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1. Introduction

1.1 Background

The Nordic countries are moving towards the year 2050 with energy and climate
policy agendas that are boasted to be some of the most ambitious in the world [1].
To reach their goals, the countries need to look into sustainable development
in all areas of energy consumption, such as transport, industry, heating, and
housing. We may say that at this stage there are more problems than solutions—
but there are solutions.

One of the rarely contested ways of aiding decarbonisation in the energy
system is sector integration [2]. This applies differently across the sectors,
but the main premise is that when resources can be flexibly divided between
several beneficial uses, the total controllability and efficiency increase. In this
dissertation the focus is on the integration of the heat and electricity sectors,
which in the Nordic area have a long-standing connection due to the keen use of
district heating (DH), combined heat and power (CHP), heat pumps, and electric
heating.

Sandberg et al. [3] analyse heating technologies in the Nordic countries. Ac-
cording to their findings on per-country residential heating, DH and electricity
amount to 60–80% of energy used. Of DH, the share of CHP heat is 73% in
Finland and Denmark, 41% in Sweden, and 2% in Norway. In Norway, the
share of electric heating is over 60%. Electricity is also used for DH production
in all countries, especially in Norway, where both direct electric boilers and
heat pumps are used in significant amounts. Clearly, we may describe these
connections as sector integration. Regardless of the multiple reasons leading
to the current energy system, the sectors may benefit from each other in the
process of decarbonisation.

The decarbonisation of the electricity sector in the Nordic countries is not only
a dream. In 2017, electricity production shares were 55% hydro power, 21%
nuclear, 10% wind (in 2013: 6%), and 14% thermal power (CHP and condens-
ing) production [4–8]. The first three total to a high 86% share. Wind power
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production has increased in each country, aided by national energy policies [9].
If the rapid increase in wind power continues, the electricity market may en-
counter issues (or changes in dynamic) related to variable renewable energy
(VRE) electricity production. These include the merit-order effect [10] of VRE
electricity production, the changing need of balancing power due to production
variability [11] and increasing cross-border power exchange [12]. These issues
may be compensated with an increase in the flexible consumption of electricity of
power-to-heat technologies. Their operation is especially flexible in applications
with thermal inertia or heat storage.

In the heating sector, decarbonisation is far behind the electricity sector. In
DH production, although the share of biomass has increased during the decade,
the share of fossil fuels is still about 55%, 15%, 40%, and 5% (2016) in Finland,
Sweden, Denmark, and Norway, respectively [3]. Decarbonisation by replacing
fossil fuels with biomass would produce its own issues with sustainability [13]
and supply risks [14], and heat sources such as geothermal heat may not be
available in the required amounts [15]. However, deepening the sector integra-
tion between DH and electricity would allow increasing the renewable share of
DH production through utilising the renewable share in electricity production.

As described, the problems noted above in the electricity and heating sectors
may be, at least partially, solved with smart sector integration [2]. Integration
possibilities have previously been studied from many perspectives. For example,
Olkkonen et al. [16] model the utilisation of demand response in electric heating
in VRE integration in Finland, and Rinne and Syri [17] analyse the potential
of CHP production to balance wind power production in Finland. Both studies
find promising potential for balancing the electric system through sector integra-
tion. For the Nordic area, Kirkerud et al. [18] find potential for power-to-heat
technologies in reducing the negative electricity market impacts of high VRE
shares.

In this dissertation, the focus is on processes that operate at the intersection of
the heat and electricity sectors. The processes discussed are i) industrial demand-
side management (IDSM) in the heat and electricity intensive pulp and paper
production, ii) CHP energy production, and iii) large-scale heat pumps (LHPs)
in DH production. The point of view is market based operation in the current
electricity market. The findings will bring about increased understanding about
the potential and possible future developments around the mentioned elements.

1.2 Research questions

In this dissertation, sector integration between heat and electricity is discussed
in the Nordic countries in 2014–2030. While multiple points of view are taken,
the focus is on the market-based operation of processes that interlink the heat
and electricity sectors, all of which also act to create flexibility in the markets
for either heat or electricity, or both. The research questions are the following:
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1. What is the relationship between theoretical and economic potentials of
demand-side management in mechanical pulp production?

2. How will the role of district heating combined heat and power change in the
Nordic electricity market in the next decade, and how would its significant
decrease affect Finnish energy security?

3. How would an increased use of large-scale heat pumps in district heating
networks affect the electricity market, the district heating market, and their
interconnections?

1.3 Framework and structure of the dissertation

Figure 1.1 illustrates the topics of this dissertation, and how they relate to the
larger framework of the energy markets. The figure visualises the chain of
impacts, requirements and opportunities from large-scale energy system drivers
to the publications presented in this work. For example, the energy system driver
of climate policy has led to an increase in VRE electricity production, which
is leading to a Nordic system level impact of increasing the need of flexibility
in electricity consumption. The research conducted in Publication I relates to
this issue. The visualisation is meant to show the common backgrounds for the
publications, and is not meant to be a complete representation of the current or
future issues of the Nordic energy system.

Electricity 
market drivers

Large-scale 
impacts

Nordic & 
Finnish impacts

Increase in 
variable electricity 

production

Increase in 
electricity market 

integration

Low electricity 
consumption

Increased need 
for flexibility in 

electricity 
consumption

Increased 
volatility in 
electricity 
markets

Decrease of 
electricity 

market price

Increased need 
for flexibility in 

electricity 
production

Energy security 
becomes broader 

and more 
international

Publications in 
this work

Energy security 
and combined 

heat and power 
in Finland

Future outlook 
of district 
heating 

combined heat 
and power in the 

Nordic area

System level 
impacts of large-
scale heat pumps 

in the Nordic 
area

Demand side 
management 
potential in a 
case pulp and 
paper mill site

Climate policy Economic cycles

I IV II III

Figure 1.1. The connections of the publications in this dissertation to the large framework of
current energy system issues.

This dissertation is organised as follows. The rest of this chapter discusses
the scope and contribution of the work. In Chapter 2, the electricity market
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context of the work is given, and in Chapter 3 the models used in this work are
described. Then, the discussion moves to the main content of the publications.
In Chapter 4, IDSM is discussed, which relates to Publication I. In Chapter 5,
CHP is discussed in the context of Publications II and III. In Chapter 6, LHPs
in the Nordic electricity and DH markets are discussed, relating to Publication
IV. Each chapter includes a brief literature review on the relevant topics and
presents the main results. Finally, in Chapter 7, a common discussion of the
results is given, and conclusions are made in Chapter 8. The publications that
this dissertation comprises are presented as appendices.

1.4 Contributions of the dissertation

This dissertation provides new information on the integration of the electricity
and heating markets in the Nordic countries from year 2014 to 2030.

In Publication I, the IDSM potential of a case pulp and paper mill is studied.
One main contribution of the paper is the qualification and quantification of the
costs of down-regulation by the mechanical mass production machinery. Another
main contribution is the discussion on the distinction between the technical or
theoretical down-regulation capacity of the site on one hand, and the realistic
capacity for market participation (at some certain price) on the other.

Publication II models and analyses a set of scenarios that focus on the role of
CHP and on the market price of electricity in a Nordic market with high amounts
of wind power. The scenarios vary in electricity consumption and nuclear power
production. The main contributions are the presented analyses on the Nordic
situation. Two main conclusions are made: i) seeing the international push
for more VRE use, it is possible that the price of electricity stays low until the
2030s, if electricity consumption does not increase, and ii) even if electricity
consumption increases, fuel or emission price changes may be needed for the
market price to increase to a sustainable level from the point of view of major
electricity production investments.

The future of CHP is linked to the energy security of Finland in Publication
III. In the publication, the consequences of a major decrease in CHP capacity
by 2030 are analysed. We conclude that Finland itself would not suffer any
immediate danger of lack of electricity supply, and in fact energy imports would
decrease. Internationally, decreases in energy efficiency and increases in CO2

emissions may arise.
The modelling work in Publication II is expanded in Publication IV by ex-

amining some of the scenarios with an added 0–2 GWe of LHP capacity. The
main contribution is the result that in all modelled scenarios, increasing LHP
use decreases the costs of DH production. The electricity market price is in-
creased depending on the available electricity production capacity. We conclude
that LHP use would be a good step towards deeper integration of the DH and
electricity sectors, promoting lower fuel consumption and higher flexibility.
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2. The Nordic electricity market

The Nordic countries participate in a common power market that has been
integrated already since the 1990s [19]. The main power market Nordpool
also nowadays operates outside of the four Nordic countries (Finland, Sweden,
Norway, and Denmark). In this dissertation, we still limit ourselves to these
four countries due to the long historical pretext and important multi-national
electricity market integration. Next, we will discuss the main (Nordic) power
markets that are relevant for this work, as well as their brief outlooks. These
markets are the day-ahead spot market, the hourly intra-day market, and
regulating power market.

In the Nordic countries, the main physical electricity market is the Nordpool
Spot, where the annual trade is 400 TWh in the Nordic and Baltic countries [20].
The market is daily, with one hourly auction per day. In the market, buyers
and sellers can leave buy or sell bids with price limits for the following day.
The market price is then formed so that supply and demand meet. This is
called the system price. In the calculation of the system price, the bottlenecks of
international or national electricity transfer are not considered. Area-specific
prices (area prices) are set inside the areas (considering also actual transmission
capacities on the borders of the area) so that supply and demand meet. The
considered areas are predetermined. The relationship of the area price to the
system price is such that in price areas where more electricity is produced than
consumed, the area price is lower than the system price. If more electricity is
consumed, the area price is higher.

Some well-established authorities expect the market price level in the Nordic
countries to increase in the coming decade. Market price increases are expected
by the IEA Nordic Energy Technology Perspectives 2016 [1] (55 e/MWh by 2030),
the Finnish government [21] (60-65 e/MWh by 2030), the Norwegian transmis-
sion system operator Statnett [12] (above 40 e/MWh by 2030), and the Finnish
research centre VTT [22] (55 e/MWh by 2035). Among the scenarios presented
in the cited resources, the majority indicate an increasing market price, and a
continuing role for CHP on the electricity market.

Recently, the yearly average market price of electricity has been below 30e/MWh
from 2014 to 2017, and only in 2018 it has risen to 44 e/MWh [23]. The four-year
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low-price period was well below the levelised cost of electricity production for
most thermal power plants. The separation between the forecast prices and the
recent market prices is presented in Figure 2.1. This contrast is a central issue
in this dissertation.
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Figure 2.1. Recent yearly average system prices in the Nordpool market and the expectations of
some authorities [1, 12, 21–23].

In many cases, companies need to change their electricity purchases or sales
during the spot period of 24 hours. In this situation, the intra-day market of
Nordpool, the Elbas market, is useful. In the market, there is continuous trading
with pay-as-bid pricing. Companies can leave bids to buy or sell with specified
price limits, and matching bids are connected as soon as they appear. In contrast
with the spot market, there is no universal price for a specific hour, and due to
divided bids there is no universal price for a megawatt-hour either.

The price level on the intra-day market is generally close to the spot market, as
it is most used for corrections to plans made in the day-ahead market [24]. The
price varies dynamically around the day-ahead market price. In the German
intra-day market, where the market is more important than in the Nordic
countries [24], prices have been shown to be influenced by the forecast residual
demand over VRE production [25]. Direct impact of VRE production fluctuations
were also shown in the 15-minute intra-day market. The importance of the
intra-day market as a source of revenue depends on the price level, volatility,
and volume of the market. Gürtler and Paulsen [26] confirm that the intra-day
price is highly correlated with the day-ahead electricity price. They also find that
the price volatility and volume of the intra-day market is significantly affected
by the forecast error of VRE electricity production. We note that this implies that
the intra-day market will become more important for electricity producers in
the future with more VRE electricity production—and more forecast error. This
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impact may be dampened by the improvement in forecasting and the integration
of electricity markets.

Both the day-ahead and intra-day markets in the Nordic market are hourly
markets, where electric power is bought or sold for whole hours. In addition to
these, there are markets designed for balancing the electric grid. The full scale
of these markets is presented in [24], including the balancing capacity markets,
frequency restoration reserves, and non-frequency ancillary services. Here, we
discuss only the balancing market, which is relevant for this work in the context
of Publication I directly, and as background information for Publication IV.

In the regulating power market, the national transmission system operators
maintain a common merit-order bidding list of offers for down-regulation or
up-regulation. A down-regulation bid may be for a decrease in production or
an increase in the consumption of electricity. Up-regulation is the opposite.
The bids to buy and sell are submitted 45 minutes before the target hour, and
must be available for the whole target hour. However, it may not be needed for
the whole hour. Additional requirements are to be able to implement a power
change of at least 5 MW within 15 minutes of the activation order from the
TSO [24]. The prices of up-regulation and down-regulation are determined so
that on one hour, all activations in each direction get the same price for their
flexibility. The price of up-regulation is the highest price limit of any accepted
up-regulating bid. The price of down-regulation is the lowest price limit of any
accepted bid. The pricing method is symmetrical in terms of the end result: We
can think the transmission system operator either buys enough electricity with
the lowest possible price, or sells it at the highest possible price to achieve a
balanced electric system. It is probable that the balancing market will become
more important in the future, guided by the same dynamics as the intra-day
market due to increasing volatility in electricity production.
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3. Modelling methods used in this
dissertation

All publications in this dissertation include a modelling component. In Publica-
tion I it is a purpose-built paper mill site model based on mixed integer linear
programming. In Publications II and IV, the energy market model Enerallt [27]
is used, which has been developed at Aalto University. In Publication III a
small model was created for modelling DH production in Helsinki with different
production mixes.

3.1 Paper mill site model

A model was created for the case paper mill site of Publication I. The model
includes the mechanical mass production machinery, the paper machines, the
CHP power plant, and the mechanical mass intermediary storages and processes.
The modelled material and energy flows are visualised in Figure 3.1. The main
elements are described briefly below:

Wood

GW/PGW/TMP

Latency
removal

Screening
Reject refining

Bleaching
Mixing
Storage

Paper machines

CHP 
production in 
power plant

Electricity
balance District heating 

network

Steam
balance

Electricity
market

External
companies

ElectricityWood/pulp Steam

Figure 3.1. The main energy and material flows of the case mill site (Publication I).
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• Paper machines: Paper machines are modelled with fixed schedules. The
resources (electricity, steam, mechanical mass) they need are always delivered.

• Mechanical mass production machinery: The machines require electricity and
produce mechanical mass to be put into the processing and storage system.
Some machines (i.e. the thermo-mechanical machines) also produce steam.

• CHP plant: The CHP plant produces electricity, steam (at different pressure
levels) and DH according to a specific operating area. Steam is needed for
paper machines and is traded with outside companies (according to a fixed
schedule).

• Mechanical mass processing and storage: The processing of mechanical mass
is modelled as delays before mass can be moved along from one processing or
storage tower to another. Storage towers allow flexibility in mass movement.
All towers are operated within set limits for minimum and maximum fill levels.

The model functions in four steps, which are briefly explained next. The
complete equations are written in Publication I.

Step 1. The model optimises CHP plant and mechanical mass production in
the paper mill site. A company-created price forecast is used for this with a fixed
paper machine schedule and the forecast (in this work the actual) DH demand.
The optimisation is done for one 24-hour period. This step locks in the electricity
production of the CHP plant. The objective function of the model is

min
T∑

i=1

(
Ei

spot −Ei
rev,id +Fi

cost +Si
pur,3barSprice,3bar

+Si
incrProdSincrProd,cost

)
Tstep +RDH,S,M,

(3.1)

where Ei
spot is the cost of purchased spot electricity, i is the timestep, Ei

rev,id is the
revenue from the intra-day market, Fi

cost is the fuel cost of the plant, Si
pur,3bar and

Sprice,3bar are the amount and price of purchased steam, respectively, Si
incrProd

and SincrProd,cost are the amount and cost of power plant heat production beyond
the normal operating region, Tstep is the length of the timestep of the calculation,
T is the last timestep of the modeling period, and RDH,S,M is a collection of small
penalty costs related to DH, steam, and mechanical mass processes. The penalty
cost does not affect the main operation of the model, and is there only for the
consistency between equally good model results, such as those with only different
times of moving mass between towers.

The CHP plant operation (not including Si
incrProd) is constrained by an oper-

ating region deduced from historical operating points (constrained by a set of
"extremal operating points"). This method is similar to [28]. The main equations
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for CHP modelling are

CHPDc,i =
∑

k∈Kop

λ
k,i
CHPKk,Dc

CHP ∀i∀Dc,

∑

k∈Kop

λ
k,i
CHP = 1 ∀i,

λ
k,i
CHP ≥ 0 ∀i∀k,

(3.2)

where CHPDc,i is the selected operating point, Kop is the set of extremal oper-
ating points, Kk,Dc

CHP contains data of the extremal operating points, λk,i
CHP is the

weight factor for each extremal operating point, and Dc ∈ Dcset is the set of data
items in the operating points: heat, electricity, and fuel. In further equations
(presented in detail in Publication I), heat production is divided into steam and
heat.

Step 2. The model run of Step 1 is repeated, but this time with the actual
spot price profile for the period. This has no effect on operation, but the model
produces the cost of operation with the realised spot price.

Step 3. The production plan of Step 2 is modified based on an assumed
regulating power bid on the first hour of the modelling period. In practice, some
of the mechanical mass production machines are forced to shut down in order
to temporarily decrease electricity consumption. Electricity production is not
changed.

To compensate the decrease in mechanical mass production, the model is
allowed to buy intra-day electricity after regulation. This electricity has a
dynamic pricing to simulate the difficulty to buy large amounts of electricity
from the intra-day market.

Step 4. The cost difference is calculated between the operation in Step 3 and
Step 2. This results in the cost caused by executing the regulating power bid.
From this, the minimum bid price limit can be calculated—not including any
risks or costs that are external to the model.

3.2 Enerallt energy market model

The multi-national electricity market model Enerallt is used in Publications II
and IV. It is a model that is well suited to modelling the Nordic energy system,
where hydro power and CHP are widely in use. Next, the basic operation of the
model is introduced, and the ways that the model was developed in the process of
this dissertation. A more in-depth description of the model can be found in [27].
Table 3.1 gives a brief overview of the model.

21



Modelling methods used in this dissertation

3.2.1 Basic operation of Enerallt

Enerallt simulates the Nordic electricity market by modelling the hourly deci-
sions electricity suppliers make. A supply curve is generated for each hour for
electricity producers in the market. Next, the model simulates the market opera-
tion using the supply curves and fixed demand curves, considering transmission
constraints according to the Nordpool market rules (discussed in Section 2).
Heat production within the price areas is also modelled.

The supply curves of electricity production are generated differently for differ-
ent technologies. Nuclear, wind, and solar power plants have a fixed production
capacity profile based on the reference year, and a fixed variable price. The capac-
ity of CHP plants depends on DH demand, and price is based on the comparison
of heat production cost in a CHP plant versus a heat-only boiler (HOB) with the
same fuel (as explained later in this chapter). Condensing power capacity is
offered by normal condensing plants and large CHP plants. The marginal cost
is fixed, but the total capacity varies according to CHP electricity production.
Industrial production is modelled as fixed production. Hydro power production
modelling method is explained later in this chapter.

The results of the model allow the analysis of the Nordic system price, the
area prices, the used DH and electricity production technologies, and the total
emissions for each hour. The model is useful in analysing the hydro-dominated
Nordic energy system with a strong correlation between the DH and electricity
markets through DH CHP electricity production. The analysis can be based
on countries or price areas (both referred to “areas” from here on for clarity)
or a mix between the two to account for transmission capacities inside some
countries, but to still maintain some level of simplicity in the whole model.

3.2.2 Modifications to Enerallt

As a part of work for Publications II and IV, small changes were made to Enerallt
as it is presented in [27]. They relate to CHP electricity marginal pricing, hydro
power marginal pricing, and the modelling of LHPs in DH networks. In the
following, the changes and the needs they answered are described. More detailed
descriptions of the changes can be found in the indicated publications.

CHP marginal pricing (Publications II and IV)
Problem: CHP electricity production had priority in the model, and its marginal
price was set to ensure the total profitability of CHP DH (and electricity) pro-
duction, considering also the income from sold DH. This method de-valued the
possibility for HOB DH production, because it did not consider HOB and CHP as
competing technologies, that can both be used for DH production. It is common
for networks to have both HOB and CHP plants, and optimise production to
minimise total heat production costs.

Solution: A realistic price level was found for CHP electricity by comparing
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Table 3.1. Brief overview of the Enerallt model.

Model type Electricity and heating market simulation

Modelled market Nordpool day-ahead

Modelled area Finland, Sweden, Norway, Denmark

Resolution & period Hourly, one year

Previous use [27], [29]

Level of aggregation

Electricity Power plant type, price area

Heat Price area, CHP plant size

Areas Countries, two price areas for Denmark

Price-independent Industrial CHP production

items external electricity imports/exports

Model output System price, area price,

DH & electricity total emissions,

electricity and heat production technologies

Changes for Publications II and IV

Previous work This dissertation

CHP electricity pricing Price with which opera-
tion of the CHP plant is
profitable

Price with which opera-
tion of the CHP plant is
optimal

Hydro power pricing Manually calibrated hy-
dro power pricing

Computationally cal-
ibrated pricing based
on the reference year
system price

LHP utilisation LHP prioritised after
CHP with fixed capacity

LHP prioritised before
CHP with an hourly ca-
pacity profile

the heat production costs in HOB and CHP plants, considering revenue from
electricity. The price level was chosen at which CHP and HOB DH production
had the same cost; at higher electricity market prices CHP would be more
alluring. The price limit was input into the model as the marginal cost of CHP
electricity production.

Hydro power pricing (Publications II and IV)
Problem: Hydro power pricing was based on a manually calibrated weekly water
value factor. Additionally, daily production was divided based on the residual
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electricity demand profile. This worked well for scenarios where the market
price did not change notably. In scenarios where it did change, the modelling
method led to unrealistic actions, such as stopping hydro power sales due to low
market prices. This is not realistic, as producers of low-marginal cost electricity
should be expected to adjust their strategy to the present market conditions.

Solution: The hydro power pricing was changed to be determined so that the
reference year system price profile was used as the price profile, scaled with some
initial factors. Then, when running the model, if too much or too little electricity
was produced, the price was scaled by some factor up or down, until a price
level was found (for each area), where hydro production matches the expected
production. The expected production was determined by the reference year
production plus an increase that is relative to the expected capacity growth in
the area. This change was not without issues; the use of system price, combined
with the use of iterative relative scaling, caused the hydro production profiles to
become unrealistic on the hourly level. Additionally, the modelled price profiles
became similar (but scaled) to the reference year price profile. The results of the
changed model should thus be interpreted on a quarterly or yearly timescale.
The production is also not limited by the natural rainfall cycle. The cycle is,
however, present through the used system price profile.

LHP modelling (Publication IV)
Problem: DH production is manually prioritised in Enerallt. The prioritisation
previously went: solar, CHP, LHP, HOB. There was no price consideration
between CHP and LHP, which is not conductive to analysing the impacts of
LHPs in Publication IV.

Solution: The prioritisation order was changed so that LHP comes before CHP.
The LHP capacity available for DH was made into an hourly, dynamic capacity.
Then, the capacity was set to full capacity for the hours of lowest electricity
price, and zero for other hours. This made it possible to analyse the impact of
added LHP capacity operated on a fixed set of hours.

3.3 Helsinki district heating model

In Publication III, a unit commitment model of the Helsinki DH network is used.
The model is a small cost minimising unit commitment model that calculates
the hourly heat productions of the plants based on operating costs. Because
the purpose of the model is to provide only a rough estimate of heat production
and heat production costs for the DH system (for quantification of the overall
situation), the model is myopic. In effect, each hour’s heat demand is met with
available heating plants in the order of lowest cost first. From the results, the
model year’s heat production costs and emissions can be calculated.

To make the analyses in the publication, the base DH production mix is
expanded with two additional plants with different fuels. The model is run
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sequentially with different capacities for the two additional plants, which repre-
sent the future fuel options of Helsinki. By saving the relevant model results,
we can visually present the cost impacts of different fuel mix choices. In this
analysis, the reported costs include, in addition to operating costs, the (annu-
alised) investment and fixed maintenance costs of the added power plants. The
existing plants’ corresponding costs are not calculated, as they are assumed to
remain in use, and no comparison is necessary.

Because of the marginal-price based unit commitment, production in the low-
cost plants is always prioritised. This makes it possible to visualise fuel use
information, cost information, and capacity (existing, required, or potential)
information in the same condensed figure. Interesting pieces of capacity infor-
mation include the requirement for N-1 security, and the Finnish wood pellet
potential.
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4. Assessment of industrial
demand-side management potential

4.1 Literature review: Industrial demand-side management in the
Nordic energy system

In the largely centralised power system that existed in the Nordic area still in
the early 2000s, flexibility effectively meant the ability of producers to adapt to
changes in electricity consumption. Now, with the breakthrough of VRE and
increasingly international power markets, it has become relevant to assess and
ensure flexibility also on the demand side of the electric system.

In electricity demand flexibility, two often-used concepts are demand-side
management (DSM), and demand response (DR). The definitions of the concepts
vary, but here we define them in the following way: DSM means any planned
action that i) temporarily changes the demand of electricity, ii) moves the de-
mand of electricity to a more suitable time, or iii) affects the typical electricity
consumption patterns—in a way that reduces energy costs, improves system
balance, brings revenue, or otherwise benefits the party doing the DSM. When
defined this way, DR is completely included in DSM. We define DR to mean any
DSM actions that are planned for, but only triggered by some specific events
(not technical failures), such as the market price of electricity or the higher than
expected availability of VRE. Defining DSM and DR in this way makes them
useful for the present discussion. The definitions ignore such possible inclusions
to the terms such as energy efficiency for DSM [30] and grid congestion or power
availability issues for DR [31] for better clarity of discussion in this dissertation.
Discussion is also limited to IDSM, in contrast with smaller-scale DSM, which
is discussed in the Finnish context in [16].

A central issue with assessing the potential of IDSM in balancing the electric
system is the determination of the correct capacity that is available. Typically,
the purpose of IDSM is to decrease electricity costs of power intensive processes,
such as in steel mills or in pulp and paper mills. Thus, the theoretical potential of
IDSM is often seen to be equal to the typical power consumption of any industrial
process. This is the result when IDSM potential is assessed by summing up the
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power capacities of different processes (e.g. in [32]). However, the theoretical
potential (if seen this way) looks past the purpose of the IDSM for the industry
actor: to make or save money. It is not always economically sensible to shut
down (or adjust) industrial processes. A variation of the described assessment
process is also done for non-industrial DSM by Olkkonen et al. [16], who note
the method’s dissociation from the economic side of the DSM actions.

A more accurate way to determine the available potential is to poll the views of
industry representatives of what could potentially or realistically be the amount
and the cost of DSM actions in each respective process, such as in [33]. This
is a more realistic method, but still not very accurate; the cost is still a gen-
eral amount that represents the contemporary market situation. A comparable
method for assessing household DSM is presented in [34], where realised con-
sumption patterns of different households, and different schedules of household
appliances are compared.

To be able to draw realistic conclusions about the amount of IDSM available
in the electricity markets, we must turn to what we will call here the economic
IDSM potential; the amount of IDSM available at a specific price or volatility
level of the (appropriate) electricity market. Industrial processes are often
technically flexible, but practically the flexibility may induce costs, risks, delivery
failures, or other difficult-to-quantify problems. In a sense, the processes have
been built for the optimal control of the process, not for the optimal flexibility of
the process. For example, the possibility (or financial sensibility) for a cement
plant to make DR actions depend on the capacities of different process phases,
the season of the year (through capacity need), and the costs of increased worker
time and wasted product [35]; some cement plants are purposely sized for partial
operation (of at least some processes) to avoid the high-cost hours in flexible
process phases.

Actions for IDSM can cause costs or risks that are direct or indirect. For
example, direct costs could include lost revenue or failure to deliver on time,
and indirect costs could include increased work force costs, or increased risk to
experience delivery issues later in the production stream. Direct costs are easier
of the two to quantify and to model. Indirect costs need to be estimated (with
subsequent adjustments) and included in models for example as virtual “direct”
costs [36].

Between the described theoretical and economic IDSM capacities, a technical
consideration needs to be made. All industrial processes are not capable of the
same adjustments due to technical limitations, such as time needed for shutting
off or starting up the process. For example, heavy machinery often starts up
slowly, and the startup can even take time in preparation or require several
attempts. Additionally, there are other barriers for IDSM, such as market
program requirements, market regulations, and lack of time-based rates [35].
For examples of the generalised flexibility possibilities in some industries, see
estimated reaction times and cost estimates in [37].

Mathematical models for assessing economic IDSM potential, considering a
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variety of technical limitations, have been presented for several energy-intensive
industries. The models also consider different electricity markets. Summerbell
et al. [38] find potential for savings (cost reduction of 4%) in the spot market for a
case cement plant. Ramin et al. [39] find potential for cost savings (9%, compared
to a forward contract) in the spot market, and potential for participation in the
Danish primary reserve market for a metal casting process. Xenos et al. [40]
present a model for day-ahead and reserve market potential for IDSM in an air
separation plant in the chemical industry. They present exemplary calculated
cost savings of 1–4% through operation in the reserve markets.

The technical limitations in IDSM may be broadened to include issues in
the act of rescheduling a process with complex interdependencies with other
processes. These complexities can be affected by storage sizes, electricity market
time frames, or other possibly energy-related restrictions. In processes that
are rescheduled manually (as is often the case [41]), it is difficult to ensure
the optimality of the new schedule. For example, backlogging and inventory
costs have been noted to be often improperly weighted in manual hierarchical
production planning in the pulp and paper industry [42].

Computerised production planning can help with the optimality of plans and
plan changes. Additionally, they are able to compare different plans in terms of
total costs, taking into account more factors than is manually possible. There is
ample research on the field of production planning. Figueira et al. [43] present a
detailed decision support system for pulp and paper production for assistance in
lot size and schedule planning. In the steel industry, Handera et al. [44] present
a similar system, which additionally has the option to control computation time
by compromising on result accuracy. Martinez et al. [45] present a lot sizing and
scheduling optimisation model for the moulded pulp industry. In Publication
I, we present a model that is not meant for production planning, but for the
realistic assessment of the costs and possibilities of altering optimised production
schedules for IDSM purposes with mechanical pulp production machines.

4.2 Results: Demand-side management potential in mechanical
pulp production

In Publication I, the economic intra-day IDSM potential of a case pulp and paper
mill site is estimated, using the model described in Chapter 3. Specifically, the
context is the economic possibility of the mill site to participate in the regulating
power market through bids to decrease electricity consumption in mechanical
mass production machines. These machines have a total capacity of 100 MW.
However, we found that usually the model would indicate a maximum DR
capacity of 80 MW was available. Either value may in some studies be considered
the regulation or IDSM potential of the site. In Publication I, we draw more
nuanced conclusions about IDSM potential.

Rescheduling mechanical mass production has an impact on the cost of ex-
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ecuting regulating power bids in the paper mill site. In one exemplary run,
a 95 e/MWh cost is determined for a regulating power bid of 20 MW. Of this
cost, 56% is caused by additional startups after the DR action, 33% is caused
by intra-day purchases for subsequent mechanical mass production, and 9%
by increased fuel costs. The average spot price of electricity in the period
was 30 e/MWh.

Rescheduling issues also cause the unit cost of the DR action to be volume-
dependent. This is due to a higher need for intra-day electricity, the price of
which typically increases with the needed amount. Additionally, large amounts
of compensating production may need to be divided to a larger spread of hours
and machines, while in smaller DR actions only the cheapest hours and machines
may be used. Typically, the calculated cost for DR actions is between 1.4 and
1.9 times the average spot price for the time period. Important factors that
influence the cost are the volume of the bid, the period’s intra-day prices, and
the technical specifications of the mill, such as start-up costs and other machine
features.

To assess the economic potential of the case mill site in the Finnish regulat-
ing power market, we ran a simulation of the mill site in the market for the
year 2014. We ran the model in all 24-hour periods at the start of which at
least 80 MWh of up-regulation was actually sold in the market. This resulted
in 611 different periods that were known to be relevant for the analysis. For
each of these periods, the model was used to calculate the costs of executing
regulating power bids of 10–80 MW with 10 MW intervals. It was possible to
implement the bid in roughly 90% of the cases. The remaining 10% includes
especially large bids, in which the original production plan in some technical way
prevented shutting down machines, for example through steam requirements,
or the machines already being offline.

Table 4.1 shows the technically possible amounts of DR actions per bid size
in the simulated year 2014. The average costs of the actions are fairly close
to each other in the range of 59–69 e/MWh. However, drawing conclusions
from this may be misleading; Figure 4.1 shows the costs for the 60 MWh DR
actions versus the average spot price on the 24-hour period. The costs are highly
scattered, ranging in large numbers from under 50 e/MWh to over 80 e/MWh.
Additionally, the 60 MWh case is chosen specifically to show the correlation
with the average spot price—the correlation is weaker for the other cases due to
different cost structures.

Table 4.1. Amount of possible bids and the average cost of executing regulating power bids.

Bid size (MW) 10 20 30 40 50 60 70 80

Implemented bids (qty) 604 601 570 583 566 560 541 384

Average cost (e/MWh) 59 63 65 61 62 64 67 69
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Figure 4.1. Cost of regulation versus average spot price for 60 MWh regulating power bids
(Publication I).

We analysed the potential action of the case mill site in the regulating power
market. We made a simple marginal pricing mechanism for bidding the different
sizes of regulating power bids as incremental bids in the market. The creation
of this is visualised in Figure 4.2. Next, we used this price for all hours of 2014
to simulate the mill site’s ability to participate in the regulating power market.

In 2014, there were 2088 up-regulating hours in Finland. The total volume
was 137.8 GWh. In the simulation, the case site captured 12.8 GWh in 254 hours
with an average participation of 50 MWh. The market share was then 9.3%. The
participation by bid size and the resulting market share is shown in Figure 4.3.
The median market share is 50%. This is affected by the high amount of
accepted 80 MW bids.

By considering the total volume of mechanical pulp production in Finland,
the results regarding up-regulating potential can be extended to the country-
level. The case mill site accounts for some 20% of mechanical pulp production in
Finland, making the total capacity around 400 MW, if all plants were identical to
the case site. The site’s simulated participation in the year 2014 was 1.4 MWh/h
(including all hours). This would translate to 7.3 MWh/h in the total of similar
Finnish plants, corresponding to a share of 37% of the whole up-regulation
market volume of 16 MWh/h. This is based on the assumption that all sites
would be price takers in the market with no effect on the market price.

Risk of production interruptions is a serious issue in energy-intensive busi-
nesses. Availability for use is valued, and typically the processes are run without
interruption for as long periods of time as possible. Depending on the total sit-
uation, even short interruptions in a bottleneck process can cause significant
monetary loss. Especially starting up machines is risky, as it may fail, and also
causes a temporary dip in product quality.
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Figure 4.2. Left: The distribution of the cost of regulation relative to average spot price in the
time period. Right: The corresponding marginal cost curve used for bidding in the
market simulation. (Publication I)
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Figure 4.3. Left: The frequencies of accepted regulating power bids in the simulation. Right:
Simulated frequencies of the market shares of the mill site. (Publication I)

Adding risk premiums for possible technical issues reduced the economic IDSM
potential of the case mill site notably. The premiums were based on estimated
costs and probabilities of technical errors. Even a relatively small risk premium
of 30 C/MWh dropped the implementation of IDSM bids from 254 (count) to 99.
This premium corresponds in our analysis to separate 5% probabilities of causing
a mass production disruption and an additional paper machine disruption.
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5. Future issues concerning combined
heat and power

5.1 Literature review: CHP in the Nordic energy system

In the Nordic countries, especially in Finland and Denmark, CHP is an im-
portant part of the energy system. The plants can utilise a variety of fuels,
offer high total energy efficiencies (over 90%), and their flexibility is technically
similar to condensing power plants. Because the demand for heat coincides
with electricity demand in the cold climate, CHP makes for a valid alternative
for condensing power. This alternative is in good use in the Nordic area; the
share of CHP in electricity production is 12% in total, with per-country shares
of 32%, 9%, and 41% in Finland, Sweden, and Denmark, respectively, and a very
small share in Norway [4–7]. Production of CHP heat also covers a large portion
of Nordic DH production. An overview of the production of electricity and DH in
the Nordic area is presented in Figure 5.1.
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Figure 5.1. Electricity and district heat production by technology in the Nordic countries in 2015
(Publication II).
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Many long-term visions for a high-VRE Nordic energy system pinpoint CHP
(along with hydro power) as the designated source for flexibility and back-up
power in electricity production, for example [1, 2, 17, 46]. This is of course
realistic on the day-ahead timescale as long as the capacity exists, but there is
also potential for quicker flexibility, i.e. in the intra-day, regulating power, and
reserve markets.

The possibilities in the reserve markets—with clear links to other short-term
markets—are discussed by Haakana et al. [47]. They find potential for small-
to-medium CHP plants to participate in the Finnish reserve markets, with due
caution for the small volume of these markets. Kumbartzky et al. [48] paint a
similar picture regarding the German balancing market. The technical ability
of coal CHP plants to participate in automatic frequency containment reserves
(and thus, practically all other forms of flexibility) in Finland is confirmed by
tests in [49]. Nazari and Ardehali [50] investigate the use of an integrated CHP
and HOB plant in offering reserve capacity, considering the technical features of
the plant, such as ramping rates. They state that simultaneous optimisation of
heat-only and CHP production results in increased profit in the scale of 3–6%.
Muche et al. [51] develop a model for assessing the feasibility of an Organic
Rankine Cycle plant operating in the German control reserve market. Their
conclusion is that current price levels do not justify the investment due to the
low electrical efficiency of the plant type.

Above, it was shown that additional flexibility from CHP plants may be both
technically feasible and economically profitable. However, these possibilities
may not be enough to keep CHP electricity production profitable overall. Cur-
rently, a period of low electricity price in the Nordic area has caused worry over
the competitiveness of CHP investment [52]. The market situation is guiding
retiring CHP plants and increasing heat demand to be compensated by building
HOBs rather than new CHP capacity [53, 54]. If CHP loses its competitiveness
already in the current energy system, it may not fit the role it has been given in
the mentioned long-term visions, at least in the current market environment.

The described issue is often not recognised in works that envision energy
systems with CHP as back-up capacity. Many studies (such as [2, 17]) on future
energy systems task CHP plants with balancing VRE electricity production
without regard for the electricity market that the system is built upon. Similarly,
CHP capacity may be suggested to increase, such as in [55] as part of a low
total cost energy system. The uncertainty of the feasibility of the plants is not
properly discussed in these types of analyses. On the other hand, for example
Gils et al. [56] take the issue into account by simply stating that if the market
structure does not allow the necessary peak capacity for their vision, the market
should be changed. In Publication II, we take a market simulation approach
into the current outlook of the Nordic day-ahead power market, with CHP as
one point of interest.
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5.2 Results: Future prospects for CHP

In Publication II we analyse five future scenarios of the development of the
Nordic electricity market: 2020A, 2020B, 2030A, 2030B, and 2030C. The sce-
narios include the expected electricity production technologies and electricity
consumption profiles, and other similar assumptions about the Nordic countries.
These are analysed with the Enerallt model. The A-scenarios represent a path
where the electricity demand in the Nordic countries stalls at the 2014 level. In
the B-scenarios the demand increases at the rate estimated by national authori-
ties, translating to a total increase of 11%. Scenario 2030C is identical to the
corresponding B-scenario, but with a lower nuclear capacity (i.e. the Finnish
Hanhikivi 1 plant is not built, and the Swedish Ringhals 3 is decommissioned
earlier than currently estimated). In addition to these five, Scenario 2030B is
repeated with two different emission prices for sensitivity analysis. The emission
prices used in all of the scenarios were 5, 10, and 20 e/tCO2 in 2014, 2020, and
2030A&B&C respectively, and 30 and 50 e/tCO2 in the sensitivity analyses
on 2030B. The discussed scenarios are not meant to be forecasts of the future.
Instead, they are set to capture a credible range of future development paths of
the Nordic electricity market regarding the varied features.

The base year for the future scenarios was the year 2014. The model data
that is not changed between the scenarios is collected for that year. This data
includes the CHP capacities, which are not changed in order to assess the change
in their use over the scenarios. Also DH demand is not changed because of its
relation to CHP electricity production. In reality, DH demand may decrease
as much as 1% per year until 2050 [1]. Condensing power production capacity
is 500 MW in each country in 2020, and zero in 2030, to simulate the current
trend of decommissioning such plants. However, large CHP plants can still
produce condensing power with the capacity left from normal CHP electricity
production. In practice this would mean condensing mode power production, or
additional cooling of DH water, or storage of heat (which is not directly included
in the model).

Figure 5.2 shows the actual and modelled electricity production totals for 2014.
The plot is divided to show hydro and nuclear power on different scales from the
other technologies. The differences between the modelled and actual values are
discussed in Publication II. The mean modelled and actual electricity system
prices in 2014 are 30.8 e/MWh and 29.6 e/MWh, respectively.

The future scenarios capture a wide range of resulting electricity system
prices. While the modelled 2014 average price is 31 e/MWh, the 2030 prices
are 10 e/MWh, 33 e/MWh, and 51 e/MWh in A, B, and C scenarios, respectively.
In 2020A and 2020B, the average prices are 25 and 40 e/MWh, respectively.

The electricity production technologies used in the scenarios are shown in
Figure 5.3. The figure shows that hydro and wind power productions increase
from 2014 to 2030, wind power by a larger share. Nuclear power changes from
scenario to scenario. In 2030A, nuclear power production is lower than in the
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Figure 5.2. Modelled (bars) and actual (stems) yearly electricity production in 2014 (Publication
II).

other scenarios, because the system price is below the marginal cost of production
of nuclear power during the modelled year. Production of CHP and condensing
electricity production varies between the scenarios. Additional insight into CHP
production is given in Table 5.1. The production of CHP electricity stays at
roughly the level of Scenario 2014 in the “B” and “C” scenarios, but decreases in
the “A” scenarios. The per-country changes reflect the national fuel distributions.

Figure 5.3 also shows the total electricity and heat production emissions for
the Nordic countries. The emissions are shown with marks, and connected
with lines as two paths for clarity of interpretation. The low electricity demand
“A” scenarios lead to lower emissions than the “B” scenarios. The increase of
wind and nuclear power production also decreases the emissions from 2020 to
2030. It is seen that emissions increase from Scenario 2030B to 2030C, because
nuclear power production is decreased. In the model, the fuel distribution of DH
production remains constant throughout the scenarios. For thermal electricity
production, the shares offered to the market remain constant, but the shares
change through marginal price differences. In addition to production mixes,
the scenarios lead to different import/export dynamics between the countries.
Finland remains a net importer and Norway a net exporter in all scenarios.
Denmark and Sweden mostly remain an importer and exporter, respectively, but
there are some exceptions, which are shown in Figure 7 of Publication II.

The sensitivity analysis performed with Scenario 2030B by varying the emis-
sion price shows that the emission price increase results in an increase in
electricity system price from 32 to 41 e/MWh with emission price increase
from 20 to 50 e/tCO2. With the same emission prices, total emissions are 23
and 20 Mt, respectively.

36



Future issues concerning combined heat and power

2014 2020A 2020B 2030A 2030B 2030C
Scenario

0

50

100

150

200

250

300

350

400

450

E
le

ct
ri

ci
ty

 p
ro

du
ct

io
n 

(T
W

h)

0

10

20

30

40

50

60

E
m

is
si

on
s 

(M
t)

Hydro
Nuclear
CHP
Condensing
Wind
Solar
"A" emis.
"B" emis.

Figure 5.3. The modelled electricity production technologies in the Nordic countries in each
scenario are shown as bars. The marks represent the corresponding yearly CO2
emissions from the production of district heat and electricity. The lines visualise the
scenarios as two paths for clarity. (Publication II)

5.3 Literature review: Energy security

Energy security is an evolving topic that carries multiple meanings, depending
on who uses the word, and for what purposes. Ang et al. [57] analyse a set of 83
definitions of energy security and find that the meaning of the term is changing
over time and circumstances. This is confirmed by Chester [58], who analyses
the changing contexts of using the term, and notes that energy security is a
concept for which no single clear meaning can be established. Instead, those
who discuss energy security should “openly present the suppositions, assertions,
or premises which inform and shape their use of the concept”. This in turn
is repeated by Scholl [59], who discusses the viewpoint-specificity of energy
security. He notes that the definitions of energy security depend on many factors,
including historical and political issues. Cherp and Jewell [60], criticise energy
security conceptualisations that are modelled on the common “4 A’s” approach.
According to them, the four A’s—availability, accessibility, affordability, and
acceptability—are a poor approach for discussing what energy security actually
revolves around: security for whom, from what, and for what social purpose.

Despite the criticism, the four A’s approach is referred to in Publication III for
the purpose of contextualising energy security. Below, examples of the aspects
of the four A’s are described in the context of Finnish energy security and CHP
energy production.

• Availability. Energy resources need to be available without interruption. This
may mean diversified import sources or high domestic resources. Also includes
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Table 5.1. Production of CHP electricity in the scenarios per country in TWh. Sold share is
the sum of the electricity produced divided by the production that was offered to the
market. (Publication II)

TWh 2014 2020A 2020B 2030A 2030B 2030C

Finland 12.5 10.3 14.2 4.0 10.9 14.7

Sweden 10.5 8.2 10.8 1.0 10.5 10.8

Denmark 8.6 6.7 9.3 2.5 8.0 10.2

Norway 0.9 0.8 1.1 0.0 1.0 1.1

Nordic 32.5 25.9 35.4 7.6 30.4 36.8

Sold share 83% 66% 91% 19% 78% 94%

capacity requirements and protection from unit failures.

• Affordability. The energy resources and conversion need to be inexpensive
enough to be securely attainable. This has to do also with the ability of
consumers to pay for the energy needed for some certain quality of life.

• Acceptability. The energy resources and conversion need to be acceptable to
the relevant groups. This includes environmental, health, and safety concerns.

• Accessibility. The energy resources need to be accessible to all relevant groups,
and also accessible in terms of transport of resources in import. This includes
transport in crises.

In the Nordic context, research on energy security has recently concentrated
on security of supply and generation adequacy. Jääskeläinen et al. [61] study the
generation adequacy of Finland until the year 2030 in case of a severe drought
that affects the Nordic countries simultaneously. They find that the generation
adequacy situation of Finland is on track to improve in this time frame due to
new nuclear power and transmission capacity.

Karhunen et al. [62] polled representatives of large Finnish CHP plants on
their views and strategies regarding supply security of domestic fuels, such as
biomass and peat. Strong confidence is reported in long-term supply of fuels—
out of 28 plants, six had made no preparations for fuels shortages, trusting
the existing supply contracts and operation models. The results indicate that
the main method for ensuring supply security is the decentralisation of fuel
procurement and the use of multi-fuel boilers. However, external storage of
fuel is reported to typically cover the primary heating season. A similar, future-
oriented report on Swedish DH producers [63] reports smaller storage capacities
(on-site and external) of fuels, compared to the above-described study. The plants
are more reliant on continuous fuel procurement. The Swedish DH producers
are reported to emphasise that the DH networks are supplied by several boilers
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with different fuels, leading to full back-up capacity of most small-to-medium
sized DH plants. Notably, both studies described above report confidence from
energy-industry interviewees in the security of supply of their operations.

Jääskeläinen et al. [64] study the Finnish dependence on Russian energy.
They find no acute techno-economic energy security threats to Finland due to
dependence on Russian energy, although they do consider energy trade between
the countries a significant political and economic point of interest. A large share
of Finnish primary energy import comes from Russia.

In addition to the qualitative conceptualisation work of energy security, there
is no shortage of attempts to quantify the “energy security situation” of (usually)
a country. Some indicators are described in [65]. For such a task, aspects of
energy security need to be given numerical values for comparisons. Böhringer
and Bortolameri [66] address difficulties comparing such indicators, whether
comparing different indicators for one country, or the same indicators for two
different countries or scenarios. In essence, the indicators are not necessarily
constant over scenarios that are identical in terms of real-life energy security.
Additionally, comparison between indicators is, at its core, value-based, and
objective comparison of energy security related policies solely with the help of
indicators may not be possible [60].

5.4 Background: CHP in Finland

Finland has a fairly balanced electricity production mix, with nuclear, CHP,
and hydro power taking up some 90% of domestic production (CHP 32%) [4].
Production of DH, an important heating technology in the country, is not as
balanced. Of DH production, almost 70% is done along with thermal electricity
production in CHP plants [67]. In fact, in 2017 88% of thermal power produc-
tion happened in CHP plants that produce heat for either DH or industrial
processes [4]. Industrial CHP production amounts to 42% of the total CHP
electricity production.

Currently, retiring DH CHP capacity is being replaced with heat-only DH
production, and yearly CHP electricity production is decreasing [4]. It has been
suggested that because investment in electricity production is not profitable
with the electricity market price of the recent years, 400 MW of CHP electricity
production capacity would leave the market in the coming years [68]. Currently,
retiring DH CHP capacity is being replaced with heat-only DH production, and
yearly CHP electricity production is decreasing [4]. It has been suggested that
because investment in electricity production is not profitable with the electricity
market price of the recent years, 400 MW of CHP electricity production capacity
would leave the market in the coming years [68].

Due to its high share in electricity and heat production, CHP has a large
role in Finland, both politically and in terms of generation adequacy. On the
other hand, many plants utilise fossil fuels, which have negative environmental

39



Future issues concerning combined heat and power

impacts. Thus, the discussion over the possible decrease of CHP production
capacity is important in several ways.

5.5 Results: CHP as a Finnish energy security issue

Publication III discusses the impacts on Finnish energy security, if CHP capacity
is decreased notably in the coming decade due to unfavourable market conditions.
As discussed in the preceding literature review, energy security impacts must be
viewed from a specific perspective. Thus, to do a wide overview, we assess the
impacts on three different levels: a city, a country, and a larger area comprising
Finland and the surrounding north-European countries. This will bring clarity
to the discussion of multiple points of view.

The exact scenario discussed in Publication III is the following. The price of
electricity does not increase above 30 C/MWh in 2016–2030. This renders all
use of natural gas (NG) CHP uneconomic, as well as investments in any new
market-based CHP capacity. In addition, coal use is phased out before 2030
(which has been confirmed [21]). This way, all CHP plants that exceed their
existing lifetime are decommissioned, as well as all CHP and HOB plants that
use coal as a fuel. We assume no additional policy measures in this time frame.

City-level analysis: Helsinki
On the city level, Helsinki has its own climate and environmental policies and
goals. We see the most important aspects of energy security on this level to be
the system costs, CO2 emissions, and security of supply. From the city-level
point of view, security of supply is mostly an economic aspect, e.g. a functional
national or international market (in contrast to what a nation may mean by
security of supply). However, for the small case city this is hardly relevant in
this work, as outside fuel is necessary in all scenarios we consider.

For Helsinki, the energy security concerns of CHP are related to DH. After
all, there is no requirement for a city to maintain electricity production capacity.
In terms of DH, the main concerns are related to CO2 emissions and to the
availability (and affordability) of fuels.

Table 5.2 shows the heating capacities of different plant types in Helsinki in
2016, and the situation in 2030 with regard to only currently existing plants, or
those that have existing public plans. There is a high amount of fossil CHP, and
additionally coal HOB, capacity that is removed in the future scenario. Fuel oil
is used only for peak and reserve capacity.

Because Helsinki is located in a coastal and heavily populated area (with NG
access), it is easy to see the historical context of using import fuels for energy
production. In the scenario of Publication III, the capacities for 2030 in Table 5.2
will need to be expanded with new heat production capacity with HOBs. The
important question is what the replacing fuels could be.

Relevant fuel options that have been discussed publicly are: biomass (wood
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Table 5.2. Heat production capacities in Helsinki in 2016 and in 2030 without considering at the
time unknown capacity additions [69–71] (Publication III).

MW 2016 2030

Fuel HOB CHP HOB CHP

Natural gas 912 587 912 0

Coal 190 729 0 0

Heavy fuel oil 873 - 865 -

Light fuel oil 136 - 136 -

Heat pump 90 - 112 -

Biomass 0 - 92 -

chips, wood pellets, etc.), NG, LHPs, geothermal heat, and waste heat. Of these,
the relevant large-scale options to be analysed further are biomass and NG. The
other technologies are either uncertain at this moment (e.g. geothermal heat)
or too small-scale to overtake the current role of coal and CHP in the analysed
time frame. While being a fossil fuel, NG is included in the options because of
the existing connections that make the fuel an “easy option”. Current new plans
are for biomass HOBs (e.g. [72]). We assume that biomass will mainly comprise
wood pellets due to the need to transport the fuel for long distances, in case a
large part of heat is produced with biomass. Forest fuel availability is limited in
the Helsinki region [73]. Wood pellets offer a good transportability due to their
higher energy density compared to less processed biomass [74]. They also have a
ready European–Russian market [75] with trade connections with Finland [76].

Figure 5.4 shows an analysis of adding NG and wood pellets to the Helsinki
DH network in 2030. In the same figure there is condensed information about
i) the possible capacity combinations for certain goals, such as N-1 security,
ii) the costs of the options, and iii) the wood pellet production potentials of
Finland in some estimates. The potentials are shown as megawatt-limits if the
plants operate hour-by-hour based on lowest variable cost. The costs presented
comprise the operating costs of all plants in the DH network, and the annualised
investment costs of new plants included in each specific capacity combination.
There are also reference points for the total situations of 2016 and 2030 as shown
in Table 5.2.

Based on Figure 5.4, the costs of DH production are the higher the more NG
is added to the network. However, the cheaper option of added wood pellets
exceeds any realised yearly Finnish wood pellet production at low capacities,
and even one estimated 2020 production potential. Thus, the need for transport
of pellets will be high, and the costs may also be higher than the 149 e/t used in
the analysis. The lowest cost point in the Figure is around 1500 MW of wood
pellets and no additional NG. An emission price of 30 e/tCO2 was used.

Judging by the presented analysis, we expect wood pellets to be preferred
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Figure 5.4. Analysis of potential additional capacities for the Helsinki district heating network
by 2030 (Publication III).

for replacing coal and CHP capacities. The energy security implications are
mainly related to this possibility. For NG, the main energy security implications
are the increased dependence on Russian NG, and smaller-than-possible CO2

emission reductions. In case of wood pellets, the most important energy security
implications are as follows (a more complete list can be found in Publication III):

• Fuel availability: Wood pellets deteriorate in outdoor storage [77] and require
a lot of storage space relative to e.g. coal. Stored fuel will likely be measured
in days [72]. Production of wood pellets is also dependent on other industrial
processes, and the global markets are still forming.

• Crisis vulnerability: Due to the storage issues described above, back-up
fuels are likely to be different from the main fuel, to prepare for potentially
jeopardised transport connections.

• Price uncertainty: With the growing global market of pellets, it is not certain
what the future price will be, and how it will vary in the coming decades.

• CO2 emissions: Wood pellets are seen as carbon neutral due to the recapture of
CO2 by carbon stock net growth [13]. This may not be realistic in all production
areas in the growing global market. Additionally, the assumption of carbon
neutrality may not be valid with long transport distances.
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• Social acceptability: The switch to HOB heat production may weaken the
argument of environmentally friendly DH. On the other hand, the switch to
biomass has long been on the political agenda in the city. The other described
implications also affect how the public views DH issues.

Country-level analysis: Finland
On the country level, we see the most relevant energy security aspects for
Finland to be self-sufficiency, competitiveness, generation adequacy, and CO2

emissions. As a geopolitical unit Finland, in contrast to Helsinki, needs to ensure
long-term security against crises such as war, nuclear accidents, and market
fluctuations and disruptions. For this reason, the energy security interests are
also more broad and multi-faceted. Several issues from the city-level are also
relevant in the national context, and they are not repeated here.

In terms of electricity, the implications of CHP for energy security are mainly
related to keeping a sufficient domestic electricity production capacity. This is
important from a few points of view, of which the most relevant ones are capacity
adequacy and self-sufficiency in energy production.

Generation adequacy (i.e. always having a sufficient available power pro-
duction capacity) has been a topical issue in Finnish energy politics since a
record-high power demand peak in the beginning of 2016 [78]. Despite some
controversy, such as ENTSO-E’s adequacy forecast in 2017 [79], Finnish re-
ports do not expect generation adequacy issues in the coming years, affected in
part by the coming deployment of the Olkiluoto 3 nuclear power plant around
year 2020 [54, 78, 80]. The situation may even improve due to the coming
Hanhikivi 1 nuclear power plant and increased transmission capacities [61].

Self-sufficiency in energy production refers to the position of the country as an
importer or exporter of energy—not only electricity. Finland is a clear importer
of electricity (net import is 24% of consumption, 18% from Nordic countries) [4],
and it also imports most of used primary energy (64% in 2014 [21]). In this sense,
there is no notable self-sufficiency impact in the future scenario, because Finland
imports 100% of coal and NG. Thus, changing these to imports of other fuels or
electricity (or to domestic fuels) does not negatively impact the primary energy
self-sufficiency of Finland. In fact—technically—exchanging fuel imports for
electricity imports would increase self-sufficiency in the calculation of primary
energy self-sufficiency. This is due to a higher efficiency. In reality, import of
fuel and electricity are not directly comparable in terms of energy security.

Heat production is not impacted by the decrease of CHP capacity in any
meaningful way. New HOB plants have comparable or better energy conversion
total efficiencies than CHP plants. In fact, the fuel needed for HOBs is naturally
less than needed for the same amount of heat production in a CHP plant, as
electricity is not produced on the side.

In terms of fuels, the transition away from CHP will mean a strong motivation
to reconsider fuels used for both electricity and heat production. Flexibility
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in this matter depends on the location of each new plant and the available
transport options. We expect that as coal use is ended, it is replaced mostly with
biomass and NG, which are both available in the majority of the coastal areas
where coal is currently used. In other areas, where for example biomass and
peat are used, it is likely that the fuel choices for new plants are the same as for
the old plants. The energy security issues related to biomass use were discussed
in the city-level analysis. For discussion on the Finnish dependence on Russian
fuels such as NG, see [64].

Multi-national analysis
In the multi-national perspective, Finland is only one of many entities winning
or losing in any scenario on energy security. Thus, we limit this analysis to
commenting on the CO2 emissions and energy efficiency of the Nordic and
North-European countries. These are directly affected by Finnish energy policy.

When electricity production decreases in Finland (in CHP or other plants),
the electricity will need to be produced elsewhere (disregarding possibly a small
amount of consumption decrease due to price elasticity). It is important to ask
where this compensating production will come from. In the Nordic countries the
production of hydro, nuclear, and wind power, and all other technologies with
low marginal costs, are already fully in use. Thus, electricity production will
move to plants with higher marginal production costs. This may mean CHP in
some part, but it may also mean condensing power production in countries such
as Poland, Germany, and the Baltic countries, where there is available thermal
power production capacity. Much of this potential production is less efficient
than Finnish CHP production in terms of fuel use and emissions. Thus, in the
short term, Finnish CHP electricity production has a positive impact on the
energy efficiency and CO2 emissions of the Nordic and north-European energy
system. However, in the long term new investment may balance the situation in
various ways, for example through new nuclear power capacity.
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6. Large-scale heat pumps in
integrating the heating and electricity
sectors

6.1 Literature review: LHPs in district energy systems

In the Nordic countries, the electricity sector is by a large share carbon-neutral
(see Section 1.1). The DH sector, in contrast, is something else. Its production
is fossil fuel based with the shares of 55%, 15%, 40%, and 5% in Finland,
Sweden, Denmark, and Norway, respectively [3]. (The total yearly productions
are 35, 52, 35, and 7 TWh [4, 81–83].) Increasing the use of electricity in DH
production through LHPs may help reduce its emissions, whilst increasing the
flexibility and efficiency of the sector [84].

In LHPs, heat is transferred from a cold stream to a hot stream, the opposite
of the natural direction. This carries interesting opportunities for producers
of district energy with LHPs: DH, and district cooling. The “cold” and “hot”
streams for LHPs are relative terms; the system is the more efficient the closer
the temperatures are to each other. For this reason, it is often necessary to
have a heat source available to be used as the “cold” stream, for better energy
efficiency in producing an even warmer “hot” stream. In some cases, there can
be synergy: A case study has shown that simultaneous heating and cooling
with a heat pump is more exergy-efficient than only one of the two [85]. With
LHPs, district heating and cooling can be produced simultaneously with cooling
water as the “cold” stream. Other potential heat sources include industrial heat,
supermarket waste heat, waste water, ground water, and natural waters [15].
At least some of these source types exist in all European urban areas, although
the volumes of availability and demand tend not to increase in parallel.

Although an LHP operation has been running in Sweden since the 1970s [86],
they are still somewhat rare in the Nordic countries. A total capacity of 1300 MWth

is listed in [87] (although only a total of 600 MWth of units are listed in [88]).
Despite the low megawatt-amounts, totalling to less than a large city’s heating
capacity, research shows potential for the technology.

Bach et al. [89] assess the potential of LHP heat production in the DH system
of Greater Copenhagen by dispatch modelling. Their results point to a potential
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LHP capacity of 260 MWth, which would be around 10% of the yearly heat
demand in the network with ca. 3500 full load hours. Approaching the subject
from a slightly different residual load based perspective, Schweiger et al. [90]
estimate the technical and economic potentials of power-to-heat in Swedish DH
networks. They find an electric boiler potential of 2 TWhth/a in a scenario with
70 TWhel/a of wind power in 2050. (This is in line with the official Swedish 2050
estimate of 2.8 TWhth/a of LHP heat production in DH, and 63 TWh of wind
power production [91].) The authors of the paper estimate that with LHPs, the
potential would be lower by a factor of 2–4, most likely by the factor of the coeffi-
cient of performance (COP) of the LHP (electricity used per heat transferred), as
timely DH demand is an important limiting factor in the results.

In the above-mentioned paper, a thermal storage corresponding to 25% of daily
demand increases the power-to-heat potential by 9% (in the direct electricity
case). Hast et al. [92] also report that in a DH network with a large LHP, total
DH production costs can be reduced with heat storage. In the paper, one cost-
efficient scenario is that the storage capacity is ca. 110 000 m3, with an LHP
size of 20 MWth, and a network peak demand of 115 MWth.

More practical knowledge on LHPs in DH systems comes from Stockholm,
where heat pumps have been integrated into CHP plants for a long time. Lev-
ihn [86] shares insight into the operation of the network, stating that the
combination of LHPs and CHP allows wide heat production optimisation based
on electricity price. In the network, which has a 65–115 °C supply temperature
range, a COP of 3.3–3.5 can be achieved. Kontu et al. [93] combine DH network
simulation with expert interviews in assessing the potential use of LHPs in DH
networks without sacrificing profitability. They find that the LHP share could
be be 10–25% of Finnish DH production (currently 3%).

The profitability of heat production in LHPs depends on issues such as the
price of electricity, electricity transmission costs, the cost of using (or reaching) a
heat source, taxes, and investment costs. The cost structure of LHP utilisation is
discussed in [94] and [95]. Lund et al. [96] take up problems in LHP investment
in Denmark. They find socio-economic benefits from adding LHPs (2–4 GWth) to
the Danish energy system. Their view is, however, that LHPs for DH are not
investable in Denmark due to high taxation. They call for regulatory changes to
encourage investment in LHPs. The effect of electricity tax on the cost of LHP
heat is discussed in [97].

6.2 Results: Electricity market impacts of LHPs in the Nordic
energy system

In Publication IV we discuss a scenario where DH production through LHPs is
increased. The scenarios are analysed with the focus on the LHPs’ impact on
the production and market price of electricity, and on the cost of DH production.

The Nordic electricity market is analysed with Enerallt, the model used also
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in Publication II. The scenarios are also chosen from that publication, the only
difference being the newly added LHP capacities, and their prioritisation in DH
production over CHP heat production (see Chapter 3 for details). The scenarios
are 2014, 2030A, and 2030B, which are all described in Section 5.2. In each
scenario, 0–2 GWe of LHP capacity is added to Nordic DH networks, prioritised
over CHP heat production during 4000 hours in the base scenario (without
LHPs). The hours are chosen as the set of the lowest (average) priced ≥12 hour
periods of the year.

In the scenarios, the LHP utilisation results in a total electricity produc-
tion increase of approximately 3 TWh with 1 GWe LHP capacity, and 5 TWh
with 2 GWe LHP capacity. This does not vary notably between the scenarios.
This results in a decrease of CHP electricity production during the hours of LHP
usage, and increases the condensing power production, which is the marginal
power production in a large number of the hours. However, in Scenario 2030B
there is a compensating effect: The total price level increases due to the extra
electricity demand so much, that the electricity price increases also outside the
LHP operating hours. The increase outside the LHP operating hours is due
to hydro power production adjusting to the higher average price level. Conse-
quently, also CHP electricity production increases in the other hours, resulting
in CHP electricity production remaining stable over the scenarios with LHP
capacities of 0–1 GWe. The described impacts are presented in Figure 6.1. In the
figure, it is also visible how the higher electricity demand relative to electricity
production capacity leads to both different price levels, and different rates of
price increase with the increasing LHP capacity. For example, 2014 and 2030A
have the same base electricity demand, but production capacities are higher
in the latter. Thus, the price levels of the scenarios diverge from each other
with increasing LHP capacities. In other words, the impact of LHP capacity
on electricity market price is higher in 2014 due to less available low-priced
electricity production capacity.

Figure 6.2 shows the impact of LHPs on the costs of DH production in the
Nordic countries. For the calculation, variable heat production costs are consid-
ered for the plants. For LHPs these are the cost of electricity plus an additional
cost of 2 e/MWhth [98]. Electricity transfer costs and taxes are not considered,
as they may vary. This does, however, make the LHP costs undervalued. For
CHP, revenue from electricity sales is calculated separately from the costs. The
costs subtracted with the CHP revenue is shown as a white circle over the bars.

The figure indicates that the total cost of heat production decreases in all
scenarios with the addition of LHPs from 0 to 2 GWe. However, the mechanisms
differ between the scenarios. In Scenarios 2014 and 2030A, CHP production
decreases, causing a decrease in the CHP variable costs. However, in 2014 the
electricity market price increases, causing a smaller decrease in CHP revenue
compared to the decrease in costs. In 2030A there is barely any revenue due to
the low electricity market price. In Scenario 2030B, the use of CHP decreases
only above 1 GWe of LHP capacity. The variable costs of CHP production increase
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Figure 6.1. The impact of LHP capacity on CHP and condensing electricity production, and on
the market price of electricity. (Adapted from Publication IV)

between 0 and 1 GWe, and then remain stagnant between 1 and 2 GWe. The
CHP revenue, however, increases steadily, resulting in a lowered total cost, even
though the heat production costs (without considering revenue) stay stagnant
from 0 to 2 GWe. All in all, the results indicate potential for decreasing the costs
of DH by LHP usage. Due to electricity usage, there is also a decrease in fuel
use.

Figure 6.2. Impact of increased LHP capacity on the total cost of heat production in the Nordic
countries (Publication IV).
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7. Discussion

7.1 Discussion of the results

The results of Publication I highlight the economic viewpoint in the assessment of
the IDSM potential of the case pulp and paper mill site. When simulated without
risk premiums, the potential was very large, 9% of the total up-regulating power
market in the simulation year. However, inclusion of a premium changes the
situation notably. In fact, based on input from the case company, the actual
market share of the mill site is much lower than the simulated potential. This
is due to the factors of real-world operation that were not considered in the
technical model. The most important such factor is the risk premium that
should be added to the technical cost of executing the DR action. Considering
the risks included, and the total Finnish pulp and paper capacity, the market
share of mechanical pulp production on the up-regulating power market could
settle somewhere between 10% and 20%.

The findings in Publication I should be contrasted with the work from Paulus
and Borggrefe [33], who evaluate the regulating power market potential of
mechanical pulp production in Germany. They model the industry as an energy
storage of some 500 MWh in storage capacity (312 MW running capacity with
pulp storage for 1.5 hours). In their 2020 scenario, virtually no energy is sold
as up-regulation to the market. This is not in line with our results, given that
their estimate for the variable cost of participation was ≤10 e/MWh, when
the estimate in this work is linked to the spot market price by a multiplier
between 1.5 and 2. This results in a higher cost estimate. Paulus and Borggrefe
conclude that IDSM has potential to provide some 50% of the regulation capacity
in the future, but this is not completely used as balancing power due to the high
cost of load reduction. The results in Publication I lead to similar conclusions.

As discussed by Gils [32], in countries with energy-intensive industry, the
technical IDSM capacity is large. However, it is not clear how the industrial
companies will bid that capacity to the market. In Publication I we have found
that the marginal cost of a DR action is increasing with respect to capacity due
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to process limitations. Additionally we have found that risk or other premiums
have a significant impact on the economic potential of participation. In the light
of these factors, and considering there are competing technologies, it is possible
that the IDSM capacity from pulp and paper mills will be used only partially,
both now and in the future.

The results of Publication II indicate that the development of electricity de-
mand is critical for the stability of the Nordic electricity market. The anal-
ysed scenarios capture a wide range of possible price levels of the market
(10–51 e/MWh). In case of stalling electricity demand, the modelled market
price becomes so low, that the current electricity market could not be sustainable
anymore. However, in reality the electricity market would adapt before the price
level would get as low as in those scenarios. Thus, the scenarios with a low
electricity price should be viewed as indicative of an oversupply situation, and
not as forecasts of the actual market price level. The adaptations that could
change the price level could be e.g. mothballing of some power plants, and the
increased use of power-to-heat technologies. In the scenarios with a growing
demand for electricity, the market price level still does not increase to very high
numbers, being at its maximum at 40 e/MWh in 2020 (33 e/MWh in 2030). For
additional context, in 2010–2013 the highest yearly average market price of
electricity was 53 e/MWh, and the lowest was 31 e/MWh. In 2014–2017 the
corresponding values were 30 e/MWh and 21 e/MWh. In the low-nuclear sce-
nario of 2030, the average electricity price was 51 e/MWh, and in the sensitivity
analysis scenario with the high emission price of 50 e/tCO2 the electricity price
was 41 e/MWh. These prices indicate that based on mere capacity changes in
the Nordic market, it is likely that the price level of electricity will increase only
modestly at most. However, electricity transmission with countries outside the
Nordic area is modelled according to the reference year, and changes in market
conditions and new transmission lines will likely change the electricity demand
patterns in ways that are not reflected in the results of Publication II.

Energy security, which is discussed in Publication III, is a multi-faceted issue,
and the choice of perspective is bound to affect the analysis of any situation.
This is because the assessment of the often contrasting factors of security (such
as costs versus emissions) is, in practice, value based. In Publication III we
work around this issue by analysing the energy security of Finland from three
levels: within a city, within a country, and internationally. The findings of our
analysis indicate no upcoming issues with any technical aspects of the Finnish
energy system. Issues may arise with the energy efficiency of the multinational
energy system surrounding Finland through changes in import/export dynamics.
Additionally, the carbon-neutrality of biomass may be weakened, if its utilisation
grows significantly. Both of these issues are such that they may not be visible
in single-country analyses, and require a wider perspective for meaningful
discussion or quantification. It can be concluded that when energy security
is seen to include such elements as energy efficiency and CO2 emissions, a
multinational perspective should be considered.
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Publication IV analyses some scenarios from Publication II with a change in
how DH is produced. In the publication, LHP usage is increased and prioritised
on 4000 hours with a low electricity market price. The findings indicate a
decrease in total Nordic DH production costs through LHP utilisation in all
analysed scenarios. This decrease is likely overestimated, as electricity transfer
costs and taxes are not included in the analysis.

The results show an increase in condensing electricity production in the sce-
narios due to lower demand for CHP heat. However, this should not make one
dismiss the feasibility of the scenarios for two reasons. First, because heat
storage is not directly included in Enerallt, it is possible that a part of the “con-
densing power” production would in the real world be CHP production, where
heat storage would be used to even out the production and consumption pat-
terns of heat. Second, the COP of LHPs (3–3.5) does allow energy efficient total
heat production even when the input electricity production happens at a low
efficiency.

The electrification of DH production through LHPs furthers flexible sector
integration. On the electricity side, LHP use is directed onto low-market-price
hours through unit commitment performed by companies for profit maximisa-
tion. This will decrease the volatility of the electricity market and counteract the
merit-order effect of VRE electricity production (which is discussed in e.g. [10]).
The LHP capacity may additionally, for example, operate in the regulating power
market in the manner described for mechanical pulp production in Chapter 4.
This would decrease short-term volatility in the electric system overall, poten-
tially improving the capacity of the energy system to accommodate high amounts
of VRE electricity production. Furthermore, DH networks may in the future
improve their capacity to operate in the electricity market through heat storage.

In the heat sector, LHPs decrease fuel use in DH production. This is indicated
by the results, and is also expected; a large part of electricity production is not
based on burning fuels, and through power-to-heat technologies this quality
is partially transferred to heat production. The operational flexibility of DH
systems may be increased through LHP use, if other heat production capacity
is maintained. With back-up fuel choices that are economically feasible also in
continuous use, the flexibility will allow stability of competitiveness in a wide
scale of electricity market situations. This view is supported by DH experts
in [93]. This prospect has a connection to the concept of “anti-fragility” described
in [99], where it is theorised that maintaining the ability to adapt is a better
business strategy than forecasting future situations, when the environment is
capable of large sudden changes.

When it comes to the transition towards a low-carbon energy system, political
entities would prefer to decide the direction of change. However, the path is
chosen by the market-based actions of numerous companies. Their perspective
(in the current political setting) is considered in this dissertation. The findings
indicate that the transition, which has political support, is on a reasonable
path in terms of power production capacity, energy security, and the availability
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of flexible capacity. However, energy policy can still be used to fine-tune the
technology mix in use, such as by supporting technologies relevant for sector
integration. In the same vein, it is repeatedly noted in this dissertation that
energy policy should be coherent, predictable, and consistent, both over time
and with respect to neighbouring areas, to make the energy market as efficient
as possible.

7.2 Limitations and future research

Three of the publications that constitute this dissertation include a significant
modelling work, while one has a focus on written analysis. Their most important
limitations are as follows.

In Publication I, most limitations are related to the historical perspective
taken. There was no consideration of the risks of committing to purchasing
electricity from the intra-day market. The case site was assumed to be a price
taker in the regulating power market, while also taking up a significant share
of the whole market. This is not realistic, and the simulation of the regulating
power market could produce more realistic results. The development of the spot
market versus the development of the other two markets is not considered in the
publication, and only one set of prices was analysed. New modelling rounds with
for example Monte Carlo simulations would be useful for assessing the stability
of the results. For analysis of the risks related to the physical operation of the
case site, the reader is directed to Section 5.4. of Publication I.

The most important limitations of Publication II and Publication IV are as
follows. The modelling of fuel distributions in thermal electricity (that is offered
to the market) and DH production is modelled in a static way with no account for
the flexibility or limitations in DH networks. Import and export with external
markets are handled as fixed flows based on the reference year, and future
transmission lines are not considered. A better representation of the external
markets could affect the results in important ways. The history-based analysis
was chosen to keep the impacts of Nordic developments clearly visible. Fuel
price development, inflation, and other financial phenomena such as long-term
agreements were not considered. Fuel prices themselves did not take into
account the different locations of countries, which necessarily affect the prices
of the fuels. The method of modelling hydro power production was novel, and
the methods used have not been validated. In Publication IV, LHP capacity is
added to the hours that have a low electricity market price in the base scenario.
The addition significantly increases the price on these hours. In future research,
the LHP capacity addition should be made incrementally, so that the LHP
production distribution would be more realistic.

In Publication III, the analysis is done for a single country without considering
similar changes in the surrounding market area. The analysis is mostly based
on current literature and company reports, many of which also take into account
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the multi-national market (and a certain future projection), in one way or the
other. Thus, there is some discrepancy between the scenario and what the
analysis is based on. The modelling part of the work is based on a simple model
with, for example, a fixed fuel price and variable costs for the plants. Especially,
the fixed price of wood pellets should be made dynamic in future research, as the
consumption of the fuel grows in some modelled situations to nationally large
volumes.
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8. Conclusions

The publications in this dissertation have discussed three major themes: IDSM,
the future of CHP in the Nordic area, and the impacts of increasing LHP use
in Nordic DH production. All of these are aspects of sector integration between
heat and electricity.

The economically feasible IDSM capacity that a heat- and electricity-intensive
pulp and paper mill can offer to the regulating power market was discussed in
Publication I. This capacity has a strong price-dependence, and in the actual
operation of the electricity market it may be viewed as a supply curve, rather
than a single capacity. The major factors of the cost of the capacity are risk
costs, machine start-up costs, and electricity costs. The main conclusion is that
there is a high IDSM potential in the Finnish pulp and paper industry, but
the capacity is currently only partially feasible due to the low price level of
the regulating power market. Risks have a large impact on the IDSM costs
because the technical operation of the mill site process is inflexible. Stopping
and restarting the heavy machinery is uncertain and expensive, and the risks
cascade with each interlinked process.

Future developments of the Nordic electricity market were discussed in Pub-
lication II with a focus on CHP electricity production. The development of the
market price of electricity in the area hinges on the demand of electricity. The
energy policies in the interconnected countries are leading to a total increase in
electricity production capacity, with an increasing share of production with low
marginal costs. Without increasing electricity demand, the results indicate a
large oversupply, leading to a low market price of electricity. Moreover, even with
an optimistic increase in electricity demand, the market price is only indicated
to increase to about 40 e/MWh, at its highest. However, fuel price increases,
larger emission price increases, and additional transmission capacities around
the Nordic area can have an increasing impact on this price. A perpetually low
price level, such as the mentioned, will negatively impact investment in many
types of power plants.

The impacts of the above-described low electricity market price level is dis-
cussed in Publication III in the context of Finnish energy security. A lasting
low price level, combined with the upcoming ban on coal in normal energy use
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in Finland would notably decrease the CHP electricity production capacity in
Finland. The results of our analysis indicate no immediate technical issues
with generation adequacy, primary energy self-sufficiency or other issues of the
kind. However, the decrease in energy-efficient CHP electricity production may
impact the north-European energy system; it may lead to an increase in carbon
emissions, and a decrease in total energy efficiency. A potential increase in
Finnish biomass energy use may weaken the presupposed carbon neutrality of
biomass as a fuel. The global market of biomass-based fuels such as wood pellets
is in flux, which has implications for Finnish fuel acquisition, even though so far
there have been no serious problems.

The increase in VRE electricity production may open the door for increasing use
of LHPs in DH production, which is discussed in Publication IV. The increase of
LHP utilisation is indicated to decrease DH production costs in all scenarios. At
the same time, LHPs are indicated to increase the market price of electricity and
decrease the total fuel burning in DH production in the Nordic area. The market
price increase is the steeper the less underutilised electricity production capacity
there is in the scenario without LHPs. We expect the increased integration of the
DH and electricity markets to increase the maximum share of VRE in electricity
production, while allowing a higher renewable share for DH too.

The electricity and heating sectors are already interconnected. Deepening this
connection will bring increased flexibility to both sectors, and make possible
a higher share of renewable energy production. However, bringing and main-
taining the sector integration is dependent on it being profitable in the energy
markets. This aspect should be considered in all research on future energy
systems. International and coherent collaboration can help keep new energy
production investment economically feasible in the Nordic area.
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