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In this master’s thesis commissioned by Savon Voima LTD, a strategic roadmap is drawn
up, with the help of which Savon Voima LTD continues to develop the optimization system
for the Joensuu energy system owned by the company. In the theoretical part of the work,
the operation of the district heating system and optimization methods will be reviewed, as
well as the operating principle of sector integration. Also, Savon Voima LTD’s operations
are presented, especially in Joensuu. In the empirical part of the work, the needs of the
different stakeholder groups of Savon Voima LTD’s personnel for the optimization system
are clarified by interviewing, rough energy system operating models are drawn up in
different scenarios, and a strategic roadmap is created to support the development of the
optimization system.

Semi-structured interviews were chosen as the research method, with the help of which the
needs of different stakeholders for the optimization system could be clarified. The
optimization system aims to achieve the most economical production of district heat and the
most productive electricity production at a cogeneration plant without jeopardizing supply
security. In addition to the reliability of the optimization system, flexibility, scalability, and
the user interface’s intuitiveness emerged as essential criteria among stakeholders. The basic
principles become apparent from the rough operating models of the optimization system. A
more accurate simulation of the energy system would require, among other things, the
clarification of the missing parameters, for which the scope of the master’s thesis was
insufficient.

In addition to the goals of the optimization system, the strategic roadmap considers the
necessary resources, matters to be clarified, and the time windows for each phase of the
project. The service provider’s help is required to develop the optimization system due to
Savon Voima LTD’s limited resources.
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Tassd Savon Voima Oyj:n tilaamassa diplomitydssd laaditaan strateginen tiekartta, jonka
avulla Savon Voima Oyj jatkaa optimointijarjestelmén kehittdmistd yrityksen omistamalle
Joensuun energiajarjestelmaélle. Tyon teoriaosassa kdydéddn ldpi kaukoldmpdjarjestelman
toimintaa ja optimointitapoja, sekéd perehdytddn sektori-integraation toimintaperiaatteeseen.
Liséksi esitellddn Savon Voima Oyj:n toimintaa erityisesti Joensuussa. Tyon empiirisessi
osassa selvitetddn haastattelemalla Savon Voima Oyj:n henkildston eri sidosryhmien tarpeet
optimointijérjestelmille, laaditaan karkeat energiajirjestelmidn toimintamallit eri
skenaarioissa ja luodaan strateginen tiekartta optimointijérjestelmén kehittdmisen tueksi.

Tutkimusmenetelméksi valikoitui puolistrukturoidut haastattelut, joiden avulla eri
sidosryhmien tarpeet optimointijirjestelmélle saatiin selvitettyd. Optimointijdrjestelmén
tavoitteena on saavuttaa kokonaistaloudellisesti edullisin kaukoldammon tuotanto, sekd
tuottavin sdhkontuotanto yhteistuotantolaitoksella ilman, ettd toimitusvarmuus vaarantuu.
Optimointijarjestelmidn  luotettavuuden  lisdksi  joustavuus, skaalautuvuus  sekd
kéayttoliittymén havainnollisuus nousi sidosryhmien keskuudessa térkeiksi kriteereiksi.
Karkeista optimointijirjestelmén toimintamalleista kdy ilmi perusperiaatteet. Tarkempi
energiajarjestelmidn simulointi vaatisi muun muassa puuttuvien parametrien selvitysti,
mihin diplomityon laajuus ei riittényt.

Diplomityén  tavoitteen = mukainen  strateginen  tiekartta  ottaa  huomioon
optimointijirjestelmédn tavoitteiden lisdksi tarvittavat resurssit, selvitettivit asiat sekd
aikaikkunat kullekin projektin vaiheelle. Optimointijérjestelmén kehittiminen edellyttda
palveluntarjoajan apua Savon Voima Oyj:n rajallisten resurssien vuoksi.
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SYMBOLS AND ABBREVIATIONS

Roman symbols

P power [W]
p production price [€/MWh]
Q thermal energy [Wh]
S entropy [J/K]
T temperature [°C]
Subscripts

c cold

h hot

0 outside

S supply

Abbreviations

AEL Alkaline Electrolysis

CAPEX Capital Expenditure

CCU Carbon Capture and Utilization
CHP Combined Heat and Power

CO2 Carbon Dioxide

con Condenser

COP Coefficient Of Performance

DH District Heating

DN Diameétre Nominal (Nominal Diameter)
evap Evaporator

H> Hydrogen



HOB Heat Only Boiler

HP Heat Pump

/0 Input/Output

KPI Key Performance Indicator
o&M Operation and Maintenance
0)) Oxygen

OPC UA OPC Unified Architecture

P2X Power-To-X

PI Proportional Integral

PID Proportional Integral Derivative
PLC Programmable Logic Controller
pp percentage point

RES Renewable Energy Source

SCADA Supervisory Control And Data Acquisition
SNG Synthetic Natural Gas
SV Savon Voima Ltd

SWOT Strengths, Weaknesses, Opportunities, Threats
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1 Introduction

This master’s thesis commissioned by Savon Voima LTD (SV) concerns optimizing the
operation of the energy system in Joensuu. This thesis covers the theory related to energy
production, especially in district heating (DH), and methods to optimize the operation of
energy production. The empirical part of the thesis aims to create a strategic roadmap for SV
to help develop the energy system’s optimization system. The introduction presents the

background, subject, goals, exclusions, structure, and execution of the thesis in more detail.

1.1 Background

The energy transition towards carbon-neutral energy production is underway at a fast pace.
As a result of the energy transition, DH production has dispersed, and other ways of DH
production have come alongside traditional combustion. These ways include, among other
things, large-scale heat pumps (HP) and more efficient utilization of waste heat from various
sources, for example, industry. The share of intermittent renewable energy sources (RES),
i.e., solar and wind, in energy production is constantly increasing, increasing energy
production volatility. In addition, moving from a 1-hour to a 15-minute imbalance settlement
period is happening at the end of May 2023, which requires energy systems to be even more
flexible (Fingrid 2023). Different sectors will be more integrated into energy consumption
and production and function more in both roles as so-called prosumers. Also, storing heat in

DH batteries and customers’ demand response are hot topics.

SV aims to achieve carbon-neutral DH production by 2030 and is investing in the previously
mentioned ways to produce DH more environmentally friendly to accomplish its goal (Savon
Voima Ltd 2023a). Diversification of DH production increases the number of variables to
be considered and complicates it. Methods of optimizing energy systems, for example, DH
batteries and demand response, have been discussed in the literature in abundance. There is
very little information in the literature about an energy system with multiple optimization
methods, like in Joensuu. For these reasons, and to keep the production structure reasonable
and economical in the future, SV has recognized the need for an optimization system and

thus for this thesis.
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1.2 Subject and aim

The subject of this master’s thesis is a strategic roadmap for optimizing Joensuu’s energy
system. With the help of the thesis and the resulting strategic roadmap, SV will develop an
optimization system for the energy system with a service provider which enables the energy
system to function reliably and economically in the best possible way. Factors affecting the
operation of the optimization system include, for example, the heat demand of DH

customers, the costs of different forms of DH production, and the market price of electricity.

This thesis aims to find out the ideas and requirements of the various stakeholders for the
optimization system through semi-structured interviews and prepare a strategic roadmap for
which SV and a service provider will start developing the optimization system. With the help
of the thesis, SV’s staff wants to find answers to the questions regarding the development of
the optimization system. How should SV proceed in the development of the optimization
system? What things must be considered during the project? What requirements and needs

do different stakeholders have for the optimization system?

1.3 Exclusions

This thesis considers optimization system requirements and needs for DH and electricity
production. Some exclusions must be made to keep the thesis to an appropriate length. The
thesis will not present more detailed energy system simulations or ready-made technical
solutions for the company. Instead, guidelines in the form of a strategic roadmap are given
to help develop the optimization system. In addition, the optimization of the DH network,

i.e., operation and fluid mechanics, are mostly excluded.

1.4 Composition and execution

The thesis begins with the theory part, where different sources of information have been
applied. Firstly, a chapter about DH, where special attention is paid to the characteristics of
DH production and consumption. After this, some ways to optimize the production and
operation of the energy system will be discussed. In other words, the technologies in which

SV will invest and be involved in Joensuu.
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After the theory part, SV, and Joensuu’s energy system, owned by the company, will be
presented. It is necessary to study SV’s internal material, interview employees, and make
familiarization visits in Joensuu to the combined heat and power (CHP) plant, heat-only

boilers (HOB), and pumping stations to know SV’s operations.

The empirical part begins with an introduction to the research method used in the thesis, i.e.,
a semi-structured interview. The utilization of this qualitative research method and the
execution of the interviews are presented. After that, the stakeholders’ perspectives obtained
from the interviews are compiled and reviewed, and the operation of the future energy
system in different scenarios is considered. Before the conclusions and summary, the result
of this thesis, i.e., the strategic roadmap, is planned and drawn up. The views of the service
providers are mapped in addition to the interviews with SV’s personnel to plan and prepare
the strategic roadmap. The conclusions and summary encapsulate the essential aspects of

this thesis.
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2 District heating

DH is the most common way in Finland to fulfill a heat demand, which is relatively large
primarily due to the cold climate (P6yry 2018, 10). DH is a system where thermal energy for
space and hot domestic water heating is generated centrally in one or multiple DH production
plants and distributed in the DH network to different customers, i.e., residential, commercial,
and industrial. The heat transfer medium used to be steam, but nowadays, it is often water,
like in Finland. This change considerably reduced the heat losses in the DH network. The
three primary components in a DH are the heat production unit or units, the distribution

network, and the interconnection with the consumer. (ASHRAE 2013)

In this section, the theory of DH is gone through. First, general information about DH in
Finland will be reviewed, after which DH's production, consumption, supply, and costs will

be examined more deeply.

2.1 General statistics in Finland

The first DH networks were constructed in the 1950s to supply heat in urban areas in Finland
(Oy Armatec Finland Ab 2020). The operation of DH started to spread rapidly after the 1973
oil crisis (Koskelainen L. et al. 2006, 34). In 2020, DH corresponded 45 % market share of
space heating nationwide. This percentage included all previously mentioned customers.
Regionally in the larger cities, DH’s market share of space heating can be up to 90 %.
Therefore, DH has a massive role in space and hot domestic water heating now and in the

future. (Finnish Energy 2022)

Construction of the new DH capacity has continued, although signs of deceleration are
perceptible. The development of DH consumption and connected heat load of the customers

in Finland is presented in figure 1.
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Figure 1. DH consumption and connected heat load of the customers in Finland (Finnish Energy 2022)

Finnish Energy composes yearly DH statistics from member companies of Finnish Energy

that answered the statistical survey. General information on DH in 2021 compared to 2020

is given in table 1.

Table 1. General information on DH in 2021 and change compared to 2020 (Finnish Energy 2022)

Change compared

to 2020

Total supply

DH consumption

Customers:

DH production by fuels
Met production of electricity in CHP production
Fuel energy consumed

Heat recovery and heat produced by heat pumps

of which the share of dwelling houses

% The contracted heat power
% Building volume
% of which the share of dwelling houses

Average selling price

% Arithmetic value
% Weighted by sales

Total length of DH netwarks

39 100 GWh
33 700 GWh
9900 GWh
52 000 GWh
5 400 GWh
35 300 GWh
53,7 %

19 200 MW
1020 million m?
46,1 %

82,78 €/MWh
82,83 £/MWh

16 100 km

+162 %
+157%
+149%
+156%
+194 %
+173%

-18p.p.

+0,0%
+0,7 %
-0,2 p.p.

-1,3%
+0,7%

+33%
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As shown in table 1, DH production and consumption have increased by approximately 15
% from 2020 to 2021. However, customers’ contracted heat power and building volume have
remained almost identical. Differences in yearly average temperature explain this
phenomenon. The year 2020 was the warmest year measured in the history of Finland (4.8
°C), but the average temperature in 2021 was at a normal level (2.8 °C) (FMI 2020; FMI
2022). In a nutshell, colder weather leads to higher heat demand.

Heat recovery and heat production by HPs increased by 20 %. Albeit this is primarily due to
increased total DH production, the heat recovery and HP production increase is higher than
in total DH production. This indicates rising interest in waste heat utilization and non-
combustible heat production technologies. Further details on these topics are presented in

chapter 3.

The average selling price of DH stayed at the same level. There was a 3 % increase in the
total length of DH networks. DH is considered a desirable option to supply heat demand,
and the willingness to construct new DH networks continues. (Finnish Energy 2022) The

incremental trend in the total length of the DH networks can be seen in figure 2 below.

km
18 000

16 000
14 000
12 000
10 000
8 000
6 000
4 000
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0
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

Figure 2. The total length of the DH networks in Finland 1970-2021 (Finnish Energy 2022)
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There are multiple combustible fuel options for DH production on which biofuels, peat,
natural gas, coal, and oil are primarily used in Finland. Biofuels, for instance, wood chips
and pellets, are increasingly used in CHP plants and HOBs. At the same time, fossil fuels,
for example, oil and natural gas, are still being used in HOBs, but to a lesser extent. The
composition of fuel usage will significantly change, as the nationwide objective is to achieve
carbon-neutral DH by 2035 (Auvinen K. 2020, 1). (Mikeld V-M. & Tuunanen J. 2015, 35—
43) Energy sources for DH supply in 2021 and 2020 in Finland are presented in figure 3.

ol 2020

Forest fuelwood
22,9%

Forest fuelwood
21,4%

Heat supply

39,1 TWh Industrial
wood

residues

13,0%

Heat supply Industrial

33,6 TWh wood
residues
12,2%

Figure 3. Energy sources for DH supply in 2021 (left) and 2020 (right) in Finland (Finnish Energy 2022)

A slight increase in wood consumption and other biofuels can be noticed since wood and
biofuels are considered RES, an essential part of the carbon-neutral energy sector. Political
actions to decrease the utilization of peat in the energy sector have resulted in an
approximately 25 % decrease in DH supply with peat. The most surprising note is oil
consumption, which increased by 150 % in a year. This phenomenon can be explained by
the differences in yearly average temperature, discussed earlier in this chapter. The high
average temperature in 2020 reduced the operation of oil-powered HOBs, which cover peak
DH consumption. Nevertheless, discontinuing different fossil fuels will be pursued to

achieve carbon-neutral DH.
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2.2 Production

Nowadays, heat for DH systems is mainly produced in CHP plants, HOBs, or by excess heat
from industrial processes. CHP plants typically provide base DH load in more extensive DH
networks. HOBs are usually used in smaller DH networks or as the reserve capacity in more
extensive DH networks. Approximately 60 % of DH production capacity and 80 % of DH
supply are typically covered by CHP plants, which have higher investment costs but are
operated nearly continuously with a steady baseload. The rest, 40 % of DH production
capacity and 20 % of DH supply is covered by HOBs, which have lower investment costs
but operate only at peak loads, usually with more expensive fossil fuels, such as natural gas
or oil. Minimization of the overall expenses is the motivation for this kind of dimensioning.
(Poyry 2018, 12—-13) Typical dimensioning of DH production is presented as a duration

curve in figure 4.

Thermal power

0.8

Time

B CHP plant Haat plant

Figure 4. Typical dimensioning of DH production in a duration curve (Modified from Poyry 2018)

The composition of DH production will change in the future due to decreasing share of CHP
and HOBs and an increasing share of waste heat utilization and non-combustible heat
production. A declining share of cogeneration can already be seen in figure 5, where DH

supply and the percentage of cogeneration in Finland are presented.
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Figure 5. DH supply and the share of cogeneration 2000-2021 (Finnish Energy 2022)

The other influencing factor in the share of cogeneration is the year’s average temperature.
A lower year’s average temperature increases the use of HOBs in peak loads and decreases
the percentage of cogenerated DH. The price of electricity also affects the share of CHP
production. The high electricity price encourages more electricity production at the CHP
plant, resulting in more DH supply. These are the reasons why the share of cogeneration
fluctuates. Nevertheless, CHP will be essential in DH production’s future, especially in

winter when DH demand is high.

2.2.1 Combined heat and power plants

DH and electricity are produced in the CHP plant in the same process. CHP can be produced
in a steam, gas turbine, or engine power plant. The overall efficiency of a typical CHP plant
is 80 — 90 %, and the power-to-heat ratio is 0.5 (Koreneff G. et al. 2016, 6). In the steam
process, fuel, usually biomass, is combusted in the steam boiler to generate steam. Steam is
driven through the turbine, which rotates the generator and produces electricity. After that,
the steam goes through the heat exchangers, where heat is transferred into the water of the
DH network. Also, a flue gas scrubber, which removes dust and other impurities, and

recovers heat from the flue gases, can heat DH water (Raiko R. et al. 2002, 24). (Méikeld V-



19

M. & Tuunanen J. 2015, 24) A simple process diagram of the CHP plant is presented below

in figure 6.

Water Steam/Hot water ::> Heating ﬁ

5 ‘ | - Building/Facility

Steam

Boiler ) Generator ] Electricity
turbine W

Fuel

Gnid

Figure 6. Simple process diagram of a CHP plant (Modified from EPA 2022)

In the gas turbine process, hot combustion gases expand through the turbine, which rotates
the generator and produces electricity. Heat exchangers transfer thermal energy from the hot
combustion gases to the DH network. In the engine power plants, electricity is produced by
a generator. The thermal energy in the engine power plants’ cooling water and hot flue gases

can be utilized in DH via heat exchangers. (Mékeld V-M. & Tuunanen J. 2015, 24)

2.2.2 Heat-only boilers

In HOBs, only heat is produced in the combustion process. The heat from combustion is
transferred into the water of the DH network and, thereby, to consumers. HOBs have an
efficiency of approximately 85 —93 %, highly dependent on the used fuel, burning technique,
boiler design, and operation. The most considerable heat loss is in flue gas, which depends
on the flue gas’s oxygen (O2) content and outlet temperature. A flue gas scrubber can recover
and utilize part of this heat loss. The primary fuels used in HOBs are biomass, peat, oil, and
natural gas. Heavy and light fuel oil combustion in HOBs radically decreases due to
environmental and cost reasons. The two main types of HOBs are fire-tube and water-tube
boilers. (Koskelainen L. et al. 2006, 282) The basic schematics of both boiler types are

presented in figure 7.
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Figure 7. The basic schematics of fire-tube (left) and water-tube (right) boilers (Mech Content 2023)

In the fire-tube boiler, hot flue gases flow in one or multiple fire-tubes through a sealed water
container. The thermal energy of the flue gases is transferred in the water through the walls
of the tubes by thermal conduction. The volume of the water in the fire-tube boiler is larger
than in the water-tube boiler. The power of the fire-tube boiler is usually 15 MW per fire-
tube at most. In the water-tube boiler, the water flows in water-tubes through hot flue gases.
The thermal energy is transferred in the same way as in a fire-tube boiler. The volume of the
water in a water-tube boiler is smaller than in a fire-tube boiler. Of these two types, the

water-tube is more used in Finland. (Koskelainen L. et al. 2006, 282-283)

2.3 Consumption

DH customers can be divided into residential, commercial, and industrial groups. The shares
of DH consumption among these customers in Finland in 2021 were 53.7 %, 36.8%, and 9.5
%, respectively (Finnish Energy 2022). Figure 8 shows how the annual DH consumption of

a residential building is distributed according to the purpose of use.



21

= Room heating
= Heating of ventilation
= Heating of water

Figure 8. Distribution of the annual DH consumption of a residential building according to the purpose of use
(Modified from Koskelainen L. et al. 2006, 51)

The application of DH consumption in residential buildings varies according to the outside
temperature. In the winter, a significant share of the DH is consumed to heat rooms and

ventilation air, while in the summer, almost all the DH is utilized to heat domestic hot water.

Over time, the energy efficiency of DH consumption has increased due to technological
development in the energy and construction sector and austerity energy measures
(Koskelainen L. et al. 2006, 36). The increased energy efficiency can be proven by figure 9,

where the downward trend of the specific heat consumption in district-heated buildings can

be seen.
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Figure 9. Specific heat consumption in district-heated buildings, including the heating of domestic hot water
(Finnish Energy 2022)
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The decline of specific heat consumption has started to slow down since the 1990s.
Somewhere in the future, the reduction of specific heat consumption will moderate when,

for instance, the theoretical limit of insulation of the buildings is nearly approached.

2.3.1 Variation in consumption

The DH consumption varies in all time frames, from hourly to yearly level. Influencing
factors are space heating demand, domestic hot water consumption, and industrial processes’
plausible heat consumption. The first two of these fluctuate the most, while the heat
consumption of industrial processes usually stays relatively stable. DH is rarely produced
with a maximum capacity. In Finland, the utilization period of the maximum DH load is
approximately 3200 h/a. For example, DH demand in summer is only around 10 % of the

demand in winter, as seen in figure 10. (Koskelainen L. et al. 2006, 41; 59)
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Figure 10. Estimated monthly DH demand in Finland 2016-2021 (Finnish Energy 2022)

Figure 10 also confirms that the annual outside temperature variability is the most significant
factor in DH consumption variability. The weekly and hourly variation in DH demand is less

cognizable than the yearly variation. (Gadd H. & Werner S. 2013, 178-179) The average



23

DH demand curves of one week in an apartment building with continuous heating located in

Sweden can be seen in figure 11.
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Figure 11. The average DH demand in an apartment building with continuous DH in Sweden. The annual heat
supply is 2484 MWh (Gadd H. & Werner S. 2013, 179)

One can see in figure 11 that DH consumption variation follows the natural daily rhythm of
humans. This is the so-called social load. At the hourly level, DH consumption spikes can
be seen in the morning when people wake up and in the afternoon when they return from
work. DH consumption spikes on weekends are more moderate and occur at different times
compared to weekdays. This is affected by the change in social load and lower DH
consumption of specific customers, such as office buildings. Daily DH consumption peaks
are most affected by domestic hot water consumption variations in the morning and evening.
Also, the increasing air conditioning power in office buildings is one of the main reasons for

the morning peak DH consumption. (Koskelainen L. et al. 2006, 41-42)

2.4 Network

The DH network is an integral part of the whole DH system because it allows centralizing
DH production in one or multiple plants, from where DH is distributed to the customers. It
is also the most expensive component in the DH system due to the large amount of

constructed piping. Therefore, the DH network piping should last at least 30 to 50 years
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based on the design pressure of 16 bar (Koskelainen L. et al. 2006, 137). (Mikeld V-M. &
Tuunanen J. 2015, 50)

The DH network is a closed loop comprising the same-sized supply and return pipes running
next to each other. In Finland, the DH network consists of two pipes, but other applications
with a different number of pipes are being used in foreign countries. The DH pipes leaving
and entering the production plants are the largest. The size of DH pipes decreases as the
amount of transported DH decreases. Preinsulated bonded pipes were introduced to the DH
networks in the mid-1970s in Finland, and after that, other pipe types in the construction of
the new DH networks were displaced quite rapidly. DH pipes are usually installed
underground, but sometimes on the ground or inside buildings or other structures, if
necessary (Mékeld V-M. & Tuunanen J. 2015, 50). Heated water runs in the supply pipe and
reaches the DH customer, transferring heat to the customer through a heat exchanger. The
cooled water from the customer is returned via a return pipe to the DH production plant or
plants, where the water is heated again. Fedded power in the DH network depends on the
flow rate of DH water and the temperature difference of supply and return water. Since the
same water is recycled continually, cleaning mechanical impurities and removing the gases
that might cause corrosion is crucial. The DH network must be repaired and renewed from
time to time to avoid and stop leaks and other problems. (Koskelainen L. et al. 2006, 43;

137-138; 335)

Weather is the most affecting factor in the requisite temperature of the supply water.
Unnecessarily high supply temperature is being avoided to minimize heat losses in the DH
network. The supply water temperature is adjusted at the hands of the DH producer after the
control curve to meet the customers’ needs. Usually, the DH operators have developed their
optimal control curves based on previous tests and experience. The temperature in the supply
pipe varies between 65 °C and 115 °C depending on the outside temperature (Finnish Energy
2023a). (Koskelainen L. et al. 2006, 335-336) An example of a control curve that shows the
dependence of the supply water temperature on the outside temperature is presented in figure
12.
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Figure 12. The supply water temperature (subscript s) as a function of outside temperature (subscript o)
(Modified from Koskelainen L. et al. 2006, 336)

The return temperature, along with the supply temperature, is an essential parameter in terms
of system efficiency. The cooler the DH water returns to the production plant, the more
efficiently the produced DH has been transferred to the customers. The return water
temperature varies between 40 °C and 60 °C (Finnish Energy 2023). The decrease in return
water temperature reduces heat losses and improves the heat recovery capacity of the
production plant’s flue gas scrubber if one is installed (Koskelainen L. et al. 2006, 335).
(Leoni P. et al. 2020, 1-2)

The temperature of the soil surrounding DH piping is directly proportional to the heat losses.
Heat losses are approximately 10 — 20 % in smaller DH networks, where the average pipe
size is DN 50, and 4 — 10 % in more extensive DH networks, where the average pipe size is
DN 150 or more. Higher heat losses in smaller DH networks are caused by a relatively larger
lateral surface area compared to the water transfer capacity. An excessively rapid change in
the supply water temperature must be avoided as it causes thermal stress to the DH network.
The supply temperature gradient is recommended to be no more than 0.17-0.34 °C/min. The
maximum value of the difference in the supply temperature fed by two or more heat plants

to the same DH network is 10 °C. (Koskelainen L. et al. 2006, 203; 337)

The adequate pressure in the DH network is maintained mainly by water pumps in the
production plant to avoid evaporation of circulating water in any part of the DH network. As
the DH network’s size increases, the DH network’s pressure loss increases. Booster pumps
located further from DH production plants are used to supply enough pressure for the most
remote customers. All segments of the DH network are dimensioned according to peak DH

consumption. The rule of thumb is to ensure a pressure difference of 0.6 bar for all DH
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customers. The standard dimensioning value for the pressure loss is 0.5 — 2 bar/km per pipe.
Therefore, total pressure loss is 1 — 4 bar/km for piping when both supply and return pipe is
considered. (Koskelainen L. et al. 2006, 44; 155)

2.5 Interconnection with the customer

Each customer is connected to a DH network via a customer-specific heat distribution center.
The DH network and the customer’s heating system are separated by a heat exchanger,
transferring heat from the DH network to the customer’s heating system. The high pressure
and temperature in the DH network compared to the customer’s heating system make the
heat exchanger essential. Usually, there are separate heat exchangers both for the space
heating and domestic hot water systems. Customer-specific thermostat, together with
building automation, provides individualized heat delivery. Automation of the customer’s
heat unit adjusts the mass flow of the DH water with a control valve to match the heat
demand of the customer. The variation of the heat consumption of the customer reflects
identically in the DH network (Koskelainen L. et al. 2006, 44). (Mékeld V-M. & Tuunanen
Jetal. 2015, 64-65)

2.6 Production costs

This chapter examines the costs of producing DH. Figure 13 shows an example of the cost

structure of a CHP plant on an annual basis with different biofuel shares.
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Figure 13. Example of the cost structure of a CHP plant on an annual basis with different biofuel shares.
O&M = operation and maintenance, CAPEX = capital expenditure (Hurskainen M. et al. 2016)
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As seen from figure 13, fuel as a variable cost constitutes the most significant part of the
total costs of DH production. Among fixed costs, the capital costs of fixed asset investments
make up the second largest part of total costs, of which the majority are the costs of

production facilities and DH systems.

2.6.1 Variable costs

The variable costs of DH production increase when the production of DH increases. The
highest variable costs are fuel purchases, fuel and production taxes, additives, emission
rights, self-use electricity, and additional water. However, fuel costs always make up the
largest part of DH when heat is produced by combustion. The consumption of additives

increases as the amount of combustion increases. (Koskelainen L. et al. 2006, 465)

In addition to fuel, self-use electricity is a significant variable cost item. Electricity is
consumed especially for moving solid fuel and recycling water. In addition to variable costs,
the costs of the facility change according to the number of starts. Large CHP plants usually
must use a lot of natural gas or fuel oil for preheating, which causes costs at each start-up.
Also, start-up takes a long time, so if electricity and DH must be produced with more

expensive fuels during start-up, start-up costs will increase considerably. (Koskelainen L. et

al. 2006, 465)

2.6.2 Fixed costs

Fixed costs remain constant regardless of the amount of DH produced. Capital costs and
running fixed costs are fixed costs arising from DH production. Capital costs required for
DH production focus on the initial phase of operations and cause a significant need for
financing. Also, investments in the system continue yearly depending on production growth
and the direction and amount of development. Capital costs mainly consist of buildings,
machines, and equipment for producing and transferring DH. Running fixed costs include

operation, maintenance, external services, rent, insurance, salaries, and other personnel

costs. (Koskelainen L. et al. 2006, 465)
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3 Optimization of district heating

Many different technologies and operating models have been developed and put into service
to improve the energy efficiency and sustainability of energy systems. The operation of the
DH system can be optimized by utilizing these technologies and operating models. There
are tons of ways to do this. This chapter presents only a fraction of the different ways to
optimize the energy system. More specifically, methods already in use and upcoming

investments in Joensuu.

At first, HPs are examined since they allow effective DH production from electricity,
especially when the electricity price is low and a higher temperature heat source, for instance,
waste heat from industry, is available. Possible waste heat sources in Joensuu are reviewed
after the HP chapter. After that, ways to store heat and demand response which can be used
to shift production from expensive times to cheaper ones, are examined. Finally, sector
integration will be discussed, with which, for example, the energy system's flexibility

brought by the methods mentioned earlier can be utilized even more efficiently.

3.1 Heat pumps

Waste heat originates from a variety of exothermic processes. Some waste heat, such as the
heat generated during thermal power generation, has the necessary temperature level for
direct usage in the DH systems. The waste heat temperature from some processes needs to
be raised for direct usage. Large-scale HPs can be used to increase the temperature of low-
temperature waste heat to the right level in an energy-efficient manner. (David A. etal. 2017,

2)

An HP is an electrically driven device that transfers thermal energy from a colder heat source
to a warmer, more valuable form (Industrialheatpumps.nl 2023a). HPs can have a coefficient
of performance (COP) of 2 — 6, the ratio of produced heat and consumed electricity
(Government of Canada 2022). That is why HP is a potential way to utilize excessive, cheap
electricity for multiple amounts of heat. COP strongly depends on the magnitude of the

required temperature rise and the temperature level of the heat source. Figure 14 shows the
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relationships between the evaporator temperature (heat source temperature), the condenser

temperature (final temperature), and COP.
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Figure 14. Heat pump COP as a function of evaporator temperature at different condenser temperatures
(Industrialheatpumps.nl 2023b)

The higher the required temperature rise, the lower the COP. Therefore, the higher the heat
source temperature, the smaller the magnitude of the necessary temperature rise and the
higher the COP. Based on figure 14, the COP also increases slightly if the temperature
increase remains constant, but the temperature of the heat source rises. Different heat transfer
types for HPs are geothermal, air-to-air, water-to-water, air-to-water, and vice versa (Grassi

W. 2013, 9). (David A. et al. 2017)

HP sales are snowballing. In Finland, almost 200,000 HPs were sold in 2022, 50 % more
than in 2021 (SULPU 2023). Heat consumers outside the DH network are interested in
replacing outdated heating systems with HPs due to fluctuating and increasing electricity
and fuel prices. Also, DH companies have shown a growing interest in integrating large-
scale HPs into current DH networks, as they will have a remarkable role in achieving carbon-
neutral DH systems in the future. Since July 2022, HPs generating DH have been entitled to
a lower, tax class II electricity tax. This change aims to lower the investment bar and speed

up the transition to carbon-neutral solutions. (Tax Administration 2022)

HPs can be further divided into compression and absorption HPs. Only the working principle
of compression HP is examined in this paper because absorption HPs cannot integrate the
increasing amount of intermittent RES as effectively as compression HPs. Absorption HPs

serve better, for example, in utilizing geothermal energy. Only compression HPs are being
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discussed in this paper since there are no currently upcoming geothermal energy investments

in Joensuu. (Vad Mathiesen B. et al. 2011, 3)
3.1.1 Working principle of a compression heat pump

The compression HP consists of a compressor, an expansion valve, a condenser, and an
evaporator (Grassi W. 2018, 5). A fundamental principle of a compression HP and its work

cycle in the T, s -diagram are presented in figure 15.
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Figure 15. A fundamental principle of a compression HP (left) and work cycle in the T, s -diagram (right).
Subscripts ¢ = cold and h = hot (Modified from Grassi W. 2018, 5)

The compressor maintains the pressure drop between the evaporator and condenser to sustain
proper phase change temperatures, allowing interaction with external sources. The
expansion valve irreversibly takes the refrigerant from the condenser’s pressure to the
evaporator’s pressure. In the condenser, superheated vapor from the compressor is de-
superheated first and then condensed to liquid form with some subcooling level, preventing
vapor from entering the expansion valve. The refrigerant releases its thermal energy in the
condenser. The mixture from the expansion device vaporizes in the evaporator. The
evaporator can be either wet if the exiting vapor is saturated or dry if the exiting vapor is

superheated. In the wet evaporator, a separator is needed to prevent liquid from entering the
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compressor. In the dry evaporator, superheated vapor does not require a separator. (Grassi

W. 2018, 15)

3.1.2 Heat pumps in district heating

HPs have been operating in European DH systems since the 1980s. David A. et al. did a
survey in 2017, where information from 149 HPs used in DH was gathered. According to
this survey, sewage, ambient water, and industrial waste heat were the most utilized heat
sources. COPs of the HPs were between 2.65 and 6.3. The temperature range of heat sources
was between 0 °C and 60 °C and achieved supply temperatures varied between 43 °C and
90 °C. Therefore, HPs can utilize low-temperature heat sources and heat DH water to a high
enough temperature to use directly in warmer months or at least to preheat the return water
of the DH network. The highest heat output capacity for the HP facility was 100 MW,
equivalent to the heat power of a medium-sized CHP plant. Some of the newest HPs
constantly operated to achieve shorter payback time for the investment. In contrast, some
HPs were operated for 4000 — 7000 hours a year according to electricity price or in the

heating season. (David A. et al. 2017)

3.2 Waste heat from the industry

According to the European Parliament and Council Directive (EU 2018/2001), the definition

of waste heat and cold is following.

“Unavoidable heat or cold generated as a by-product in industrial or power generation
installations, or in the tertiary sector, which would be dissipated unused in air or water
without access to a district heating or cooling system, where a cogeneration process has

been used or will be used or where cogeneration is not feasible.”

The industry generates a lot of waste heat. Approximately 37 % of the industry’s energy
consumption is converted to waste heat. Annually, 54 TWh of heat energy from process and
flue gases, waste and cooling water, and exhaust steam is released into the environment in
Finland. Approximately 16 TWh could be utilized from that quantity (Motiva 2019, 5). Cost-

effective exploitation of waste heat sources is possible only if the unit is sufficiently large
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and connected to the DH network. In the industry sector, the most effective way is to utilize
waste heat in the same process where it is generated. After that, the second most effective
way is to use waste heat in the same facility where it is generated. If a sufficiently large heat
power remains unutilized after that, it is worthwhile to investigate the possibility of

exploiting it outside the facility, for instance, in DH production. (Motiva 2013)

Almost all industrial processes generate waste heat. Some potential waste heat sources from
different industries and processes are presented in the following subtitles. Covered industries
and processes in this thesis concern planned investments in Joensuu, such as premeditated
biochar and synthetic natural gas (SNG) facilities to which SV is related. Further information

on these investments is in chapters 4.3.1 and 4.3.2, respectively.

3.2.1 Carbon capture and utilization

Carbon capture requires a lot of energy. The waste heat from the process can be used in the
production of DH. Carbon capture can be carried out in three different ways. Pre-
combustion, i.e., carbon dioxide (CO») is captured before burning, oxyfuel, i.e., with O
combustion technology, and post-combustion, i.e., CO> is recovered after combustion. The
post-combustion method is gone through in more detail as the premeditated SNG facility in
Joensuu will capture CO> from the flue gases of the existing CHP plant in winter and from
the flue gases of the biochar facility in summer. The existing CHP facility will be examined

later in the thesis. (Kuparinen K. et al. 2019, 1220)

COz recovery after combustion suits well in separating CO> of the flue gas from biomass-
fired CHP plants. The process starts with the usual combustion of biomass in a CHP plant.
CO; is separated from cooled-down, low-pressure, impurity-free flue gases with a CO;
content of about 3 — 15 vol-%. Chemical solvents are used in CO separation. Solvents
suitable for the process include monoethanolamides, dimethylethanolamine, and
diethanolamine, which absorb CO> well. After this, the solvent absorbs the CO; in the
scrubber column. The formed liquid is removed to the evaporation column, where the CO»
contained in the solvent is separated into a gaseous form by changing pressure or heating.
The CO»-free solvent is taken back to the scrubber column for reuse. A little solvent is

usually needed to change every round. (Teir S. et al. 2011, 13-14)
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Utilizable waste heat is generated in the CO> separation process, where transferred thermal
energy to the cooling water can be used as a heat source for an HP (Teir S. et al. 2011, 13—
14). The amount of waste heat is tens of percent of the energy used in capture depending on
many factors, such as the chemical solvent used and the characteristics of the flue gas.
Approximately 90 % of the waste heat from the carbon capture process is around 30 °C,
which could be utilized as a heat source for HP. The rest 10 % of the waste heat is roughly

130 °C, which could be used directly to heat DH water. (Rynd R. 2012)

3.2.2 Hydrogen production by electrolysis

Premediated SNG facility will likely produce the necessary hydrogen (Hz) itself in an
alkaline electrolysis (AEL). Therefore, AEL will be examined in this thesis, albeit there are
multiple ways to produce H>. The premeditated electrolyzer will be further reviewed in

upcoming chapters.

In the AEL, H> is produced through electrolysis using a direct current to break down water
molecules into Hz and O». In water electrolysis, H> gas is formed at the cathode and O, gas
at the anode. Due to pure water’s high electrical resistance, 2040 % sodium hydroxide or
potassium hydroxide aqueous solution is employed in industrial AEL instead of pure water

as the electrolyte. (Isao A. 2009, 2)

Approximately 60-70 % of the electricity input is transferred to the end product. The residual
energy is dissipated to heat. The operating temperature of the AEL is 60-90 °C, after which
the waste heat temperature is at that level at its maximum. The waste heat from the AEL can
be used to preheat the DH network’s return water or to heat the supply water if primed by

HP. (Bshm H. et al. 2021, 31939)

H> is commonly regarded as a feedstock material required to decarbonize CO2-intensive
sectors like ammonia and steel production in addition to its usage as an energy carrier.
Therefore, there are other uses for H» if excessive production for the SNG facility’s needs

occurs. (Bohm H. et al. 2021, 31939).
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3.2.3 Synthetic natural gas production by methanation

Two different ways to produce SNG are biological and catalytic methanation, based on the
Sabatier reaction (Lecker B. et al. 2017, 1220; Gotz M. et al. 2016, 1375). Only catalytic
methanation will be discussed in this paper, as the premeditated SNG facility in Joensuu will

use that technology.

Catalytic methanation is a process wherein the Sabatier reaction, CO», and H are converted
into methane and water. Used catalysts are nickel, ruthenium, rhodium, and cobalt oxides,
for which other oxides can be used as a support. Commercial units typically operate in the
temperature range of 250 — 400 °C. The Sabatier reaction is exothermic, i.e., it generates
heat to the environment. The methanation equipment must be cooled so that the temperature
of the catalyst does not rise too high. Transferred heat to the cooling water can be utilized to
produce steam for industry or heat water for the DH system. (Gotz M. et al. 2016, 1375;
1381)

SNG is chilled and liquefied in a refrigeration process. The liquefaction process is based on
the refrigeration cycle, where refrigerant removes the heat content of the gas to the ambient
air or cooling water by successive expansion and compression. Thermal energy from the
liquefaction process can be primed by HPs and utilized in the DH system. SNG production
suits particularly well for long-term electricity storage because methane storage is

inexpensive, and losses are negligible (Ikdheimo J. 2017, 173). (Mokhatab S. 2014, 9)

3.2.4 Biochar production by torrefaction

Torrefaction is a pretreatment process where biomass is converted to biochar. Biochar can
be used for soil improvements, filtration, as a fuel in CHP plants or gasification, as a potential
feedstock for chemical industries, or as a substitute for coke in a blast furnace. (Basu P.
2013, 87) In Basu’s book “Biomass gasification, pyrolysis, and torrefaction practical design

and theory” in 2013, torrefaction was described as follows.
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“A thermochemical process in an inert or limited oxygen environment where biomass is
slowly heated to within a specified temperature range and retained there for a stipulated
time such that it results in near complete degradation of its hemicellulose content while

maximizing mass and energy yield of solid product.”

Heating is done either by a hot inert gas or by indirect heating. First, biomass is air-dried at
70 °C for one hour. Then the oven temperature is raised to 110 °C, and intrinsic moisture
within the wood’s pores evaporates. The temperature is raised to 140 °C, accelerating the
intrinsic moisture evaporation, and minimal chemical decomposition is observable. The
chemical decomposition continues to accelerate when the temperature is raised to its
maximum, approximately 250 — 300 °C. In the end, biomass converted to biochar has
retained approximately 90 % of its original energy content but only approximately 30 % of
its mass. Energy yield is almost at the same level as in conventional coal. (Basu P. 2013, 95—

96)

The volatile gases formed during torrefaction can be burned, and the generated heat can be
further utilized in torrefaction. Also, waste heat is generated in the torrefaction process,
which is mildly exothermic. The operating temperature at the end is 250 — 300 °C. Waste
heat is usually used in the process itself to dry biomass or to preheat burner air. However,
the waste heat can be used to produce DH as such if it is left over after utilization in the

process.

3.3 Storing of district heat

Heat storage allows more flexibility in the operation of the DH system. By storing DH, the
CHP plant’s electricity production can be scheduled for the most expensive hours, which
results in a better profit from the sale of the produced electricity. In addition to optimizing
electricity production in the CHP plant, heat storage can be exploited to flatten peak DH
consumption and production. This can be done by charging heat during low DH consumption

and discharging it during high DH consumption.

There are chiefly three ways to stock heat in the DH system. Firstly, buildings connected to

the DH network can store thermal energy in their structures. Secondly, thermal energy can
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be accumulated in the water circulating in the DH network. Thirdly, surplus thermal energy

can be stored in a DH battery. (Poyry 2018, 17)

3.3.1 Heat stored in the structures of buildings

Heat storage in buildings is based on the ability of buildings’ structures to bind heat energy.
Energy savings can be achieved with the help of reserved energy, and accumulated thermal
energy can help to smooth out the DH demand peaks in the mornings and evenings.
Buildings can be heated before peak DH demand, at which point the heating of the building
can be cut down during the peak DH demand. Additionally, the power of the air supply unit
can be increased step by step after a weekend when the indoor temperature is purposely
decreased, for example, in public buildings. Also, temporary restriction of the heating power
during peak domestic hot water consumption smoothens overall DH demand. However,
these measures must be implemented in such a way that the customer does not experience a
decrease in living comfort. The new buildings’ more stringent energy -efficiency
requirements increase insulation and, therefore, the ability to store heat, improving

possibilities to even peak DH demands. (Poyry 2018, 17-18)

3.3.2 Heat accumulation in the district heating network

Thermal energy can be temporarily accumulated in the DH network when an increase in DH
consumption is foreseeable (Poyry 2018, 18). Accumulation is usually used to equalize the
DH consumption peak in the morning, which lasts a few hours. Therefore, the use of oil in
DH production can be cut. When the supply water temperature is increased more than regular
operation requires, excess heat is accumulated in the DH network. The accumulation
discharges when the higher temperature supply water reaches the DH customers. Typically,
the supply water in the DH network is approximately 5 — 15 °C warmer than usual, and the
charging duration is 2 — 3 hours. Therefore, the amount of heat stored in the DH network is
individual percentages of the entire day’s DH consumption. (Koskelainen L. et al. 2006,

389)

When the DH network is accumulated, CHP plants can produce more electricity, thus

earning additional income at high electricity prices. Heat exchangers of the customer adjust
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mass flow to keep the return temperature of the water constant. The DH network’s charging
capacity decreases when the supply water’s increased temperature decreases the supply
water’s mass flow, and consumption corresponds to demand. Heat can also be accumulated
in the return pipe of the DH network, in which case the return pipe must be dimensioned
according to the temperature of the supply water. Another way is to let the temperature of
the supply water drop below the guideline value and simultaneously increase the mass flow
of the supply water. Heat deficit in the DH network is later restored by normalizing the
temperature of the supply water. If needed, only a particular part of the DH network can be
accumulated by installing bypass valves. (Koskelainen L. et al. 2006, 389)

The increase in DH consumption might be challenging to predict as it is highly dependent
on weather conditions. If the weather conditions differ from what was forecasted, the heat
accumulation of the DH network does not discharge premeditatedly. In that case, CHP
production must be reduced, reducing electricity production and its income. (Poyry 2018,

18)

3.3.3 District heat batteries

DH batteries can be either long-term or short-term storage. In the case of a DH battery, short-
term storage means duration of storage from hours to days, and long-term storage means
duration of storage from months to years. Long-term DH batteries are based on phase
transition or thermochemical reactions. Phase transition of certain substances absorbs heat.
The most used substances in heat storage are salts, paraffin, and fatty acids. For example,
salts absorb heat when melted and emit heat when crystallized back to solid form. Charge
capacity can be up to three times more compared to water. Salt storage loses its’ capacity
after a certain number of charges and discharges due to the partial irreversibility of
crystallization of the salts. Salts also corrode metal. Therefore, these heat storages are not
widely used. Because thermochemical storages are still in a developmental phase, those will

not be discussed further in this thesis. (Koskelainen L. et al. 2006, 385)

Short-term heat storing can be executed by storing water in an insulated reservoir, where the
water acts both as heat storing volume and transferring medium. The storage capacity of
water is approximately 1.16 kWh/m’K. The water is stratified according to its density.

Therefore, the warmest water is at the top of the reservoir, and the coldest is at the bottom.
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The water can be stored in steel or concrete containers, or rock caverns. The DH battery
coming to Joensuu is a steel container based on the technology in question. (Koskelainen L.

et al. 2006, 386)

Steel container storage is an insulated cylindrical container mounted upright and stagnant on
the ground or underground, partly or entirely. Smaller containers are usually pressurized, but
larger containers are pressure-free due to high expenses. The water temperature in a
pressure-free container cannot exceed 100 °C due to the vaporization of the water. Larger
pressurized containers are built for 0.5 — 2 bar of excess pressure to allow water to be heated
up to 115 °C, corresponding to the maximum supply water temperature in a common DH
network. Smaller pressurized containers can be constructed to the pressure level of the DH
network, in which case pressure reduction or deduction is not needed between the storage
and the DH network. The thermal energy of the storage is charged and discharged through
diffusers. (Koskelainen L. et al. 2006, 386)

Concrete containers function the same way as steel containers, but concrete containers are
built pressure-free due to high costs. Lime and other impurities in the concrete dissolve into
the water, which coagulates at high temperatures. Therefore, a heat exchanger must always

connect the concrete container to the DH network. (Koskelainen L. et al. 2006, 389)

Heat can also be stored in rock caverns and pits. Due to the large amount of water, energy
can be stored in these for a more extended period than in insulated tanks. Rock cavern storage
is an underground, rectangular, non-insulated container. The rock’s quality, durability, and
condensation must be considered when converting a cavern to a heat storage. Typically, the
structures of the rock cavern must be sealed and strengthened, which might be expensive.
The water temperature can exceed 100 °C due to high pressure in the rock cavern. Since rock
cavern storages are non-insulated, thermal losses are quite high in the first years of
initialization. A certain kind of stationary condition is achieved in around five years, after
which the surrounding rock absorbs thermal energy and thermal losses decrease

significantly. (Koskelainen L. et al. 2006, 387)
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3.4 Demand response in district heating

In demand response, the DH consumption is transferred from the most expensive hours to
the cheaper ones without degrading the DH service for the customers. It leads to reduced
peak DH demand while the overall DH demand stays constant. Decreased peak DH demand
cuts the utilization need for more expensive peak DH production units. This improves the
economic efficiency of DH production and reduces environmental hazards. Demand
response in the DH is executed by momentarily lowering or restricting the water temperature
in the customer’s heating system. However, the lowering or restriction must be short-term

or minor so that the customer’s living comfort does not deteriorate. (Valor Partners Oy 2015,

3)

It is important to remember that the details of the DH systems differ remarkably from each
other when examining the sources and the potential of the demand response. The
composition of the DH production and network, the profile of the DH consumption, and the
DH storage capacity are good examples. These affect the implementation model and the
potential of the demand response. In some systems, demand response improves the
utilization rate of a certain production unit, in some cases to minimize the use of oil HOBs,
and in others to optimize the timing of CHP production at times of expensive electricity.

(Valor Partners Oy 2015, 3)

The basis of commissioning demand response in the DH network is that it must lead to
considerable financial savings, which can be shared between DH company and customers.
In other words, executed actions of singular customers are only beneficial if they can be
detected at the system level. Depending on the DH system, DH companies have estimated a
realistic assumption of 1 — 3 % savings in annual costs through demand response. The
potential is the highest in the DH networks, where the price difference between base and
peak production is substantial, and production units are dimensioned scarcely. Time wisely,
demand response potential is highest when daily temperature differences are highest, i.e., in

spring and autumn. (Valor Partners Oy 2015, 3)
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3.5 Sector integration

The target to achieve carbon-neutral DH systems has advanced by changing the fuel used in
CHP plants and HOBs from fossil fuels to biomass. However, a carbon-neutral DH system
requires more biomass sources than is sustainable to exploit. Recovering waste heat from
various sources and utilization in DH production, heat storages, and electrifying the heating
sector with large-scale HPs will be vital in achieving a sustainable 100 % renewable DH
system. The increasing amount of intermittent RES, for instance, solar and wind, requires
more flexibility from the energy system. Flexible energy systems, including integration
between the transportation, electricity, and heating sector with various technologies and
energy sources, allow response to the quick variation in the composition of production and
energy absorption as soon as it is generated. (Neves J. & Vad Mathiesen B. 2018, 3) A

simplified example schematic of the so-called smart energy system (SES) is presented in

figure 16.
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The link between the heating and electricity industries is feasible by combining large-scale
HPs, CHP, electricity and thermal storage, and synthetic fuel production. This allows for the
flexible and efficient use of different energy sources and the immediate absorption of low-
cost electricity as it is produced. Electricity prices are forecasted to decrease and be leveled

in Finland due to new electricity production, such as Olkiluoto 3, and a lot of new wind
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power (Finnish Energy 2023b). When RES produces more energy than is needed, the excess
energy can be stored and utilized in various ways. Using large-scale HPs to convert this
energy from electricity to heat and then delivering that heat directly to the DH network or
thermal storage is a very effective way to store it temporarily. In this sense, synthetic fuel
production can be left as a long-term storage choice with a secondary priority for the heating

sector. (Neves J. & Vad Mathiesen B. 2018, 3—4)

In contrast, HPs, DH, and electricity/thermal storage can represent short-term energy storage
solutions. The large-scale HPs in a SES are not continually used because they are primarily
employed when electricity prices are low. The price of electricity decreases, for example,
when wind power produces too much electricity. During these hours, the extra electricity
can power large-scale HPs, which can meet the demand for DH and thermal storage in
addition to electricity storage. The third option is to consume cheap, excess electricity in

synthetic fuel production. (Neves J. & Vad Mathiesen B. 2018, 3-4)

With the energy transition, SES and sector integrations will become more common
worldwide. This will also happen in Joensuu’s energy system when external actors and new
forms of DH production come into SV’s scope. In the following chapters, we will delve into

this topic.
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4 Savon Voima Ltd

The following chapters delve into the employer of this master’s thesis, SV. Firstly, basic
knowledge and statistics of the concern are presented. After that, Joensuu’s energy system,

owned by SV, is examined further. Also, upcoming investments in Joensuu are discussed.

4.1 Basic knowledge

SV is an energy concern founded in 1947 and owned by 20 municipalities in Eastern Finland
(Savon Voima Ltd 2023b). SV employed 209 persons in 2022. The most important business
areas for SV are the sales and distribution of DH and electricity. SV’s responsibility areas
are shown in appendix 1. The company’s turnover in 2022 was 231.7 M€, of which the
operating profit was 49 M€. Investments were made for 56.6 M€. (Kauppalehti 2023) Other

SV general statistics are presented in table 2.

Table 2. General statistics of SV from 2020, 2021, and 2022. The difference to the previous year’s value is in

parentheses (Savon Voima Ltd 2021; 2022; 2023b)

2020 2021 2022
Produced and distributed DH [GWh] 1,063 1,222 (+15 %) 1,137 (-7 %)
Produced electricity [GWh] 489 520 (+6.3 %) 519 (-0.2 %)
Distributed electricity [GWh] 1,746 1,889 (+8.2 %) 1,764 (-6.6 %)
Shares of DH sources [%]
CHP 45 44 (-1 pp) 49 (+5 pp)
Heat only plants 34 35 (+1 pp) 31 (-4 pp)
Waste heat, flue gases, HPs 21 21 (0 pp) 20 (-1 pp)
Share of RES in DH production [%] 68 72.1 (+6 %) 73.4 (+1.8 %)
Combusted oil products [MWh] 29,451 36,609 (+24.3 %) | 12,404 (-66.1 %)
Hydropower production [GWh] 124 99 (-20.2 %) 84 (-15.2 %)
DH network total length [km] 619 619 (0 %) 623 (+0.6 %)
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The weather conditions affect the most in fluctuating numbers. A cold year can be detected
by increased electricity and DH production and the amount of combusted oil products. A dry
year can be detected by decreased hydropower production. Also, the company’s aim to be
carbon-neutral by 2030 is noticeable as an increasing share of RES and decreasing amount
of combusted oil products and peat in DH production. The availability of RES is the most
retardant factor in achieving carbon neutrality. Although the company owns dozens of DH
networks and hydropower plants around Eastern Finland, further details are presented only
for Joensuu’s operation since this paper focuses on optimizing the energy system owned by

SV in Joensuu.

4.2 Joensuu’s energy system

Joensuu is a city of approximately 78 thousand people in North Karelia (Statistics Finland
2023). The production of DH started in Joensuu in the 1960s. SV bought the DH network
and related production plants from Fortum at the end of 2019 (Savon Voima Ltd 2019). In
2022, approximately 531 GWh of DH was produced and delivered to the customers. There
were 2,758 customers connected to the DH network in February 2023, which is still growing.

The distribution of customers is presented in figure 17. (Savon Voima Ltd 2023c)

= Residential buildings: 79.6 %

= Public buildings: 13.7 %

= Industrial and office buildings: 6.6 %

Figure 17. The number of different DH customers in Joensuu in 2022 (Savon Voima Ltd 2023c)
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Although the share of residential buildings is distinctly the highest, the DH consumption of

public, industrial, and office buildings is relatively higher, as seen in figure 18.

1,466 MWh

= Residential buildings: 55.2 %
= Public buildings: 31.5 %
= Industrial and office buildings: 13.1 %

Unidentified: 0.2 %

Figure 18. The DH consumption [MWh] of customers in Joensuu in 2022 (Savon Voima Ltd 2023c)

Large DH consumers, for example, hospitals and shopping malls, are public buildings, which
explains the difference in the ratio of DH consumption per customer. The structure of DH
consumption among customer types is very similar to the average values in Finland,
presented in chapter 2.3. The correlation between daily DH consumption and outside

temperature in 2022 can be seen in figure 19 below.
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Figure 19. The daily DH consumption [MWh] and outside temperature [°C] in Joensuu in 2022 (Savon Voima
Ltd 2023c)
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One can see that DH consumption is highly dependent on outside temperature, as sporadic
spikes in DH consumption occurred when the outside temperature was lower. Also, DH
consumption in summer was approximately 10 % of what it was in winter, as mentioned in
chapter 2.3.1. The daily DH consumption was around 300 MWh at the lowest, corresponding
to daily average DH production power of 12.5 MW, and about 4,200 MWh at the highest,
corresponding to daily average DH production power of 175 MW.

4.2.1 Production plants

There are nine HOBs and a CHP plant in Joensuu. The locations of the production facilities
are shown in appendix 1. The CHP plant and 30 MW heat boiler in liksenvaara use peat and
wood in different forms as fuel. The rest of the heat boilers use light fuel oil. The CHP plant
can also flexibly produce only electricity or heat if needed. Table 3 below presents heat and

electrical power, produced energy in 2022, and some notes on the plants.

Table 3. Production plants in Joensuu (Savon Voima Ltd 2023c)

Electrical Produced energy
Plant name Heat power [MW] Notes
power [MW] in 2022 [MWh]
liksenvaara
CHP plant | 100.00 + 30.00 + 30.00 * 50 813,321 * Boiler + flue gas
Heat plant 30.00 scrubber + electric boiler
Heat plant 9.00
Nepenmaki 45.00 - 3,408 -
Noljakka 20.00 - 1,952 -
Two boilers, 30 MW and
Kipykangas 30.00 +40.00 - 1,816
40 MW
Will be replaced by a new
Hasanniemi 12.50 - 295
boiler
Rantakyla 12.80 - 285 -
Utra 5.82 - 123 -
Potka 3x10.00 - 13 Three 10 MW boilers
TOTAL 395.12 50 821,212 -

As one can see from table 3, the CHP plant and bioHOB produced approximately 99 % of

the SV’s energy in Joensuu in 2022, which is an exceedingly high share. The CHP plant’s
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DH power can meet the DH demand relatively far below the freezing point. Other HOBs are
utilized only in the highest peak loads. The shares of consumed fuels in Joensuu in 2022 are

presented in figure 20.

22,846 MWh

-

= Wood: 44 %
Peat: 31 %

= Wood from forest industry: 23 %

274,338 MWh » Fossil fuels: 2 %

Figure 20. SV’s consumed fuels in Joensuu in 2022 (Savon Voima Ltd 2023c)

The amount of peat consumed is still relatively high. Increased momentary utilization of peat
is due to the impaired availability of wood. The availability of wood was impaired because
wood importation from Russia was denied at the beginning of 2022, which also led to an
apparent increase in wood fuel prices (Metséteollisuus 2022). Despite the fuel problems, SV

intends to achieve its goal of carbon-neutral DH production.

4.2.2 District heating network

The DH network in Joensuu is the most widespread SV owns. The total length of the pipes
in the DH network is approximately 236 kilometers. Seven pump stations ensure an adequate
pressure difference of 0.6 bar for every customer in the DH network, especially for the
farthest customer. The map of Joensuu’s DH network and locations of production facilities
and pumping stations are presented in appendix 2. (Savon Voima Ltd 2023c) The cumulative

share of the DH network pipe size is presented in figure 21.
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Figure 21. The cumulative share of the pipe’s DN size [mm] (Savon Voima Ltd 2023c)

As one can see from figure 21, over 50 % of the DH piping is DN 40 or smaller. The largest
pipes are used as main lines to transfer DH water from the plants to different regions of
Joensuu. Thenceforth, pipes get smaller and smaller, and heat losses become higher when
the network branches more and eventually reach the customer. The efficiency of Joensuu’s
DH network was 89.68 % in 2022. Heat losses in the DH network correspond to the usual
heat losses mentioned in chapter 2.4. The yearly distribution of DH network losses and

efficiency is shown in figure 22.
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Figure 22. DH network losses [MWh] in Joensuu in 2022 (Savon Voima Ltd 2023c)
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Figure 22 shows that absolute DH network losses are higher during cold weather when the
supply water temperature and mass flow are higher. The lower efficiency of the DH network
in summer refers to relatively more considerable heat losses because the amount of heat to

be transferred is smaller than in winter. The temperatures of the supply and return water are

presented in figure 23.
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Figure 23. Temperatures [°C] of the DH supply and return water in Joensuu in 2022 (Savon Voima Ltd 2023c¢)

The supply water temperature alternates between 65 °C and 105 °C, and the return water
temperature is between 40 °C and 50 °C. In practice, 72 °C is the minimum temperature of
the supply water, although the measurement data shows otherwise. The supply water
temperature is higher in the winter than in the summer. With return water temperature, it is
the other way around. The minor temperature difference between supply and return water in
the summer is due to the small consumption of DH. Due to the minor temperature difference,

the efficiency of the DH network is lower in summer.

SV has defined limits for temperature differences between the supply and return water. A
temperature difference of less than 20 °C is considered poor, a temperature difference of 20-
30 °C tolerable, and a temperature difference of more than 30 °C is considered desirable. The
temperature difference between the supply and return water in Joensuu in 2022 is presented

in figure 24 below.
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Figure 24. The temperature difference [°C] of the supply and return water in Joensuu in 2022 (Savon Voima
Ltd 2023c)

In the heating season, the temperature difference is generally reasonable. Outside the heating
season, the temperature difference drops to the level of tolerable and poor. Basically, the

higher the outside temperature, the lower the temperature difference.

4.3 Planned investments in Joensuu

This chapter presents information on upcoming investments. Information has been collected
from pre-examinations and verbally from SV’s personnel. The information presented in the

chapter is mainly preliminary, so the information may differ after the thesis is published.

4.3.1 Biochar facility

The facility’s biochar production is based on torrefaction. The operating principle was
presented in chapter 3.2.4. The process diagram of the premeditated biochar facility is
presented in appendix 3. Construction of the facility will begin in the spring of 2023, and the
goal is to start a trial operation period in the autumn of 2024. (Sisso J. 2023)

The facility uses good quality wood chips as raw material. It will produce 60,000 tons of

biochar annually (Taaleri 2021). Biochar facility can produce two different types of torrefied
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biochar. Biochar that has been torrefied for a shorter time and has a lower calorific value is
intended for soil improvement and filtration. Biochar that has been torrefied for longer and
has a higher calorific value is intended to be used as fuel in energy production. The reception
and processing of the fuel built for the pyrolysis equipment of the CHP plant will be
harnessed for the use of the biochar facility because there is no use for it at the moment. The
processing of the wood chips before torrefaction produces sawdust as a by-product, which

can be bagged and sold or further processed into pellets. (Sisso J. 2023)

As mentioned in chapter 3.2, utilizing waste heat in the same process or facility where it was
generated makes the most sense. The availability of waste heat will depend on the quality of
the received fuel. The more moisture in the fuel, the less likely there will be enough waste
heat to produce DH after drying the fuel. In winter, the ice in the fuel further reduces the
amount of waste heat because melting and vaporizing ice from wood chips requires a lot of

thermal energy. (Hakkarainen J. 2023)

SV owns the building of the biochar plant, but Taaleri wholly owns the production
equipment. SV sells the operation and maintenance of the plant to Taaleri as a service. The
plant is supposed to run all year round except for annual maintenance. The reception and
processing of the fuel are already contained in the automation of the CHP plant. The plant’s
other equipment gets its automation, from which part of the data and control goes to the CHP
plant’s automation system via an interface. The plant’s data and control will be needed not
only for the control and operation from but also for the operation of the optimization system.

(Sisso J. 2023)

4.3.2 Synthetic natural gas facility

The facility’s SNG production is based on COz capture, electrolysis, catalytic methanation,
and liquefaction. The operating principles are presented in chapters 3.2.1, 3.2.2, and 3.2.3.
The tentative energy balances of the processes in question are presented in appendix 4. The
investment decision should come in October-November 2023. The trial period should begin

in the spring of 2026. (Sisso J. 2023)

Three 10 MW electrolyzers will run with 20-100% electric power, depending on the price

of electricity. The cheaper electricity is, the more hydrogen is produced and further
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processed. The facility has its HPs, which prime the waste heat for DH purposes. The waste
heat temperature is 35-65 °C, depending on the process from which the waste heat is
generated. The amount of waste heat varies between 2 and 10 MW depending on the power
output. It takes 15-30 minutes to raise the electrolyzer’s power from minimum to maximum.
The price of waste heat varies according to the price of electricity. The cheaper electricity
is, the higher price of waste heat is. When electricity is expensive, it is worth running the
CHP plant, which is why the need for waste heat decreases, and SV’s willingness to buy

waste heat decreases, which lowers the price of waste heat. (Sisso J. 2023)

The main operating center will be in Harjavalta, but SV offers monitoring, observation
rounds, and on-site maintenance. The plant’s control system will probably be Siemens PCS7,
also used at the CHP plant. Only the most crucial process points and data enter the control
room of the CHP plant to facilitate process monitoring and enable the operation of the
optimization system. The plant is run all year round, except for maintenance downtime of
about three weeks. The maintenance shutdown is likely to be during the winter when the
price of electricity is more likely to be higher, and the profitability of SNG production is
lower. A more detailed SNG facility driving plan will be drawn up 2-3 days ahead and a
rougher one a week ahead. (Sisso J. 2023)

4.3.3 Heat pump facility

The HP facility should be ready in the fall of 2025. The planned power of the HP facility is
between 5 and 10 MW, depending on which solution turns out to be the most profitable
during the investigations. There will be several HPs, which will be connected both in parallel
and in series within the facility. The HP facility will likely be connected in series with the
CHP plant and its flue gas scrubber. Series connection slightly weakens the power-to-heat
ratio of the CHP plant but increases the COP of the HPs, because the HPs do not have to

produce a high-temperature DH supply water in this case. (Sisso J. 2023)

The heat source is the waste heat of the CHP plant in the heating season and the river water
of Pielisjoki in the summer. The waste heat of the CHP plant is utilized when the price of
electricity is average or lower. The operation of the HP facility is entirely the responsibility

of SV. All operation and monitoring of the HP facility takes place from the control room of
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the CHP plant Siemens PCS7 will probably be selected as the automation system for the HP
facility. (Sisso J. 2023)

4.3.4 District heat battery

The DH battery will be a 15,000 m? unpressurized steel tank. Thanks to the material selection
of the tank, there is no need for a heat exchanger between the DH battery and the DH
network. Construction is planned to start in the summer of 2023, and the DH battery should
be ready in the fall of 2024 (Sisso J. 2023). The heat output of the DH battery depends on
the mass flow and the temperature difference between the supply and return water. The DH
battery can be charged with a maximum of approximately 98 °C DH supply water. If the
supply temperature exceeds that, return water must be mixed with the supply water to keep

the temperature below 100 °C. This is called shunting. (Laitinen J. 2022)

The DH battery can be charged and discharged at a certain maximum speed so that the
pressure in the DH network does not fluctuate recklessly. Also, the minimum flow of the
DH battery is determined by the minimum pressure required on the suction side of the
charging and discharging pumps, at which the liquid on the suction side does not start to
vaporize. The charging and discharging power also do not fall or rise immediately but must

be ramped up to reduce the strain on the components of the DH network.

Like the HP facility, the operation of the DH battery is also SV’s responsibility. The plant’s
control system will be Siemens PCS7, and its operation and monitoring will be carried out
from the CHP plant’s control room via an interface that enables the operation of the

optimization system. (Sisso J. 2023)
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5 Data collection, analysis, and utilization

The goal of this master’s thesis is to form a strategic roadmap for optimizing Joensuu’s
energy system. Mapping stakeholders’ requirements and needs are critical in creating the
strategic roadmap. Stakeholders’ views provide the framework and complement missing
parts of the theory. A semi-structured interview was selected for data collection and as the

research method for this thesis.

5.1 Semi-structured interview

A semi-structured interview is a method of qualitative research. In qualitative research, non-
numerical data, such as audio or text, is gathered and analyzed to comprehend ideas,
viewpoints, and experiences better. It can be utilized to uncover intricate details about a
situation or to create new investigative concepts. Quantitative research, which involves
gathering and analyzing numerical data for statistical analysis, is the opposite of qualitative

research. (Bhandari P. 2023)

The semi-structured interview does not proceed only with pre-formulated questions but more
broadly targets specific pre-planned themes. A semi-structured interview is a degree more
structured than an open interview because the topics are prepared based on previous research
and are the same for all interviewees, even though the interview goes forward flexibly
without a strict progression route. The main goal of the semi-structured interview is to gather
information from a particular topic in the interviewee’s own words. Open-ended questions
and a lack of provided answer options are the key roles in achieving this (Pressbooks 2023).
A semi-structured interview also allows something other than the theme set in advance by
the interviewer to emerge as an important theme. (Saaranen-Kauppinen A. & Puusniekka A.

2006)

5.2 Execution of the interviews

Two CHP plant operator supervisors and managers from operations, production, marketing,

automation, ICT, and digitalization were interviewed. A list of interviewees, their titles, and
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the place of execution and date of the interview can be found in appendix 5. The interviewees
were sent an interview invitation, which briefly explained the background, topics, and
implementation of the interview. A one-hour time slot was reserved for each interview. The
composed themes and questions were both the same and different for participants. More
broadly relevant topics and questions were addressed with all interviewees, but more detailed
questions were targeted at different individuals depending on their expertise and knowledge.
This way, coherent data and standpoints that might have been missed previously can be
gathered. Also, some questions and clarifications were asked after the interviews. The rough

outline used in the interviews can be seen in appendix 6.

The interviews were conducted during weeks 9-11. Four interviews were conducted in
Joensuu at the premises of the CHP facility, two at the SV’s main office in Toivala, and one
via Teams. Interviews lasted from 35 to 50 minutes. The audio recordings of the interviews
were transcribed, based on which the text of this chapter was prepared. All participants gave
their consent to record the interview. The use of a semi-structured interview as a form of
research proved to be valid because it helped to raise, in addition to pre-prepared themes,

new, critical perspectives which had not been thought of in advance.

5.3 Observations made from the interviews

The following subchapters review the information and perspectives obtained from the
interviews. Everything told in the following chapters is based on the information obtained
from the interviews. Reference will be made to which organizational level the information
and perspectives have come from if it is relevant to the work. The specification of the
organizational level is not done if the points are revealed in several levels, and the specificity
of the information to a particular level does not add value to the implementation of the work.

Information obtained from other sources is marked appropriately.

5.3.1 Current energy system in Joensuu

As mentioned in chapter 4.2, SV bought Joensuu’s energy system from Fortum at the end of
2019. The acquisition is perceived as essential from the marketing side because, as the

company’s largest DH network, it increases its volume of operations in the energy market.
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An extensive DH network attracts partners, which gives the ability to invest and try new
approaches, such as upcoming sector integration and more efficient utilization of the electric
boiler. Tested operating methods can be duplicated in the company’s other DH networks if

they prove reasonable and profitable. (Interviews 2023)

A more detailed investigation of the current operation of the Joensuu energy system was
carried out along with interviews with the personnel of the Joensuu CHP plant. The CHP
plant is the first DH production facility in the running order in Joensuu, which is run up to
maximum power of 130 MW if the total 30 MW capacity of the flue gas scrubber can be
utilized. The flue gas scrubber has been of great benefit in reducing oil burning. The flue gas
scrubber’s efficiency depends on the temperature of the return water. The lower the
temperature, the higher the efficiency, and the more heat can be recovered from the return
water. Other HOBs are operated if the demand for DH exceeds than what the CHP plant can
produce. However, fuel availability problems caused by the Russian import ban have
brought a change to this. In winter 2023, the bioHOB was used alongside the CHP plant.
The bioHOB can burn more readily available recycled wood that the CHP plant cannot. In
this way, saving the wood fuel used by the CHP plant has been possible. The outlook for the
future in terms of fuel availability may return the situation to its former state. (Interviews

2023)

The CHP plant alone can produce DH for customers down to approximately -8 °C. If the
temperature drops below this, other HOBs must be started for the morning DH consumption
peak. Each HOB is run in turn so that the test runs can be completed simultaneously, and
unpleasant surprises are avoided if multiple HOBs must be started due to high DH
consumption. The automation system of the HOBs was rebuilt in 2022. The supervisory
control and data acquisition (SCADA) was changed from Netcontrol to Ignition, after which
the data was readily available at the CHP plant through OPC Unified Architecture (OPC
UA) interface. This facilitates the operation of the entire DH network and will help the

development and operation of the optimization system. (Interviews 2023)

The CHP plant is operated according to the control curve developed by the previous owner,
Fortum’s personnel. DH power curve is straightly based on the outside temperature.
Alternatively, the CHP plant can be operated according to the next day’s electricity
production forecast, which SV must give the day before to the authority. Electricity forecast

is followed as accurately as possible to avoid imbalance power costs. On the other hand, the
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next day’s electricity production forecast is mainly based on the next day’s weather forecast.
Therefore, the outside temperature is the main driving factor regardless of the operating
regime. Operating according to the electricity production forecast also brings the risk that
too cold or hot water is fed into the DH network. This can be done for a few hours without

any problems, but not longer. (Interviews 2023)

In the CHP plant, the main controller adjusts the drum pressure. The required fuel power is
calculated from the steam flow to keep the drum pressure at the given value. For instance,
the drum pressure in winter is maintained at 110 bar. If the drum pressure decreases, more
fuel is fed into the boiler, and vice versa. On the DH side, the pumps feed water with a
sufficient pressure difference. The supply water temperature is adjusted by the shunt valve
or by adjusting the electrical power. Suppose the supply water temperature is too low. In that
case, the electrical power generation is increased, in which case more fuel is fed into the
boiler, which raises the supply water temperature, and vice versa. The DH control is based
on a proportional-integral-derivative (PID) controller because there is a long delay between
the increased fuel supply and the increase in DH power, which must be anticipated.
Otherwise, the controllers are mostly proportional-integral (PI) controllers. (Interviews

2023)

The power-to-heat ratio of the CHP plant can be changed using a reduction valve. The
reduction valve bypasses the turbine, in which case the steam or part of the steam intended
to produce electricity can be used for DH production. In this case, the same amount of DH
power is obtained with less fuel. This is profitable when electricity prices drop below a
specific limit and electricity production is no longer profitable. However, from the point of
view of energy efficiency, a reduction driving is not the most optimal solution because the
pressure of the steam has been raised unnecessarily high, after which it is lowered with a
reduction valve before leading the steam to the DH exchanger. Also, the utilization of this
reduction valve has been limited at the concerned CHP plant. The correct operation of the
reduction valve at the right time should be practiced among the operators to utilize the
potential. The CHP plant also has another reduction valve that can run steam into the river
water, which allows a decrease in DH power down to 2 to 3 MW. This enables the utilization
period to be brought up in the autumn and extended in the spring because the CHP plant’s
minimum DH power is approximately 60 MW with the flue gas scrubber, which is more

than the DH power in the warmest months. This also enables the production of electricity by
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the CHP plant when the price of electricity is high but the DH demand is low. (Interviews
2023)

The primary user interface used in the CHP plant is Siemens PCS7 version 9.0. The
secondary user interface is Valmet DNA, which was acquired with prompt notice when
emissions reporting had to be fixed in a quick schedule. Siemens PCS7 is perceived as highly
scalable, intuitive, and dependable in terms of automation. On the other hand, Valmet DNA’s
user interface and trend tools are perceived to be much more straightforward and versatile
than Siemens PCS7’s on both the automation personnel and the operators. The automation
staff sees that Siemens will improve the user interface and trend tools in the future. The
interviewees saw the automation update or renewal as appropriate if the life cycle of the

components or systems is ending. (Interviews 2023)

The CHP plant’s automation system is perceived as reliable because the CHP plant has not
had many shutdowns due to problems with the automation system. The automation system
is redundant from the I/O (Input/Output) modules upwards, which means that there are more
parallel units than are required to perform the desired function, in which case the failure or
maintenance of one unit does not endanger the operation of the CHP plant. Only measuring
transducers and I/O cards are not redundant. Redundancy increases the availability of the
CHP plant. Redundancy is important to remember when developing an optimization system,

so that availability can be kept at the highest possible level. (Interviews 2023)

In each interview, the interviewee’s perspectives on current areas for improvement and risks
were reviewed. The number of different automation systems in SV’s DH networks also came
up in multiple interviews. Over the decades, SV’s operations have expanded throughout
Eastern Finland. DH networks have been purchased from different operators, and their
automation systems are partially or completely different. In the interviews, many different
automation systems in SV’s DH networks emerged as a challenge. This makes it difficult to
control the whole. Unifying automation systems was seen as laborious but necessary for the
future. Consolidation would reduce the necessary resources and make it easier to manage

many areas, such as data integrations. (Interviews 2023)

The current DH system is optimized only by accumulating excess heat in the DH network
for the morning DH demand peak. This is done manually by increasing the supply water

temperature for a couple of hours before the consumption peak. The operator executes
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accumulation according to one’s know-how. Although the accumulation is performed
manually and slightly differently depending on the operator, the automatization of the
accumulation divides opinions. It is both seen and not seen to have large enough potential to
make it economically reasonable to invest more. However, the automatization of the
accumulation could be done perhaps with less effort and expense at the same time as the
optimization system of the broader entity is being developed. Automating DH network
accumulation could make it more efficient and more likely to surpass the consumption peak
without oil. The potential and implementation of automatization require further

investigation. (Interviews 2023)

Although the thesis does not delve into optimizing the DH network, the interviews aimed to
highlight areas that require development. One of the most clearly emerging objects of the
development of the current DH network is the automation of the operation of the pump
stations. Today, pumping stations are started manually when the control system warns of too
small a pressure difference at one of the measurement points of the DH network. The
pumping stations must also be turned off manually if running them is no longer necessary
due to high enough pressure differences. However, it is easy to forget to turn off the pumping
stations. The pressure differences may become disproportionately large, which decreases the
efficiency of the DH network and increases costs, especially when the pumping stations do
not use the electricity produced by the CHP plant, in which case the company must pay a
transmission fee for the electricity used by the pumps. Automating pumping stations should
be easy because the technology and expertise are already available within the company. The
control system could monitor pressure differences. Suppose the pressure difference at some
measurement point is lower or higher than the given limit value for a certain time. In that
case, the control system will control the pump closest to the measuring point automatically

as required, which greatly affects the pressure difference at that measuring point. (Interviews

2023)

The operational manager considered the adequacy of the DH production capacity to be
borderline, even though the CHP plant alone produces enough DH for a massive part of the
year. If the CHP plant must be shut down during extremely cold weather, the capacity of
other HOBs is limited. The maximum demand for DH has been approximately 240 MW,
and the capacity of HOBs without the CHP plant is 240 MW. Also, no HOB will start if a
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major power outage occurs. The importance of reliability and reserve capacity is emphasized

today and in the future. (Interviews 2023)

From the point of view of the production and marketing managers, maintaining
competitiveness and the sustainability of currently used fuels, i.e., biofuels and oil, were seen
as the biggest challenges in current DH operations. Joensuu’s current DH system relies
entirely on biofuels and oil. Due to the energy crisis caused by the Russian import ban,
among other things, fuel prices have gotten out of control. At the same time, the acceptability
of biofuels in the production of DH is decreasing. The interviewees saw the possibility that
biofuels might be divided into sustainable and non-sustainable fractions, in which case their
use would be controlled by a new type of taxation or emission rights, increasing fuel costs
even more. The increase in wages caused by inflation and the increase in materials and
maintenance costs weaken competitiveness. At the same time, price reduction in the
electricity market seems to be returning, increasing the attractiveness of alternative forms of
heating, such as geothermal energy. All the previously mentioned issues make relying on
biofuels and oil very risky, which is why investing in new forms of production was seen as

crucial for the future. (Interviews 2023)

5.3.2 Future district heating system

All interviewees saw energy production becoming more dispersed into smaller plants than
before. The complexity of energy production was also seen as the primary risk in sector
integration. Similarly, shared interests with future operators were seen as positive in sector
integration. Operators benefit from each other in any situation. Operators receive carbon
dioxide from SV, and SV receives waste heat from operators. When electricity is cheap and
running the CHP plant is not the most productive, the SNG facility produces waste heat that
can be used to produce DH. When electricity is expensive and running the SNG facility is
not the most productive, the CHP plant produces DH, and the SNG facility receives CO> to
produce SNG. (Interviews 2023

Another thing that emerged was the business risks of the partners, which can also affect SV’s
operations. Even if using waste heat would be cost-effective and environmentally friendly,

relying too much on it risks the security of supply. The company must therefore have plenty
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of its DH production capacity available to lean on when the going gets tough. (Interviews

2023)

The competitive price of biofuels, as well as belonging to a higher electricity tax category,
made the use of HPs and electric boilers in DH production unprofitable in the past. The
substantial increase in the price of biofuels and the shift of HPs and electric boilers to a lower
electricity tax category mentioned in chapter 3.1 have changed the matter. The electricity
production structure is shifting towards renewable wind and solar energy, whose production
is highly dependent on the weather. This will have a lowering effect on the price of electricity
but will also increase volatility. Volatility will increase the role of electricity storage in the
energy system. However, the costs of large-scale electricity storage are still high, so
adjustable electricity and DH production and utilization, such as CHP plants, power-to-x
(P2X) technologies, and DH batteries, have a lot of potentials nowadays. By utilizing
previously mentioned technologies, the production of both electricity and DH can be
scheduled for the most productive moments, thereby gaining additional income. Although
new forms of production are replacing traditional combustion, combustion is seen to play a
role in the future, especially in DH production. The production of DH purely with electricity
was seen as highly unlikely, especially during cold weather. Also, changes could be made to
the HOBs so SNG can be burned instead of oil. After possible changes, the combustion of
SNG produced from the SNG facility would further reduce oil use and help achieve carbon
neutrality. (Interviews 2023)

The level of automation will increase in the future. The number of remotely readable meters
has grown on the customer device side and will only increase. DH consumption history can
be compiled more efficiently from consumers’ consumption data, meaning consumers’
consumption behavior can be better understood. More comprehensive utilization of artificial
intelligence in preparing production forecasts, and therefore, in energy production, was
considered a future solution. The capacity of the current automation system in the CHP plant,
for example, the adequacy of the programmable logic controllers (PLC), must be
investigated before the development and implementation of the optimization system.
Capacity adequacy is strongly related to how much process point data comes from other
plants to the main automation system with sector integration. The more comprehensive
utilization of external data sources and their data was seen as a prospect in the systems of

power plant environments. An automation system and black boxes are still necessary
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because the operation must be carried out even without external data sources if problems

occur on that side. (Interviews 2023)

The interviewees saw the potential for the customers’ demand response, especially with
customers who do not need DH evenly. The increase in remotely readable consumption
meters at the customer end facilitates the introduction of demand response. SV has a few
different DH contract options. The pricing of a regular DH contract is based on a 75 %
energy payment and a 25 % fixed payment. Another contract option has been added to the
range, the pricing of which is based on a 50 % energy payment and a 50 % fixed payment.
This aims to reduce the weather dependence of the DH business. It is suitable for customers
who consume DH relatively evenly throughout the year. A clause has been added to this
contract, allowing the company to take the technology needed to implement demand
response and put it into use. This clause should be included in all contracts to increase the
extent of demand response further. The introduction of demand response is therefore
possible, but the calculations of the cost side are at a stage. The company needs to investigate
more about the benefits brought by demand response to know what kind of benefits can be
used to attract customers so that it is also profitable for the company. If the introduction of
demand response proves reasonable and beneficial, demand response can also be replicated
in other large DH networks owned by the company. Utilization of demand response requires
communication from the optimization system and the possibility of adjustment to other

systems via the OPC UA interface. (Interviews 2023)

The DH battery, HP facility, and production facilities generating waste heat will increase the
flexibility of energy production but also complicate it. Basically, DH is produced according
to the cost from the cheapest to the most expensive while considering the income from
electricity production. In the interviews, the following things to consider from different

facilities came up:

e Biochar facility — The waste heat is obtained from combusting the volatile gases
released during torrefaction after drying the wood chips. It is at a high temperature
and can then be directly used in the production of DH. The biochar facility will run
with a relatively constant load throughout the year, but the amount of waste heat
varies according to the moisture content of the wood chips. The possible amount of
waste heat is approximately 1-2 MW at its highest, generally available in summer.

The biochar facility could be a source of CO> for the SNG facility.
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SNG facility — The waste heat is obtained from electrolysis, CO2 capture, catalytic
methanation, and liquefaction. It is at a low temperature (35-65 °C) and must then be
primed by HPs in the facility. The waste heat temperature differs for each early-
mentioned process. Initially, the plan is to utilize the waste heat at a higher
temperature, the power of which after priming is 2-10 MW depending on the
electrical power. If the rest of the waste heat is also utilized, the maximum amount
of waste heat will increase to 13-15 MW. The cheaper the electricity, the more
profitable the SNG production, the higher the electrical power, and the more waste
heat is available. More precise limit values of the electricity market price and
electrolysis operation have yet to be decided, which needs to be clarified with another

owner of the SNG facility.

HP facility — The profitability of the HP facility depends on the price of electricity

and the heat source. The possible heat sources are:

a) CHP - Generates waste heat when running, i.e., in winter, autumn, and spring.
The heat sources from the CHP plant are around 50 °C, leading to a higher COP
than is achieved with river water. The CHP plant produces cheap self-use
electricity, so the operation of the HPs is not so dependent on the market price of

electricity.

b) River water — Utilizable only in summer when the temperature increase by the
HPs is sufficient for the supply water temperature. The heat source is low
temperature, resulting in a lower COP than is achieved with the CHP plant’s
waste heat. In addition, self-use electricity is not available in summer, in which

case transmission fees must be paid for electricity, further reducing profitability.

CHP / BioHOB / Electric boiler — The latter two are mainly during winter.
Production at the CHP plant is more profitable at the time of expensive electricity
and at the bioHOB and electric boiler at the time of cheap electricity. Driving through
a reduction valve is more profitable during low electricity prices and high demand

for DH.

Other HOBs — Must be started if other forms of production do not produce enough
DH. (Interviews 2023)
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In addition, the interviews covered issues to be considered when operating a DH battery.
The basic principle is that the DH battery is charged at high electricity prices when the CHP
plant is running if the DH demand is not greater than the DH production of the CHP plant.
On the other hand, charging can also be profitable when electricity is cheap if the
consumption of DH is lower than the amount of DH produced from renewable sources.
Discharging occurs during cheap electricity when the CHP plant’s DH production and other
production forms are insufficient to match the consumption. On the other hand, discharging
can also be profitable when electricity is expensive, and the CHP plant is not running. The
minimum power of the CHP plant is an important limiting factor that must be considered in
the design of the optimization system. If other forms produce a lot of DH, the CHP plant
cannot be operated below the minimum load, but the excess DH must be fed to the DH
battery. In this case, the use of more expensive HOBs is avoided. The supply water must be

shunted during charging if the supply water temperature is 100 °C or over. (Interviews 2023)

Nonetheless, when the supply water is over 100 °C, utilization of the DH battery is possible.
In this case, the temperature of the water discharged from the DH battery must be primed
with the help of other DH facilities. Discharging the DH battery reduces the heat load of the
CHP plants and HOBs. Additionally, the DH battery can compensate for the electricity
production to match the given electricity production forecast by discharging if the electricity
production is greater than the production forecast, and vice versa. Therefore, additional costs

for the imbalance electricity market are being avoided. (Interviews 2023)

5.3.3 Optimization system

Cost efficiency was seen as the most crucial goal of the optimization system from the
manager’s side. Another important goal was environmental friendliness and, in connection
with it, carbon-neutral DH achieved by 2030. However, these go hand in hand when the
costs of non-sustainable production forms increase even more. In achieving these goals,
more extensive data collection from customers in the future will help, in which case
customers’ consumption behavior will be better accessed. Also, the artificial intelligence of
the future optimization system can better predict DH consumption the more data is

accumulated. (Interviews 2023)
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The non-simultaneous completion of the DH battery, the HP facility, and the production
facilities related to sector integration drives the partial optimization. The potential of the DH
battery, which will be the first to be completed, is wanted to utilize from the very first meters.
Because of that, the optimization system must be developed piece by piece, however,

keeping in mind the result, i.e., the optimization of the whole system. (Interviews 2023)

The risks in implementing the optimization system emerged in the interviews. Introducing
new systems causes some resistance among personnel because introducing new systems is
perceived as job-intensive, especially in the initial stages of implementation when
unforeseen problems might appear. Running the optimization system in the background
before the final deployment was seen as a problem-preventive option. Although the
optimization system aims for overall optimization instead of partial optimization, partial
optimization is a more risk-free and reasonable option initially. Partial optimization enables
the system to be developed as efficiently as possible and the personnel to familiarize
themselves with it before the next facility is commissioned and integrated into the system.
Systems that are as advanced as possible and sufficient familiarization with the system’s
operation reduce resistance and increase trust in the system. Also, highlighting the benefits
brought by the optimization system among operators can increase the willingness to use the
optimization system. The best situation would be that the future optimization system could
be integrated into the existing systems, in which case learning how to use new systems would
be missed. The importance of these issues was highlighted, especially during the interviews
with the operators, since they will be the ones most involved in the operation of the

optimization system. (Interviews 2023)

The presentation of the operation of the optimization system in the control room was
discussed with the ICT and digitization manager. Two-dimensional tables are often used in
industrial control systems, where the sequences of processes are illustrated with traffic lights.
The operation of the optimization system will be complex, so the description of the system’s
sequences becomes too unclear with this representation. The block flow diagram illustrates
the dependency between different processes. In this case, in a problem situation, the operator
can better know what the problem is and what causes it. Fundamentally, the system should

work automatically.

Nevertheless, the possibility of manual control must be found in all controls. The operator

should be responsible for specific functions like issuing start-up permits. The optimization
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system’s artificial intelligence may not be able to read all situations correctly, such as an
unexpected shutdown of the plant. Artificial intelligence cannot replace human intelligence

once and for all, but it is a great help in performing certain procedures. (Interviews 2023)

The operations manager saw that the optimization system should forecast in at least two
different time windows. Making electricity market production offers requires that the most
accurate forecast of electricity production be obtained one day in advance. In addition to
that, a rougher forecast with a time window of a week or two ahead would make it easier to
place fuel orders but also ash transports and bed material and gas orders. The state of the
fuel fields and other repositories is limited, so getting this forecast would be important. The
forecast of a longer time window also helps in maintenance operations. It would be possible
to schedule the planned maintenance when, according to the forecast, a particular plant is

not running, thus reducing unnecessary downtime. (Interviews 2023)

It is vital to consider the dynamics of the equipment and the technical constraints when
developing the optimization system. For example, the turbine of a CHP plant is not designed
for too variable operation, and the temperature change delays are several hours at the peak
points of the DH network due to the large size of the DH network. Therefore, the dynamics
and technical constraints also affect the driving plan made with the forecast. (Interviews

2023)

SV would need more resources and expertise to develop the optimization system. Some
interviewees felt that finding technology does not create problems but a partner who knows
how to use technology best. The help of a service provider was seen as essential in
developing the optimization system. Optimizing such a large entity based on sector
integration requires extensive know-how. Sector integration comes with facilities whose
optimization is new, so finding a service provider with extensive know-how can prove
challenging. It is possible that a service provider who already knows how to develop
optimization systems like this cannot be found. In this case, SV should find a service
provider ready to get familiar with the matter and expand their knowledge. However, SV’s
personnel must be intensely involved in the development work so that the understanding of
the system will not be outsourced. This includes, among other things, participating in
creating operational descriptions based on which the automation system is implemented.

(Interviews 2023)
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Managers considered vendor lock-in the most considerable risk in acquiring a service
provider. Vendor lock-in refers to a situation where the entity is dependent on the system of
one vendor due to its previous procurements and is unable to acquire a new system or update
the current system with a new vendor without particularly great effort and a high price
compared to continuing procurement from the original vendor (Paukku E. & Puhakainen E.
2020). Contract terms must be defined precisely to avoid vendor lock-in. The rights to the
optimization system must be agreed upon with the service provider. The service provider
must not make it difficult for the customer to use process points by putting them behind a
paywall. This situation limits and increases costs for further development. After the
development and implementation of the optimization system, the service agreement with the
service provider might be worthwhile. Since the plants run all year round, it is a good idea
to include a clause in the service contract that commits the service provider to help on-site
or remotely during a certain warning period. Helping remotely poses a risk regarding

information security, which must also be considered. (Interviews 2023)

5.4 Operating principles of the optimization system

In this chapter, the operating principles of the optimization system for different DH scenarios
are illustrated. The descriptions of the operating principles are based on information obtained
from interviews and literature, based on which the rough operating principles were outlined.
More precise operating principles of the optimization system would have to be verified by
simulating the energy system, which is not done in this thesis due to the limited scope. Below

in figure 25 is the daily average DH power in Joensuu for 2022, based on figure 19.
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Figure 25. The daily average power [MW] in Joensuu in 2022 (Savon Voima Ltd 2023c)
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Figure 25 helps to illustrate the DH power and which production forms are needed to produce
that power in different seasons. In this chapter, daily average DH powers and scenarios are
classified as follows; low DH demand is less than 40 MW, medium DH demand is 40 to 80
MW, and high DH demand is more than 80 MW. A duration curve can also be created from
the data in question, shown in figure 26. The figure shows the minimum output of the CHP

plant with a flue gas scrubber with a red line.
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Figure 26. Duration curve for Joensuu’s DH system in 2022 (Savon Voima Ltd 2023c)
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Figure 26 shows that the CHP plant’s 60 MW minimum output with the flue gas scrubber
exceeds the DH demand for more than half of the year. If the running time of the CHP plant
is to be extended, the excess heat must be driven into the river water through reduction. In
this case, heat is wasted, which increases production costs and affects energy efficiency.
However, driving the heat into the river water is profitable at a time of high electricity prices

when the electricity production of the CHP plant is profitable.

5.4.1 Low district heat demand

Low DH demand occurs mainly in summer. In summer, the CHP plant is not running. Thus,
SV has no electricity production in Joensuu, in which case the additional income brought by
the high price of electricity is out of the game. In that case, the goal is only to minimize the
costs of DH production. The parameters p: and p> are introduced to facilitate the
examination. The value for the market price of electricity, in which case the production of
DH with an HP facility and bioHOB are equal in cost is p1. The value for the market price
of electricity, in which case the production of DH with an electric boiler and bioHOB are
equal in cost is p2. Since the HP produces more DH with the same electrical output as an
electric boiler, at the price of electricity p2, the DH produced with an HP is more affordable

than that produced with an electric boiler.

The waste heat produced by the biochar facility is the cheapest in terms of costs because it
does not need to be primed with HP. In this case, the market price of electricity does not
affect the price of this waste heat either. The waste heat of the biochar facility is scarce, and
availability is uncertain, as discussed earlier. The waste heat of the SNG facility is the
cheapest after the waste heat of the biochar facility. As discussed earlier, the amount and
price of waste heat received from the SNG plant are affected by the market price of
electricity. In the best case, a total of about 10 MW of DH power is obtained from waste
heat, which alone is insufficient to cover the need for DH even if waste heat is available

from the biochar facility.

For this reason, it can be assumed that the availability of waste heat alone does not affect the
operation of the optimization system. However, waste heat can be seen as a factor that
reduces the DH demand. Therefore, own DH production is required in all cases. Demand

response can also be seen as a factor that reduces the DH load, but unlike waste heat, it
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affects the operation of the optimization system. It can be a decisive factor for certain hours
if using another production form or discharging the DH battery can be avoided with the help

of demand response.

The HP facility is the most cost-effective of SV’s DH production if the electricity price is
below pl. If the price of electricity is above p1, the bioHOB is utilized before the HP facility.
If DH is generated more than the demand after this, the DH battery is charged, if possible.
If the DH production cannot meet the demand, the DH battery is discharged. If there is no
charge in the DH battery, more DH production must be utilized. In other words, either an
electric boiler or bioHOB or both. If the price of electricity is below po, it is cheaper to use
an electric boiler than bioHOB and vice versa. With these forms of DH production, the
demand for DH can be met. In table 4, the order of operation at different electricity prices is
shown in numbers, according to which the next production mode is used if the DH demand

requires it.

Table 4. Driving sequence at times of low DH demand at different electricity prices

Production form | Electricity price > pl | pl < Electricity price < p2 | Electricity price < p2
Waste heats 1 1 1
HP facility 3 2 2
Electric boiler 4 4 3
BioHOB 2 3 4

Table 4 does not consider the use of a DH battery. Considering the DH battery in the driving
sequence would require a more accurate simulation. Next, the scenario where the DH

demand corresponds to spring and autumn is considered.

5.4.2 Medium district heat demand

Medium DH demand occurs mainly in spring and autumn. The CHP plant is running at least
at the time of the highest DH consumption, so SV has electricity production in Joensuu, in
which case the additional income brought by the electricity production must be considered.

In this case, the goal is to maximize the return, considering the costs of DH production and
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the return from the electricity production of the CHP plant. The initial data and parameters

from the low DH demand scenario are also used.

The need for DH is already high enough at this stage that the available waste heat will
undoubtedly be used and is the cheapest in terms of costs. The price of electricity and DH
demand determine the operation of other plants. The HP plant and the electric boiler are
operated according to the scenario of low DH consumption and the price of electricity until
the DH consumption rises too high or an evident rise in the price of electricity is noticeable
for a longer period. In a situation where the CHP plant is needed to fulfill the demand for
DH, the CHP plant is operated according to the DH demand and price of electricity between
minimum power and maximum power. Running the CHP plant at a higher DH power than
the demand for DH is profitable if additional income is obtained from electricity production
due to the high price of electricity, and the DH battery can be charged with excess DH.
Suppose the price of electricity is very high and the charge of the DH battery is high. In that
case, it can be profitable to direct excess DH to the river because the income from electricity
production is higher than the costs caused by the lost heat. The CHP plant should be run at
lower power at low electricity prices, and the HP plant or even the electric boiler should

produce the missing DH.

Diversification of the production structure allows alternatively running the CHP plant with
a relatively even load if desired. In this case, the excess DH is driven into the DH battery.
The missing DH can be produced with the help of HPs and an electric boiler if the price of
electricity is low or by discharging the DH battery if the price of electricity is high and there
is a reserve in the DH battery. Considering the use of a CHP plant, driving with a more even
load is easier and safer. Too much continuous adjustment of the drive reduces the efficiency
of the process in the long term when the process is not able to adjust to the optimum. Since
the HPs use waste heat from the CHP plant, which is at a higher temperature than the river
water used in the summer, the COP of the HPs is higher. This increases the profitability of
using HPs compared to using an electric boiler. However, using an electric boiler instead of
increasing the output of the CHP plant is profitable at a time of meager electricity prices.

Table 5 below shows the driving sequence during medium DH demand.
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Table 5. Driving sequence at times of medium DH demand at different electricity prices

Production form | Electricity price > pl | pl <Electricity price <p2 | Electricity price < p2
Waste heats 1 1 1
HP facility 4 3 3
Electric boiler 5 5 4
CHP 2 2 2
BioHOB 3 4 5

As in low DH demand scenario, table 5 does not consider the use of a DH battery. Next, the

scenario where the DH demand corresponds to winter is considered.

5.4.3 High district heat demand

High DH demand occurs mainly in winter. Considerable variables and the goals at the time
of high DH demand are the same as at the time of medium DH demand. The importance of
the reduction drive approaches zero at the time of high demand for DH because the DH
demand is constantly higher than the minimum load of the CHP plant. The operating

principles are very similar to those with medium loads.

At the time of high DH demand, the output of the CHP plant is weighted closer to the
maximum output, and adjusting is less profitable than in the medium DH demand scenario.
The use of the DH battery is likely to be continuous. The DH battery is discharged if the DH
demand is higher than the production. If the demand for DH is lower than the production,
the DH battery is discharged. If the need for DH is met, but the price of electricity is high,
the output of the CHP plant can be increased, and the DH battery can be charged. If the need
for DH is met, but the price of electricity is low, the output of the CHP plant can be reduced,
and the DH battery can be discharged. Especially at a time of cheap electricity, there will be
situations where the DH battery does not have a charge, and the output of the CHP plant
could be increased. However, producing the missing DH with an HP facility or electric boiler
is still more profitable. During the highest DH consumption peaks, other HOBs must be
utilized if other DH production and discharging of the DH battery is not enough. Table 6

below shows the driving sequence during high DH demand.
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Table 6. Driving sequence at times of high DH demand at different electricity prices

Production form | Electricity price > pl | pl <Electricity price <p2 | Electricity price < p2

Waste heats 1 1 1

HP facility

Electric boiler

BioHOB

4 3 3
5 5 4
CHP 2 2 2
3 4 5
6 6 6

Other HOBs

In this case, taking the DH battery into account in the driving sequence would also require a
more accurate simulation. The driving sequences described in this work differ from the real
ones. Even accurate simulations are only partially consistent with the actual operation. For
example, not all technical values needed in the simulation have been locked for new plants.
There is also no historical data on new plants that could be used in the simulation.
Nevertheless, the results of a more accurate simulation would be very indicative, which

would help map the possible savings potential, the budget, and the payback period.
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6 Strategic roadmap

This chapter reviews the planning and preparation of the strategic roadmap for developing
the optimization system. In addition to interviews and discussions with SV’s personnel, the
thoughts, and ideas of potential service providers for the development of an optimization
system were also mapped. Through this, an understanding of what is possible to do and in
what timeframe was also obtained. The topic of the master’s thesis was briefly presented to

service providers using a PowerPoint presentation.

A strategic roadmap is a tool that combines strategy and implementation. It visualizes the
most important stages of the project in a timeline, which helps the project to be implemented
on time. (Jibility 2023) The following subsections discuss the different stages of developing
an optimization system and what should be considered. The stages are taken in
chronologically, and the strategic roadmap is drawn up according to them. The strategic

roadmap is presented in appendix 8 and 9.

6.1 Defining

Before starting any project, evaluating current and future situations is essential. A SWOT
(Strengths, Weaknesses, Opportunities, and Threats) analysis was performed based on the
viewpoints obtained from the interviews previously presented in this work to assess SV’s

current and future position, especially in Joensuu.

A SWOT analysis assesses a company’s competitive situation and creates a strategic plan.
A SWOT analysis evaluates internal and external variables and present and anticipated
future conditions. A SWOT analysis is intended to help provide a practical, fact-based, and
data-driven look at the advantages and disadvantages of a company, its efforts, or its sector.
The organization must avoid preconceived notions or gray regions and concentrate on real-
life settings to maintain the analyses’ accuracy. Companies should use it as a reference rather

than a strict prescription. (Kenton W. 2022) The SWOT analysis can be seen in appendix 7.

After the SWOT analysis, defining the goals, scope, milestones, and matters to be clarified

for the optimization system is crucial. First, SV’s long-term goals for the optimization
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system were identified. According to the data obtained from the interviews, SV’s long-term

goals for the optimization system are:

o Cost-effective and environmentally friendly energy production — SV’s
competitiveness in the energy sector can be maintained, and carbon neutrality

achieved in the future.

e Experiment and replication — Experiment with new DH production and operating
models and replicate them to other DH networks if they prove economical and

reasonable.

e Flexibility and scalability — It is easy to integrate new production forms into the

optimization system in the future.

e Intuitiveness — The operator can easily read the user interface and knows what the

optimization system is doing at any given moment.

e Knowledge — SV’s personnel is closely involved in developing the optimization
system, in which case the knowledge of the operation of the optimization system is

not entirely outsourced.

e Reliability — Customers’ DH demands are met in all situations, and the availability
of the optimization system is high. In the event of a malfunction, manual operation

is possible, and help from a service provider is available if necessary.

It is important to define the scope of the optimization system. When thinking about
electricity production, the most important thing is that the next day’s electricity production
predicted by the optimization system should be as productive and accurate as possible. On
the other hand, it is good to have the opportunity to join the intraday market if the company
wants to participate in it and get additional income. As mentioned in the introduction, the
intraday market is moving to a 15-minute time window. The optimization system should

then automatically perform the necessary measures to operate in the intraday market.

In the production of DH, the scope of the optimization system is wide, starting from
managing customer devices within the scope of demand response. The optimization system
must be able to manage customer devices if, according to the forecast, it makes sense to
execute demand response within a particular time window. In addition, the optimization

system must be able to collect and analyze data from all DH production facilities, waste heat
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sources, and components of the DH network and control them, except for the control of the
SNG plant. The optimization system is therefore not only intended to be an informative
reporting tool, but also a control system. The company must find out if the optimization
system wants to include, for example, the prediction and optimization of the supply water
temperature. It could be a reasonable basis for an optimization system. Other optimization

targets could be added, and finally, the whole could be optimized.

Milestones affect the development of the optimization system and, thus, the strategic
roadmap. The milestones for the completion of the investments and, thus, for the

implementation of the various parts of the optimization system are presented in table 7.

Table 7. The milestones for the completion of the investments and implementation of the various parts of the

optimization system (Janne Sisso 2023)

Technology Planned time of deployment
Optimization of the supply water temperature etc. Already possible
Demand response Already possible in small-scale
Biochar facility Autumn 2024
DH battery Autumn 2024
HP facility Autumn 2025
SNG facility Spring 2026

Defining technical constraints and economic values is vital in the project’s initial phase. In
addition to the constraints and production costs of existing plants, this includes new plants’
constraints and production costs. Technical constraints that must be examined are the

following:
e Maximum gradient of electricity and DH output of the CHP plant.
e Start-up times of all HOBs and maximum gradients of DH outputs.

e The maximum charging and discharging power of the DH battery and gradients.
Depends on the temperature difference of the supply and return water, as well as

properties of the pumps.
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e The maximum magnitude of the demand response and the maximum duration,
without affecting customer satisfaction. Depends on many factors, such as weather

conditions.

e The COPs of the HPs of the HP plant at different heat source temperatures and

required temperature increases as well as maximum gradients for capacity control.
The economic values that must be examined are the following:

e The prices of the waste heat of the biochar and SNG plants in different scenarios.

Must be agreed between the external operators and SV.
e Possible fuel restrictions if certain fuel must be saved due to poor availability.

Many values are already known or change at different intervals. For example, the production
cost with CHP is mainly determined by the price of fuel, which rarely changes, and the price
of electricity, which changes frequently. In addition, with the initial mapping with the service

provider, new parameters to be clarified may arise.

One thing to be defined in connection with reliability is the target availability of the
optimization system. In other words, how many hours can the optimization system be idle
during the year. The availability level significantly impacts how much the operator must
operate manually and how manual operation can be made efficient in terms of the energy
system. Service providers did not see a problem achieving high availability even if the
optimization system works from the cloud service. For example, annual unavailability can
be reduced to a few hours by duplicating connections and data sources. For example, data
on the weather forecast and the price of electricity can be retrieved from several sources. If,
for some reason, no information can be obtained from the primary data source, the

optimization system searches for data from another source and so forth.

6.2 Resourcing

When starting the project, it is also important to allocate different resources. Budget
preparation is a critical and influential factor for the project’s start and progress, as in all
undertakings. In this project, the service provider’s costs will be the most significant factor

affecting the budget. Preliminary investigations and the development of the optimization
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system done by the service provider bring a cost, which becomes more specific only when
the offers come, and the final selection of the service provider is made. Therefore, the extent
to which SV can carry out initial investigations and participate in developing the
optimization system affects the costs. In this context, the responsible persons for each part
of the project must be defined from within SV. The optimization system brings a running
fixed cost if SV wants to conclude a service contract with a service provider. It is possible
to apply for energy aid for the investment, which would help the company financially. The
optimization system promotes and enhances the use of renewable energy, which fulfills the

criteria for applying for energy aid from Business Finland (Paavola H. et al. 2020, 3).

Another factor affecting the budget is the technical procurement required by the optimization
system, which is affected by, for example, the adequacy of the PLCs. Thus, the technical
readiness must be determined, after which the budget required for technical procurement can
be found. This is also greatly influenced by the platform on which the optimization system
is developed and created. On the other hand, the choice of IT architecture is significantly
influenced by what is perceived to be best with the chosen service provider. However, when
choosing a platform, SV must remember to get comprehensive access rights to the

optimization system to avoid vendor lock-in.

Data history is needed in the development of the optimization system. Artificial intelligence
uses previous data to learn and make predictions. This process is called machine learning,
and it involves training a computer algorithm with large amounts of data to recognize
patterns and make predictions based on those patterns. The more data an artificial
intelligence is exposed to, the more accurate its predictions become. From the view of
resources, the frequency adequacy of the current data must be investigated with the
developer of the optimization system. The meters must be renewed if some data is needed at
a higher frequency. The earlier data has been collected with a higher frequency, the more
accurate predictions the artificial intelligence can make. Data on future facilities are
unavailable, complicating the development, but it is not an obstacle. The accuracy of the
predictions is worse at the beginning but improves as the optimization system has more

historical data available.
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6.3 Developing

As it became clear from the recent subchapters, determining goals, scope, milestones,
resources, budget, technical constraints, and economic values is vital schedule-wise for the
development of the optimization system. The more extensive initial information can be
offered to the service provider, the more likely it is to avoid misunderstandings, and the
faster and better the result will be. During development, test runs must be carried out in the
background of the process to detect problems early. SV must keep in active contact with the
service provider and organize meetings at regular intervals where the progress of the project
is reviewed. Information security must be taken care of, especially during the development

phase.

6.4 Monitoring

Many key performance indicators (KPIs) are already being monitored in SV, for example,
efficiencies of the DH network and energy production, emissions, and temperature levels of
the DH network. Monitoring these metrics will also play a significant role in verifying the
benefits brought by the optimization system. SV’s personnel must develop new KPIs to
monitor the benefits brought by the optimization system even further. One example of a KPI
could be the amount of consumed energy in proportion to the outside temperature, in which
case, by looking at the history, one can see the savings brought by new investments.
Measuring the benefits of the optimization system alone can be challenging because the

production structure will change radically simultaneously.

For this reason, some KPIs, such as the previously mentioned energy-saving KPI, can only
monitor the benefits the whole brings. Some KPIs can be developed to consider only the
benefits brought by the optimization system. For example, comparing temperature levels
with historical data if the optimization system is to include optimization of the supply
temperature of the DH network. The correctness of the prediction can be monitored, for
example, by the difference between the predicted and the actual supply water temperature or

how well the production instructions given by the optimization can be followed.

The strategic roadmap serves as a basis throughout the project’s life cycle. Therefore,

remembering that the strategic roadmap is not set in stone is essential. The progress must be
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regularly monitored, and the strategic roadmap must be adjusted based on new information

or changes in the business environment if needed.
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7 Conclusions and summary

With the energy transition, energy production is becoming more dispersed and complicated.
Signs of an energy transition can be seen in Joensuu’s energy system owned by SV because
the investments in the DH battery and the HP plant are underway. In addition, SV will be
able to utilize the waste heat of future external operators in DH production. System-level
optimization will be increasingly significant in achieving cost-effective and environmentally
friendly energy production. Developing an optimization system is inevitable, and for this
reason, SV needed a strategic roadmap for developing an optimization system, the

preparation of which was the goal of this master’s thesis.

Before starting the empirical phase, getting familiar with the theory related to the topic was
important. The theoretical part of this work focused mainly on the various aspects of the DH
system and its optimization, such as the utilization of HPs, waste heat, DH batteries, and
demand response. In addition, the operational principles of sector integration were reviewed.
The empirical part started by getting familiar with the SV’s operation, especially Joensuu’s
DH system owned by SV. Familiarization was done by studying the company’s internal
material, talking with the personnel, and making familiarization visits to production plants

and pumping stations in Joensuu.

For preparing the strategic roadmap, it was essential to find out the views and needs of the
company’s stakeholders for the optimization system and its development. A semi-structured
interview was selected as the research method for this master’s thesis to find out these issues.
The people who participated in the interviews were selected so that all organizational levels
and sub-areas could be considered. A semi-structured interview proved to be a suitable
research method for this purpose, as it was possible to collect views on the same topics from
each organizational level and to target specific topics according to the interviewee’s
professional skills. The interviews also brought up topics that were not predetermined but
were necessary for the progress of this master’s thesis. The interviews were recorded and

transcribed, after which the collected information was analyzed.

The current DH system in Joensuu was generally considered reliable due to its high
availability. On the other hand, the reliance on wood fuels, peat, and oil was considered a

risk for the future because the acceptability of energy production based on combustion is
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decreasing, and the costs are increasing. For these reasons, the interviewees saw the change
in the production structure as vital in achieving the company’s goal of carbon-neutral DH
production by 2023 and maintaining the company’s competitiveness in the DH market. In
addition, the practices tested and found to be successful in Joensuu can be implemented in
the company’s other DH systems. The operation of the current DH system could be
improved, for example, by automating the accumulation of the DH network and the
operation of the pumping stations, as well as by more precise optimization of the supply
water temperature. These development items should be remembered during the development

of the optimization system.

Security of supply was considered very important at this time, and its importance will not
decrease in the future either. Although DH production capacity increases, the role of existing
HOB:s as reserve plants will be important. The flexibility of energy production will play a
significant role in Joensuu’s energy system in the future. The increase in electricity price
volatility brings the possibility of additional profits and the threat of extra costs
simultaneously. Therefore, the optimization system must find the most cost-effective
combination in all situations, considering the fulfillment of the demand for DH and the most

productive electricity production at the CHP plant.

The work presented rough production structures for different DH demand scenarios based
on previous information before the strategic roadmap was drawn up. The most important
point that emerged was that the goal of the optimization system changes slightly in different
scenarios, in which case the production structure also changes. There are several potential
operating models depending on, for example, the amount of DH demand, the price of
electricity, and for what purpose the DH battery will be used. It also affects the operating
models, whether the company wants to participate in the electricity intraday market in the
future, where the trading period will be shortened from an hour to 15 minutes. Finding more
precise operating models would require doing simulations, which would require more

information and is an extensive topic for optimizing this entity.

The company must be closely involved in developing the optimization system so that the
knowledge is not outsourced to the service provider. In connection with this, possible vendor
lock-in must also be considered to avoid fare collection and further development of the
optimization system being made more difficult. The optimization system needs a clear user

interface so that the company’s personnel, especially the operators, know what the
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optimization system is doing at any given moment and how to take the necessary measures,
such as issuing start-up permits. The optimization system will be developed piece by piece
because future plants will be completed at different times. This makes it easier to visualize

the final entity and internalize the operation of the optimization system.

A SWOT analysis was performed to start preparing the strategic roadmap. The goals, scope,
and deadlines of the optimization system were determined, as well as the technical and
financial constraints and values to be clarified. In addition, the necessary resources and how
the progress of the project, and the benefits brought by the optimization system can be
monitored. Considering these things, monitoring the progress of the project, and editing the

strategic roadmap, if necessary, enables the project to run smoothly.

The research questions defined for this master’s thesis were answered, and a strategic
roadmap according to the goal of this master’s thesis was drawn up. In previous literature,
there are several studies related to the optimization of the DH system. However, the studies
often focus on one or two optimization methods at a time. Optimizing the comprehensive
whole of Joensuu’s future energy system has yet to be discussed in more detail in the
literature. Examining the optimization of such an entity would require doing simulations,
which is a vast topic on its own. In addition, most parameters are either undecided,
preliminary, or can only be better understood in practice. The operation and potential of the
demand response in the Joensuu DH system would also have to be determined if it is to be
considered in the simulations and will be implemented in the future. There is still a lot to

find out and do, so the help of an external operator is necessary due to limited resources.
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Appendix 1

Appendix 1. SV’s operational areas. The arrow indicates the responsibility area for electricity

transmission. (Modified from Savon Voima Ltd 2023c)

HOB = yellow dots, CHP = red dots, hydropower production = green dots




Appendix 2

Appendix 2. The map of Joensuu’s district heating network. (Savon Voima Ltd 2023c¢)

Production plants = red dots, pumping stations = blue dots




Appendix 3

Appendix 3. Process diagram of the premeditated biochar plant in Joensuu (Taaleri 2021)
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Appendix 4

Appendix 4. Energy balances of the premeditated synthetic natural gas plant. (Enwald Harri 2022)

GHPO? study
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Harri Enwald 1682022
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Appendix 5

Appendix 5. Those who participated in the semi-structured interviews

Jari Piispanen. Automation manager. Savon Voima Ltd. Joensuu. 02.03.2023
Jani Hamélédinen. Operator supervisor. Savon Voima Ltd. Joensuu. 02.03.2023
Juha Rdsdnen. Marketing manager. Savon Voima Ltd. Toivala. 08.03.2023

Kari Anttonen. Production manager. Savon Voima Ltd. Via Teams. 13.03.2023
Veli-Matti Keronen. Operations manager. Savon Voima Ltd. Joensuu. 14.03.2023
Timo Soininen. Operator supervisor. Savon Voima Ltd. Joensuu. 14.03.2023

Tuomas Risdnen. ICT/digitalization manager. Savon Voima Ltd. Toivala. 15.03.2023"



Appendix 6. The rough outline used in the interviews

e The current district heating system in Joensuu
o What is good about the current district heating system?
o What is there to develop in the current district heating system?
o Is the current district heating system being optimized?
o Do you see potential in demand response?

e Sector integration
o What opportunities does sector integration bring?
o What challenges/threats does sector integration bring?

e The future district heating system in Joensuu

Appendix 6

o What possibilities will there be in district heat and electricity production?

o What challenges will there be in district heat and electricity production?

o What must be considered when developing an optimization system?

These questions were asked to all interviewees. The follow-up questions varied greatly

depending on the interviewee's answer. In addition, the rest of the questions were tailored

according to the person's professional skills.



Appendix 7

Appendix 7. SWOT (Strengths, Weaknesses, Opportunities, Threats) analysis of the current

and future situation of Savon Voima Ltd in Joensuu

Strengths

Data of the HOBs is readily available, and the operation of the entire DH network is facilitated.

Joensuu’s extensive DH network improves the SV’s competitiveness, attracts partners, and allows for
the investment and testing of new approaches that can be duplicated in other DH networks.

The availability of the CHP plant is at a reasonable level.

The power-to-heat ratio of the CHP plant can be modified better to meet the demand for DH and
electricity.

Weaknesses

Pumping stations are operated manually, which is not optimal and brings additional costs.
Automatization should be executed.

SV lacks the resources/know-how to develop an optimization system. The help of an external vendor
is necessary.

The control curve of the CHP plant is not the most optimal, and the plant is operated manually
according to it. It could be improved.

Opportunities

Sector integration brings mutual benefits among different operators.
The current low availability of biofuel may improve, causing the price of biofuel to decrease.
The diversification of production and storage enables flexibility and economy.

The increasing number of remotely readable meters and automation at the customer end enables
demand response.

The global shift to intermittent RES increases the electricity price volatility. The possibility of
additional income through electricity production

Utilization of artificial intelligence in optimization brings new opportunities.

Biofuels might be divided into sustainable and non-sustainable fractions, in which case their use
would be controlled by a new type of taxation or emission rights, increasing fuel costs even more.

Cyberattacks

Finding a partner with extensive know-how for developing an optimization system for this entity can
be challenging.

Implementing new systems initially causes resistance among personnel.
Low own production and excessive reliance on waste heat would cause the security of supply risk.

The DH battery and production facilities generating waste heat will increase the complexity of DH
production.

The global shift to intermittent RES increases the electricity price volatility. The risk of additional
costs through electricity production.

Vendor lock-in
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Appendix 8. The strategic roadmap for the development of an optimization system
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Appendix 9

Appendix 9. A more detailed breakdown of the deadlines of the different phases of the development project
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