

P&PM E Self-Sufficiency  High share of "Totalt sett producerar vi mer el &n vi anvén-
self-generated der."
electricity

P&PM E Self-Sufficiency ~ Very high "Ett exempel &r Kemi massabruk, som ligger pa
electricity ungefér 250 procents sjalviorsérjningsgrad i el.”

self-sufficiency
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A. Coding Trees

Respondent Theme

Code

Representative Quotation

P&PM E Self-Sufficiency

P&PM E Market Expo-

sure

Energyexpert Infrastructure

BESS-actor  Flexibility Pri-
oritization

Internal use of
self-generated
electricity

Reduced mar-
ket  exposure
through  self-
generation

Future in-
frastructure
planning  and
energy storage

Process op-
timization
preferred to
storage

"Sammantaget ticker detta dven annan elan-
vandning inom koncernen."

"Om man redan har ett mycket stort eléverskott
blir nyttan med batterier sannolikt mindre."

"For storre effektbehov dr ndtutbyggnad oftast
en béattre 16sning."

"Batterilagret kan anvindas for att hantera
effekttoppar... Exakt hur man balanserar dessa
nyttor beror pa fabrikens férutsittningar.”
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A. Coding Trees

Respondent Theme Code Representative Quotation
Topic: BESS
P&PM B Strategic & Outside  core "Det ér inte var karnverksamhet, vi r bést pa
Economic business att producera pappersmassa.”
Drivers

P&PM B

P&PM D

P&PM D

P&PM D

P&PM D

P&PM D

P&PM E

P&PM E

P&PM E

P&PM E

BESS-actor

BESS-actor

BESS-actor

BESS-actor

Strategic &
Economic
Drivers

Strategic &
Economic
Drivers

Strategic &
Economic
Drivers

Strategic &
Economic
Drivers

Strategic &
Economic
Drivers

Strategic &
Economic
Drivers

Strategic &
Economic
Drivers

Value Stacking
& ROI

Technical Per-

formance &
Risk

Technical Per-
formance &
Risk

Market Devel-
opment

Market Devel-
opment

Market Devel-
opment

Market Devel-
opment

Requires incen-
tives

Flexibility con-
sidered but not
implemented

Revenue-driven
deployment

Flexibility con-
sidered but not
implemented

Revenue-driven
deployment

Outside
business

core

Flexibility con-
sidered but not
implemented

Industrial syn-
ergy potential

Battery feasi-
bility  assess-
ment
Battery feasi-
bility — assess-
ment

Market pull /
Customer cen-
tricity
Market pull /
Customer cen-
tricity
Market pull /
Customer cen-
tricity
Co-investment
models

"Om det fanns tillrickliga incitament och det
blev 16nsamt skulle vi kunna éverviaga det."

"Nej, det skulle jag inte sdga... men han tilldg-
ger att de har 'tdnkt pa det’ och ’tittat pa det’."

"Dér finns mojlighet att vixla beroende pa pris:
‘ar det jattebillig el imorgon eller inte, da har vi

s n

mojlighet att skifta’

"Om stodtjanster sdger han att det finns som
en mojlig framtidsfraga: 'det dér har vi som en
bubblare’."

"Samtidigt konstaterar han att andra lyckas
val med det: ’framforallt tjanar vildigt mycket
pengar pa det’.'

"Om inkopsstrategin for koncernen sidger han att
"den svenska elen for alla de svenska bruken gar
pa samma kontrakt’."

"Det finns vissa diskussioner om att viss flex-
ibilitet skulle kunna utnyttjas i delar av pro-
cesserna... men inte i huvudlinjerna."

"Déaremot dger vi ingen egen sol- eller vind-
kraft."

"For ett fristdende kartong- eller tissuebruk kan
batterilagring kanske vara mer relevant an for
ett integrerat massabruk."

"Fran ett perspektiv verkar det mest relevant
att titta pa ett bruk som inte har sa stor egen
elproduktion.”

"Extrema héndelser som Ukrainakrisen eller
kalla februariménader kan ocksa paverka pris-
erna dramatiskt."

"Industrin fortsatter véixa, och det kommer
skalfoérdelar... Vi kan forvinta oss en kost-
nadsminskning pa nagra procent per ar."

"Det viktigaste ar att forsta kundens behov,
bade historiskt och framtida."

"Vi ser moéjligheter i alternativa affarsmodeller
dér vi delar pa investeringen eller finansierar
den tillsammans med kunden."




A. Coding Trees

Respondent Theme

Code

Representative Quotation

BESS-actor

BESS-actor

BESS-actor

Aggregator

Aggregator

P&PM C

P&PM C

P&PM C

TSO

Energyexpert

Energyexpert

Energyexpert

Energyexpert

Energyexpert

Energyexpert

Market Devel-
opment

Technical Per-
formance &
Risk

Value Stacking
& ROI

Technical Per-
formance &
Risk
Technical Per-
formance &
Risk
Technical Per-
formance &
Risk
Technical Per-
formance &
Risk

Value Stacking
& ROI

Value Stacking
& ROI

Operational
Resilience

Strategic &
Economic
Drivers

Value Stacking
& ROI

Value Stacking
& ROI

Operational
Resilience

Operational
Resilience

Market pull /
Customer cen-
tricity

Wear mit-
igation /
Operational
efficiency

Value stacking

requirement
Quality risk
/ Hardware
integrity
Technical
immaturity
Battery feasi-
bility  assess-
ment

Wear mit-
igation /
Operational
efficiency
Peak  shaving
and ROI

BESS grid ben-
efits

Complementary
role of BESS

Revenue-driven
deployment

Industrial syn-
ergy potential

Value stacking
requirement

Backup power
function

Outage cost

sensitivity

"Ja, medvetenheten har okat... ett nationellt
regelverk for effekttariffer skulle géra det mycket
lattare."

"Om man framst anvinder batteriet for
stodtjanster sliter det inte mycket. Vissa sys-
tem har garanti pa 15-20k cykler."

"Reaktiv Effekt, Ja, om man dimensionerar
batteriet for det kan det fungera utméarkt... det
ger nya intdktsstrommar."

"En annan utmaning ar kvaliteten pa batterier.
Manga batterier som importeras ar inte fullt
produktifierade."

"Batterier som inte ar fullt produktifierade kan
leda till problem som balanseringsfel eller drift-

stopp."

"Vi har studerat energilagring och har idag inga
batterilosningar for industribehov, men har re-
servkraft."

"Ett mindre batteri skulle kunna anvindas for
att undvika start och stopp av stora laster vid
korta aktiveringar."

"Investeringar kan motiveras om batterier kan
kapa abonnerad effekt under korta stunder. Det
tar dock tid att fa effekt."

"Om det fungerar koordinerat kan BESS (1)
minska natavgifter och obalanskostnader."

"Batterier ses som ett komplement snarare é&n
en ersattning for processflexibilitet."

"Batterier byggs redan eftersom vissa tjénster
har tillrackligt hoga priser.”

"Om batterier kan skapa synergier med indus-
trins verksamhet blir det mer intressant att
placera dem dar."

"Batterier blir mer attraktiva om de kan bidra
med flera nyttor samtidigt: stodtjanster, arbi-
trage och lokal nytta."

"Batterier kan fungera som reservkraft och sky-
dda kénsliga industriprocesser."

"Stréomavbrott kan vara mycket kostsamma dven
om de ar korta."
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C

Interview guide: Paper & Pulp

Industry

. Vilka typer av bruk (t.ex. massa-, pappers- eller integrerade bruk) ingar i er

verksamhet?

. Har ni specifika processer i produktionen som ar mer energikravande én andra?

. Finns det processer som kréver sérskilt hog effekt, exempelvis vid uppstart av

specifika maskiner eller anldggningsdelar?

Flexibility

4.

D.

Arbetar ert bruk med flexibilitet idag? Om ja, pa vilket satt?

Har ni avtal med Svenska Kraftnat (SvK) for att reglera produktionen (t.ex.
forbrukningsfrankoppling)?

e Hur ser avtalet ut gallande effekttariffer och ersattning?

. Hur anpassar ni verksamheten till fluktuerande elpriser? Finns det mdojlighet

att kora bruken flexibelt utifran marknadslaget?
Har ni egen lokal elproduktion (t.ex. solceller, vindkraft, mottrycksturbiner)?

e Om ja: Vart styrs den egenproducerade elen framst? Finns det specifika
processer som prioriteras?

. Hur ser er inkdpsstrategi for el ut?

o Hur stor andel kops pa spotmarknaden kontra fastprisavtal eller egenpro-
duktion?

BESS (Battery Energy Storage Systems)

9.

Har ni undersokt mojligheten att implementera batterilagring (BESS) i er
verksamhet?

OM JA:
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C. Interview guide: Paper & Pulp Industry

o Finns det nagon specifik process i bruket som bedéms kunna gynnas sérskilt
av batterilagring (t.ex. for effektkapning)?

o Hur bedémer ni lénsamheten och aterbetalningstiden for en investering i batteri-
eller energilagring?

OM NEJ:

o Har ni utviarderat andra typer av energilagring? I sa fall vilka, och varfor
valdes de framfor BESS (eller varfor valdes lagring bort helt)?
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D

Interview guide: TSO, DSO,
Energy Expert, Aggregator &
BESS Actor

TSO

Hur bedoémer ni att BESS-etableringar vid tung industri bést kan skapa nét-
nytta?

Hur ser framtidsutsikterna ut for industriella aktorer pa stodtjanstmarknaderna
(t.ex. FCR och mFRR)?

Vilka eventuella utmaningar ser ni for denna typ av flexibilitet?



D. Interview guide: TSO, DSO, Energy Expert, Aggregator & BESS Actor

DSO

System Stability & Market

1. Vilken roll spelar storskalig batterilagring for systemstabiliteten, sarskilt med
tanke pa den 6kande andelen férnybar energi?

2. Hur ser marknadsutvecklingen ut for batterilager och de olika stédtjansterna
(FFR, FCR, mFRR, aFRR)?

3. Hur ser nédtnyttan ut for batterilager i regionnéatet, och hur kompenseras den

i forhallande till natavgifter?

Technology & Location

4. Vilka faktorer styr valet av plats vid etablering av batterilager (t.ex. effekt,
mark och bullerkrav)?

5. Hur ser teknikutvecklingen ut framéat géllande batterityper (t.ex. LFP vs.
Natrium)?

Obstacles & Growth

6. Vilka ar de storsta hindren (ekonomiska, regulatoriska eller tekniska) for in-
dustrin att satsa pa egna energilager?

7. Kan batterier hjalpa industrier att vixa i omraden dér elnétet utgor en flaskhals?

Politics & Trends

8. Hur tror du att politiska beslut, som satsningar pa karnkraft, kommer att
paverka batteri- och frekvensmarknaden?

9. Vilka framtida trender ser ni inom flexmarknader, spdnningsreglering och
beredskapstjanster?
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D. Interview guide: TSO, DSO, Energy Expert, Aggregator & BESS Actor

Energy Expert

Stability & Ancillary services

1. Vilken roll ser ni att storskalig batterilagring spelar for systemstabiliteten nér
andelen vaderberoende elproduktion okar?

2. Ser ni en forflyttning i lonsamhet fran frekvensmarknader mot arbitrage framdover?

Heavy industry & energy flexibility

3. Hur kan ni som energiaktor stotta tung industri (t.ex. pappersbruk) att inte-
grera BESS i sin verksamhet?

4. Ser ni en trend dar industrier gar fran att vara passiva konsumenter till aktiva
deltagare som séaljer flexibilitet till natet?

5. Finns det fordelar med att kombinera batterier med befintlig utrustning i
fabrikerna, exempelvis som backup power vid stromavbrott?

Profitability & Investment

6. Vilka ar de viktigaste faktorerna ni tittar pa for att se om ett batteriprojekt
blir l6nsamt for en industri (t.ex. "Kombination av nyttor")?

7. Vilka ar de storsta hindren for att industrin ska vaga satsa pa egna energilager
idag?

8. Kan batterier fungera som stod for stor tung industri som behover betydande
kapacitetsokningar (t.ex. 30 MW+)?
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D. Interview guide: TSO, DSO, Energy Expert, Aggregator & BESS Actor

Aggregator

Earnings & Incentives

1.

Hur ser ert grundldggande erbjudande ut till en stor industrikund som ett
pappersbruk?

. Kan ni optimera mer dn bara batterier?

. Har ni nagra konkreta exempel eller referenser dér ni jobbar med tung, storskalig

processindustri idag?

. Ett pappersbruk planerar artionden framat. Hur ska de vaga lita pa era in-

taktsprognoser idag nar ingen vet hur marknaden ser ut om fem ar?

Om er mjukvara gor en felbedomning, eller om vart internet gar ner en stund,
ar det vi eller ni som betalar béterna fran staten?

Practicable Problem

6.

10.

Hur ser moéjligheterna ut for Hybrid-optimering (Batteri + Industriell flexi-
bilitet)?

Hur integreras ni rent praktiskt med brukens befintliga system?

Gar det att siatta lokala "harda spéarrar' i er mjukvara?

. Ar ert system lést till vissa tillverkare?

Ar det nagra problem ni har sett i projekt i industriella skalor som inte tagits
upp?

Market development & Arbitrage

11.
12.
13.

14.

15.

Hur ser ni pa skiftet fran stodtjanster till arbitrage?
Hur paverkar framtida kidrnkraft er affir?
Hur paverkas ni av 15-minutersmarknaden?

Vad ar er spaning pa prisvolatiliteten i branschen och ar utvecklingen olika i
olika prisomraden?

Vad ar det storsta hindret idag for att ett pappersbruk ska séga "ja" till att
koppla upp sig mot er?
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D. Interview guide: TSO, DSO, Energy Expert, Aggregator & BESS Actor

BESS-Actor

Flexibility & Revenue

1. Hur kan storskaliga batterilager bidra till flexibilitet och systemstabilitet i
industriella miljoer?

2. Vilka intdktsstrommar (stodtjanster, arbitrage, peak shaving) ar mest rele-
vanta idag och hur har detta fordndrats?

3. Hur paverkar lokala flexibilitetsmarknader och effekttariffer kalkylen for en
industriell kund?

Dimensioning & Cost

4. Vilka faktorer &r viktigast vid dimensionering av ett batterilager (MW vs.
MWh) f6r en industriell aktor?

5. Vad ar den uppskattade investeringskostnaden per installerad MW for ett
batteriprojekt idag?

Practical & Business Obstacles

6. Vilka ar de storsta praktiska och affirsmaéssiga hindren (t.ex. nédtanslutning,
bygglov, brandsékerhet) for att implementera batterilager i industrin?

7. Hur kan troskeln for investering minskas, exempelvis genom riskdelning mellan

kund och leverantor?

Technical Special Questions

8. Hur paverkas batteriets livslangd och slitage av aktivt deltagande pa olika
marknader?

9. Kan BESS hantera problematik med reaktiv effekt och spanningsreglering pa
ett pappersbruk?

10. Finns det risker for driftstopp eller andra tekniska komplikationer vid instal-
lation av batterilager i befintlig industriell miljo?

XVIII



DEPARTMENT OF SOME SUBJECT OR TECHNOLOGY
CHALMERS UNIVERSITY OF TECHNOLOGY

Gothenburg, Sweden
www.chalmers.se

N
CHALMERS


www.chalmers.se

	List of Acronyms
	Introduction
	Purpose, problem definition and research questions

	Theory
	Background to the Pulp and Paper Industry
	Importance of the Forest Industry in Sweden
	Overview of Pulp Production Processes
	Externalities

	Sweden's electricity system and flexibility demand
	The physical grid and grid operators
	The wholesale electricity markets
	Increasing demand for flexibility

	Power system frequency and balancing services
	Fast Frequency Reserve (FFR)
	Frequency Containment reserve (FCR)
	Frequency Restoration Reserves (aFRR and mFRR)
	Implications for battery energy storage
	Developments in FCR and mFRR markets

	Market access for industrial flexibility
	Contracts between P&PM and grid operators
	Contracts between P&PM and electric markets
	Aggregators

	BESS in Sweden and its applications
	Lithium-Ion Battery Technology
	System Architecture and Efficiency
	Operational parameters and degradation
	Environmental Impact and Life-cycle
	Peak shaving

	Simulating lifetime profitability of multi-asset systems
	Modeling approaches
	Model Predictive Control in Energy Markets
	Applied Simulation Framework with Aire Energy Platform

	Investment appraisal metrics
	Net present value
	Internal rate of return
	Payback period and return on investment
	Residual value and operating break-even

	Externalities

	Methodology
	Research approach and design
	Qualitative methods
	Literature study
	Interview selection and data collection
	Qualitative data analysis

	Quantitative methods
	Quantitative data and analytical purpose
	Parameter setup and model delimitations
	Case design simplification and scenario selection
	Investment appraisal approach

	Methodological considerations
	Delimitations
	Method critique and limitations
	Ethical considerations


	Results
	Qualitative Results: How actors perceive BESS and flexibility
	The different processes and energy systems between the P&PM
	Process and operational constraints on flexibility
	Economic barriers and uncertainty
	Existing strategies reduce the perceived need for BESS
	Perceived advantages with BESS
	Policies

	Quantitative Results
	Consumption patterns for the different mills
	Simulation results
	Investment appraisal results
	Base-case investment appraisal
	Scenario analysis of financial assumptions
	Revenue sensitivity analysis



	Discussion
	Economic viability and revenue stacking
	Revenue dynamics and policy uncertainty
	Scale mismatch and the business logic of BESS in mill operations
	Reframing operational constraints and the flexibility-production trade-off
	Private profitability versus system value
	Site-specific conditions and BESS as a contingent business case
	BESS in a broader energy transition: wind, solar, and future business cases

	Conclusion
	Bibliography
	Coding Trees
	Thematic Analysis Summary Table
	Interview guide: Paper & Pulp Industry
	Interview guide: TSO, DSO, Energy Expert, Aggregator & BESS Actor

