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Abstract

Determining the Technical Potential of Demand

Response on the Aland Islands

Emil Lind & Edvard Nordlund

With increasing intermittency from renewable energy production,
such as solar and wind_ power, the need for increased flexibility

is quickly arising. The Aland Islands have an ambitious energy
transition agenda with the goal of having a 100 % renewable energy
system. Since there is no possibility of hydropower acting as
regulatory power on Aland, reaching the goal is a challenging

task. Increasing flexibility can be achieved by either

implementing energy storage in the system or by matching the
demand with the production.

The purpose of this study was to estimate and evaluate the
technical potential of demand response (DR) on Aland, both in 2019
and for a scenario in 2030 when domestic production of wind and
solar have increased. Six areas of interests were identified;

electric heating, refrigeration processes, lighting, ventilation

and air conditioning, electric vehicles and industries.

Electricity import from Sweden to Aland was examined since high
import coincides with either low domestic renewable production or
high consumption. Import is therefore a good indicator for when
flexibility is most required.

The results show that the technical potential of DR on Aland can
lower the maximum electricity import from Sweden by 18 % in 2019.
4.3 % of the total import can be moved to times when there is less
stress on the grid. Electric heating is the biggest contributor,

and can by itself lower the import with three fourths of the total
reduction. The domestic renewable production for 2019 is too low
for DR to have an effect on the self-sufficiency. In 2030 the
self-sufficiency and utilization of domestic renewable production
could be increased with 4.2-9.9 % and 5.4-12 % respectively when
using DR, depending on if vehicle-to-grid is implemented on a

large scale or not. The cost of implementing DR is still uncertain
and varies between different resources. Nonetheless, DR in
electric heating is presumably a less expensive alternative in
comparison to batteries, while providing a similar service.
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Executive summary

More renewable production means that more exible consumption could be necessary
in the future. One way to achieve this is with demand response (DR). Unlike batteries,
which store energy so that it can be used at a di erent time, DR shifts the time of usage
to when either production is high or consumption is low. This means that little or no new
infrastructure is needed in order to utilize DR.

This study aims to answer how big the technical potential of DR is on land in two
cases. One where historic data of production and consumption in 2019 is used, and one for
a future scenario in 2030. Furthermore, it aims to investigate how big the possible import
reduction could be by using DR and how much more domestic renewable production that
could be utilized. Finally, a brief economic analysis is performed.

Six DR resources were analyzed; electric heating, refrigeration processes, lighting,
ventilation, industry processes and electric vehicles (EV).

DR has the potential to lower the peak import by 11.4 MW in 2019, while it in 2030
could increase the self-su ciency with 4.2-9.9 % and the utilization of domestic renewable
production with 5.4-12 %. Electric heating is the resource with the most potential on its
own in 2019, and could also be economically viable in comparison to an equivalently sized
battery storage. EVs have a lot of potential in 2030, especially if faster average charging
power as well as vehicle-to-grid is introduced on a large scale.



Popul rvetenskaplig sammanfattning

En av de viktigaste uppgifterna f r transmissionsn tsoperat ren r att se till att generering
och konsumtion av elektricitet r lika stora. Om dessa skiljer sig ndras frekvensen p
n tet, och det kan uppst problem fr apparater som r inkopplade.

Historiskt sett har oftast styrning skett p produktionssidan d genereringen justeras
s att den hela tiden matchar konsumtionen. | Sverige har denna roll framf rallt legat p
vattenkraften. Med kad intermittent energiproduktion, s som sol- eller vindkraft, kar
ocks snabbt behovet av exibilitet, d det blir sv rare att styra n r produktionen kommer
att ske. D rfr blir det allt mer aktuellt att unders ka m jligheten till att styra elbehovet.
Ett stt att g ra detta p anv nds redan till viss del vid laddning av elbilar. Om elbilen
st r inkopplad under en | ngre tid, och inte har ett laddbehov under hela inkopplingstiden,
nns m jligheten att | gga laddningen d antingen produktion av elektricitet r h g eller
det vriga behovet rlgt. Det hr r ett exempel p efterfr ge exibilitet (eng. demand
response). Efterfr ge exibilitet kan anvndas b de fr att minska behovet under s rskilda
tider, eller fr att ytta anv ndningen fr n en tidpunkt till en annan.

“land har som m | att p sikt bli 100 % s;j Ivf rs rjande inom elektricitets-, v rme- och
transportsektorn. Fram till 2030 nns ett framtaget scenario med 170 MW vindkraft och
15 MW solkraft installerat j mf rt med dagens installerade vindkraft p 21 MW. Denna
studie syftar till att reda ut huruvida efterfr ge exibilitet skulle kunna anv ndas som
redskap f r att minska importtopparna fr n Sverige samt f r att ka sj Ivf rs rjandegraden,

b de fr det nuvarande energisystemet samt f r ett framtidsscenario d r ovan n mnd
f rnybar elproduktion har installerats.

Sex stycken sektorer som skulle kunna anv nda sig av efterfr ge exibilitet identi er-
ades; elektrisk uppv rmning av byggnader, kyl- och frysprocesser, belysning, ventilation
och luftkonditionering, elbilar och industrier. Fr b de elektrisk uppv rmning samt kyl-
processer utnyttjas att en termisk tr ghet nns i systemen, det vill s ga att vrme eller
kyla nns lagrad. Fjrrstyrning anvnds fr att reglera nr uppv rmning och kylning
aktiveras, s att h g eln tsbelastning kan undvikas. M tare ser till att temperaturen inte
g r utanfr till tna intervall. Belysningen kan regleras ned om dimmbara lampor nns
installerade, och under en kortare tid kan anv ndningen minskas utan att leda till st rre
besvr fr anvndaren. Ventilation r svr att anvnda som efterfr ge exibilitetsresurs p
grund av de lagar och best mmelser som nns inom sektorn. Det nns stora m jligheter
att styra ventilationen, men detta har st rre potential som energie ektivisering n som
exibilitetsresurs. Om smart styrning av ventilation redan anv nds, s att den till exempel
st ngs av under natten, nns det dock potential att ndra tidpunkten f r n r ventilationen



s tts ig ng igen och nattluften ventileras ut. Industrier kan tillf lligt st nga av delar
av sina processer, medan elbilar kan ytta sin laddning. Det nns ocks teknik som
m jligg r att elbilar kan anv ndas som batterilager d r de levererar elektricitet tillbaka
till n tet. Om denna teknik, som kallas vehicle-to-grid (V2G), introduceras i stor skala
kar elbilarnas potential som exibilitetsresurs.

Studiens resultat visade p att det r m jligt att s nka den h gsta importtoppen med
18 % fr 2019 om all den teoretiskt framtagna potentialen fr land kunde anv ndas
som efterfr ge exibilitet. Fr hela ret yttades 11,0 GWh till tidpunkter med | gre
import, motsvarande 4,3 % av den totala importen. 2019 var den inhemska produk-
tionen av f rnybar elektricitet fr | g fr att efterfr ge exibilitet skulle kunna p verka
sj Ivf rs rjandegraden, men fr 2030 kunde denna kas med 4,2 % f r fallet med enbart
efterfr ge exibilitet och till 9,9 % fr fallet med b de efterfr ge exibilitet och V2G.

Elektrisk uppvrmning av hush Il har den strsta potentialen av de sex enskilda
sektorerna fr r 2019. Den str fr nstan 75 % av den totala imports nkningen r knad
till e ekt och cirka 70 % r knad till m ngd energi som yttas. D refter f ljer kylprocesserna.
Belysningens totala potential g r inte att fastst lla, d det inte r m jligt att ytta den
elektriska lasten, utan enbart att minska anv ndningen. Den totala potentialen beror
d p hur mycket belysningen till ts minska. Ventilationen har | gst exibilitet av de
resurser som yttar lasten, d det bara g r att reglera anv ndningen under morgonen.

Industriernas m jlighet att delta med efterfr ge exibilitet utel mnades i den hr
studien, d det visade sig att det var sv rt att g ra en generell uppskattning av potentialen
utan att kontakta enskilda industrier. Detta rekommenderas att unders kas vidare.

Vi
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Abbreviations

aFRR - Automatic frequency restoration reserve
ASHP - Air source heat pump

BEV - Battery electric vehicle

CAPEX - Capital expenditure

COP - Coe cient of performance

DR - Demand response

DSO - Distribution system operator

ESS - Energy storage system

EV - Electric vehicle

FCR-D - Frequency containment reserve for disturbances
FCR-N - Frequency containment reserve for normal operation
GSHP - Ground/geothermal source heat pump
HP - Heat pump

HVAC - Heating, ventilation and air conditioning
IH - Immersion heater

LFC - Load frequency control

mFRR - Manual frequency restoration reserve
OPEX - Operating expenses

PHEV - Plug-in hybrid electric vehicle

PV - Photovoltaics

SCOP - Seasonal coe cient of performance

SH - Supplementary heater

SoC - State of charge
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SVK - Svenska Kraftnat

TSO - Transmission system operator
V1G - Unidirectional controlled charging
V2G - Vehicle-to-Grid

V2H/B -  Vehicle-to-home/building

V2X - Vehicle-to-everything

VESS - Virtual energy storage system

VRES - Variable renewable energy system

Glossary

Balance point temperature -  The outside temperature where no extra heating is
needed to achieve the desired indoor temperature.

Coe cient of performance - The ratio of how much useful heating or cooling a device,
for example a heat pump or a refrigerator, will produce given a certain energy input.
A higher coe cient of performance indicate a higher e ciency.

Electric heater - The electric heater uses an electric resistance heater, such as a coil or
similar, to directly heat the surrounding medium, which can be both air and water.

Heat pump - A heat pump does not use electricity to directly warm the surrounding
medium. Instead it uses it to drive a cycle which, through compression and expansion,
gathers heat from a source, such as the ground or outside air, and transfers it to the
space that are to be heated.

Immersion heater - The immersion heater is an electric heater that is submerged into
a water tank, and uses an electric resistance heater to heat the water surrounding it.
For simplicity, in this study all electric heaters which uses water as the heat carrier
are called immersion heaters.

Ramp up/down -  The de nition of ramp up/down varies depending on the application.
From the grid's perspective, ramp up indicates that the grid frequency is increased
meaning that either production is increased or consumption decreased. Ramp down
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means that the grid frequency is decreased, so either production is decreased or
consumption increased. However, when ramp up/down is mention regarding a
demand response resource such as heat pumps, ramp up de nes how quickly the
heat pumps can be turned on which increases consumption and therefore decreases
grid frequency. Since these statements regarding ramp up/down are contradictory,
the exact meaning is speci ed whenever the phrase is used in this paper.

Seasonal coe cient of performance - Similar to coe cient of performance, but mea-
sured during di erent circumstances. Since the e ciency varies with temperature,
seasonal coe cient of performance is used as a measure to determine the e ciency
in a di erent climate.

Supplementary heater -  The supplementary heater is an electric heater that functions
as a reserve heater. It is used for example when the heat need exceeds the possible
heat production from a installed heat pump. In this paper an assumption was made
that all heat pumps have been installed together with a supplementary heater, which
handles peak loads.
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1. Introduction

With the increasing penetration of variable renewable energy sources (VRES), such as wind
and solar power, the electric grid faces a challenge in maintaining equilibrium between the
demand and the production of electricity. To keep the grid stable, either the demand needs
to be matched with the production, also called demand response (DR), or vice versa. With
large shares of wind and solar power present in the energy system, the intermittency of
these technologies have to be compensated by DR, regulatory power and energy storages.
Utilizing only one of these technologies will not be enough to cover the increased exibility
needs that we are globally facing (Zophel et al., 2018).

The Aland Islands, located in the Baltic sea between Finland and Sweden, has an
ambitious energy transition agenda to reach the goal of a 100 % renewable energy system,
heavily reliant on wind power, by 2030. Furthermore, it is a desirable quality for an
island society to be self-su cient on renewables without any import from the mainland,
but this is not feasible without a great deal of exibility present in the energy system
(Lindqvist et al., 2019). In general, the Nordic countries have renewable regulatory power
available through the utilization of hydro power, but no such opportunities exists on
Aland. Therefore, reaching 100 % self-su ciency is a more challenging task for Aland in
comparison to, for example, Sweden.

This thesis is a cooperation between Uppsala University and Flexens Oy Ab. Flexens
has identi ed the opportunity to develop an energy system, based exclusively on renewable
energy sources, on Aland that is both technically and economically sustainable. This pilot
is called Smart Energy Aland (Flexens Oy Ab, 2019) and will help Flexens gain knowledge
and skills essential to achieve their vision: "to become a market leading company for
project development in the RES energy system sector” (Flexens Oy Ab, 2020).

1.1. Purpose

The purpose of this thesis is to investigate the potential of DR on the Aland Islands
and examine how electricity import can be optimized from a exibility perspective.
Furthermore the goal is to create an extension to an already existing model of the Aland
energy system, which showcases the e ects of utilizing DR in the current and future
energy system of the Aland Islands. Also, technical limitations are examined as well as
cost analysis of DR compared to other exibility resources.



1.2. Problem Statements

What is the aggregated potential of DR on the Aland Islands?

~ How much can the peak electricity import be lowered by using DR?

" How much more of the domestic renewable energy production can be utilized locally,
with the help of DR, if increased self-su ciency is prioritized?

" What is the optimal implementation of DR from an economical viewpoint and how

does it compare to other exibility resources?

1.3. Scope and constraints

The subject of DR can be divided into two parts. The rst one is the technical aspects,
which de nes the use cases for DR on a technical level, and how much regulation that can
be achieved by using smart meters and regulators. The second one is the social aspects,
how much the population and/or service providers are willing to regulate given certain
conditions. This study will mostly focus on the rst part: to evaluate the potential of DR,

but the second part will also brie y be discussed.

The concept of DR can also be applied both to electricity and heating, where in
the latter case it could be used to regulate the amount of district heating that is used
among other things. This study will not delve deeper into this, and will only focus on the
the usage of electricity. Heating, ventilation and air conditioning (HVAC) units will be
examined because, even though they are used to regulate heating and cooling, they use a
substantial amount of electricity to do so.

An overview of the electric grid on Aland can be seen in gure 1. However, the
transmission limitations within the local grid have not been taken into consideration in
the simulations.

1.4. Thesis outline

This part of the thesis explains the structure of the report and can help the reader to
navigate through the thesis with a brief overview of each of the upcoming sections.

Section 2 presents the background and theory of the thesis. Focus lies on electricity
markets and di erent DR resources which are broken down individually in upcoming
sections as the following:

" Heat pumps (HP) and other electric heaters
" Refrigeration processes

"~ Lighting

~ Ventilation and air conditioning



" Industries
" Electric vehicles (EV)

Section 3 contains the data used in the thesis and explains the methodology and
assumptions behind the calculation of the DR potential on Aland.

Section 4 consists of both a summary of the highest theoretical DR potential possible
from the all di erent resources available on Aland and the results from the model opti-
mization. The purpose with the optimization is to showcase a more realistic utilization of
DR, with technical constraints, for a full year on Aland for a base case with data from
2019 and a future scenario for 2030. Section 4 answers the problem statements of the
thesis. Section 4.9 examines a few parameters that are considered to be of high relevance
for the results and how changing them a ects the results.

Section 5 discusses the results and further research that could be conducted.



2. Background and Theory

2.1. The energy system of the Aland Islands

This section is intended to give insight into the current energy system on the Aland Islands
as well as the future plans of 2030. Currently, as was the case in 2019, the majority of
locally produced renewable electricity is supplied by wind power with an installed capacity
of 21 MW. This corresponds to approximately 19 % of the yearly electricity demand
on Aland. There is a 1.8 MW biomass combined heat and power (CHP) plant that is
rarely used for electricity production due to low electricity prices at summertime when
there is excess heat. During wintertime, when electricity prices usually are higher, it is
economically viable for electricity production but then the heat demand is higher and the
plant is mostly used for heat production. The remaining electricity is almost exclusively
imported from Sweden. The yearly total electricity demand is around 300 GWh with a
peak load of 67 MW and a minimum load of 16 MW (Lindqvist et al., 2019).

The transmission grid is owned and operated by the local transmission system operator
(TSO), Kraftnat Aland. There is one 80 MW, 110 kV, AC connection to Senneby, Sweden,
and one 100 MW, 80 kV, DC-link to Nadendal, Finland. The DC-link was installed in
2015 with the main purpose to serve as a back-up (Kraftnat Aland Ab, 2021). Figure 1
shows the voltage levels of the transmission grid on Aland.

Figure 1: The transmission grid on Aland. Original gure from Kraftnét Aland Ab
(2021).



By 2030 the electricity demand is expected to increase to 400 GWh with a peak load of
85 MW while remaining at the same minimum load of 16 MW. Regarding the renewable
energy production one of the suggested scenarios for 2030 consist of 170 MW wind power,
15 MW solar power and 0 MWe biomass CHP. In other words, a capacity mix of 90 %
wind power, 10 % solar power and 0 % biomass CHP (Lindqvist et al., 2019).

As of the end of 2020 there were 236 EVs on Aland (Fordonsmyndigheten, 2021). The
government of Aland has a goal that there should be 4,000 EVs on Aland by the year
2030. The distribution between battery electric vehicles (BEV) and plug-in hybrid vehicles
(PHEV) has not been speci ed. The sale of fossil-powered vehicles on Aland should also
not be allowed after 2030 (Alands lagting, 2020).

2.2. Markets and actors

Before delving deeper into the subject of DR, this part of the report will examine the
market structure of trading electricity to and from the grid. This is important to consider
when investigating the potential of DR since the economic feasibility will di er depending
on whether DR can participate in the reserve markets or are limited to load-shifting
and/or peak-shaving towards other incentives.

2.2.1. Current electricity market structure

The electricity market in the Nordic countries, including Finland, Sweden, Norway and
eastern Denmark, consist of several marketplaces with di erent time windows for physical
trading of electricity: the day-ahead market, the intra-day market and the reserve markets.
The day-ahead market sets the price of electricity for every hour of the upcoming day
and the price is determined by the predicted demand and supply of electricity. This is
called the spot price and the market is handled by Nordpool. The intra-day market,
also handled by Nordpool, give the producers and purchasers of electricity the option to
adjust the bought and sold electricity from the day-ahead market until one hour before
the operating hour, if it turns out the initial prediction was incorrect. However, the
predictions are always subject to an error compared to the real demand and supply even
if the intra-day market is considered. Thus, the reserve markets are used to maintain grid
stability during the hour of operation. The reserve markets are handled by the TSOs and
consist of automatic and manual reserves. The TSO is also responsible for maintaining
and developing the transmission grid (Alvehag et al., 2016).

Other actors on the market are the distribution system operators (DSO), who are
responsible for the distribution grids, as well as the end-customers. When an end-customer
purchases electricity one must choose the corresponding electricity network operator in the
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area, the local DSO, but is free to choose the electricity supplier, the party which sells the
electrical energy to the end-customer. A DSO can be both the electricity network operator
and the electricity supplier. The electricity supplier estimates how much electricity that
will be consumed by its customers and the electricity producers estimates how much
electricity that will be produced, whereas the TSO and DSO is responsible for delivering
the electricity in the grid. In the price for the end-consumer fees for the electricity price,
grid fees, taxes and and balancing fees are included. The TSO has contracts with balance
responsible parties, such as electricity suppliers, who are economically responsible for
balancing. This means that if the predicted load is higher than expected and the TSO has
to activate reserves the additional cost will be payed by the actor causing the imbalance.
An aggregator is an actor who combines several customers' consumption for trading of
electricity so that smaller resources also can be used for exibility (Alvehag et al., 2016).

2.2.2. The availability of reserve markets on the Aland Islands

Aland is a self-governing part of Finland but has its main grid connection to the Swedish
SE3 electricity market. Kraftnat Aland, the TSO on Aland, is the system and overall
balance responsible actor on Aland and there are currently three balance responsible
parties that works towards Kraftnat Aland: energy producer Allwinds Ab and the
DSOs Mariehamns Energi Ab and Alands Elandelslag. The Aland electricity market is
deregulated since January 1st 2000, meaning that anyone can trade with electricity on the
Aland market. The same companies that are balance responsible parties towards Kraftnat
Aland are also the only electricity suppliers on Aland (Kraftnat Aland Ab, 2021).

In general, the load frequency control (LFC) areas are operated by only one TSO but
there is one exception in the Nordics. SE3, one of four LFC areas in Sweden in which
Aland is included, is operated by both Svenska kraftnat (SVK), the TSO in Sweden,
and Kraftnat Aland. Kraftnat Aland only operates on Aland. Consequently, there is
a separate agreement between Kraftnéat Aland and SVK which is often not included in
public documentation (Fingrid et al., 2019).

Production and demand are locally balanced by Kraftnat Aland, and the remainder
is either imported or exported via the 80 MW AC connection to Sweden. Currently
export to Sweden is seldom required but this will change when wind power is further
expanded on Aland. The electricity import contract is currently set to a maximum of
58 MW but has been gradually increased over the years. The annual subscription fee is
10.9e /KW L. If Kraftnat Aland is unable to handle an imbalance they have a contract with

1 Conny Rosenberg, CEO of Kraftnat Aland, e-mail [10-06-2021]. SEK to EUR conversion via
valuta.se [22-06-2021]



SVK to supply regulatory power for the price of the reserve market and the electricity
supplier that caused the imbalance will have to reimburse for the increased price. This
means that Aland cannot participate in the reserve market, and discussions whether this
would be possible to implement is ongoing between SVK and Kraftnat Aland, but it is a
technically complicated and time consuming process that requires special solutions due
to the conditions on Aland. For more information on the reserve markets, and other
exibility markets, see appendix A.

The 100 MW DC-link to Finland is only meant to be used if there is a disturbance in
the Swedish connection. If this happens the market is turned to Finnish prices for both
purchasing and selling electricity. For the cold periods at the start of 2021 the cable was
used for peak shaving to avoid exceeding the power limit towards Sweden. There is also
local reserves in the form of gas turbines. The DC-link is technically impossible to utilize
for frequency regulation in SE3 since the Nordic countries are synchronously connected
with the same frequency, the only impact would be a slight decrease in frequency from the
losses in the line. There is also a special solution in the archipelago. These locations are
supplied with Finnish electricity because the connection with the main island, which is
supplied with Swedish electricity, is too weak. The current structure has to be overhauled
for expanded wind power in the case that export is needed to both Sweden and Finland
at the same time since the prices in the two regions di ér

2.3. Demand response

Increasing the share of VRES reduces the system inertia in the grid due to a decrease
in mass of spinning generators. When a sudden change in supply or demand happens in
a power system with low inertia more severe frequency deviations will be encountered,
making the grid unstable. To counteract this, energy storage system (ESS) can be used.
However, ESS is still expensive as a large-scale investment even though prices have started
to decrease in recent years (Cheng, Sami and Jianzhong, 2016). The average cost of a
4-hour li-ion utility-scale battery system was 1252 /kW 2 and 313e /kWh in 2019. The
forecast in 2030 for the same system is 68ZkW and 170.5 e /kWh (Cole and Frazier,
2020).

A virtual energy storage system (VESS) is a combination of all di erent controllable
components in the energy system. DR, in aggregated form, can be seen as a VESS with
properties similar to charging and discharging by intelligent load-controlling. Using already
existing network assets such as fridge-freezers and heating loads with a exible demand,

Conny Rosenberg and Jan Mérn, CEO and CTO at Kraftnat Aland, online interview [22.2.2021].
3 USD to EUR conversion via https://www.valuta.se/ [2021-05-18]



DR can be deployed at a large scale to a lower cost than ESS. It is estimated that DR has
the potential to reduce the need for ESS with 50 % by 2030. DR relies on information and
communication technology. With the help of a controller the power output for aggregated
freezers', for example, can be varied in relation to frequency deviations by changing the
temperature of the freezers. The purpose of the controller is to contribute with regulatory
services without impacting the cooling performance, the original purpose, of the cold
storage. However, there are challenges with DR regarding uncertainties in the response
of the controllable loads. Therefore, combining DR with ESS could provide a reliable
frequency response with lower cost than a traditional ESS (Cheng, Sami and Jianzhong,
2016).

Another main bene t is that DR allows for improved integration of renewable electricity
production. The utilization degree of wind power and solar photovoltaics (PV) will increase
if customers' electricity loads are shifted to match the production. This will improve
the value of produced electricity and help to avoid negative electricity prices and will
contribute to a better investing climate for wind power and solar PV (Alvehag et al.,
2016).

But not all devices and appliances are suitable for DR usage. Some might also only be
suitable to a certain degree; either in order to not a ect user comfort or not being able to
regulate quickly enough for certain reserve markets.

According to Alvehag et al. (2016) the following areas could be suitable for DR on the
residential side:

" EVs

HPs and resistance heaters

Freezers and refrigerators

~ Lights

Heating, ventilation and air conditioning (HVAC) units

DR can also be used in industries and commercial buildings. Apart from the residential
ones mentioned above, which also could be applicable in the industry and commercial
sector, some industries have a greater potential to regulate their processes. Some of these
are the forestry, paper and pulp industry and food industry (Alvehag et al., 2016).



2.4. Demand response resources

2.4.1. Electric heating

There are many di erent kinds of HPs, but in general they all consists of the following
four components:

" Evaporator

" Compressor

~ Condenser

" Expansion device/valve

Through all these components a refrigerant/cooler uid is owing. The system has
both a cold and a warm side. Thermal energy is absorbed in the evaporator by the cooler
uid from the cold side energy source, which can be ground/geothermal heat (GH), a lake
or the outside air. The uid, now in gas form, then passes the compressor, where both
the temperature and pressure increases due to the decrease in volume. The now hot gas
goes through the condenser, where a heat exchanger transfers the heat from the gas to
the exchangers medium, either air or water. The transfer of heat makes the gas shift back
to a liquid. In the expansion device/valve the pressure is lowered, and the device makes
sure that the pressure di erence between the cold and hot side is kept equal at all times.
The now cool and low pressure uid then passes the evaporator, where the uid absorbs
the heat from the source, as mentioned before, and is turned into a gas and the cycle
repeats (Heat Pumping Technologies, 2021).

An important aspect of the HP is its e ciency, which is known as the coe cient of
performance (COP). The COP value shows the ratio of heat compared to used electricity.
It changes depending on outside temperature, as well as with the radiator temperature.
The manufacturer usually calculates COP at a speci ed outside- and radiator temperature.
The lower the temperature di erence is between these two variables the higher the COP. If
the radiators are few or small then a higher temperature is needed to get the same indoor
temperature, which lowers the e ciency. Therefore oor heating is usually more e cient
than normal radiators, since they have a bigger surface area and therefore can have a lower
temperature. This also means that the COP lowers with decreasing outside temperature.
Therefore it is most usually better to look for a seasonal coe cient of performance (SCOP)
value, which uses the yearly mean outside temperature, and gives a more fair estimation
of the energy usage. The mean outside temperature di ers depending on where the HP is
located, and manufacturers therefore often have SCOP values for di erent "climate zones"
(Swedish Energy Agency, 2010c).



In table 1 the energy savings, compared to a system which uses an electric heater
option with water as the heat carrief, can be seen. The pumps that use geothermal
energy, as well as the water source, all have equal energy savings. From now on the term
ground source heat pumps (GSHP) will be used for these heat pumps. These alternatives
also have the highest savings. The air-water, air-air and exhaust air will collectively be
called air source heat pumps (ASHP) in the rest of this report.

Table 1: Energy savings for di erent types of HPs (Swedish Energy Agency, 2010c).

Type of HP Energy savings*
Vertical geothermal 65-75 %
Horizontal geothermal 65-75 %
Air-water 50-70 %
Air-Air 30-60 %
Water source/lake water 65-75 %
Exhaust air 40-60 %

*The energy savings are in relation to a system that uses an electric heater and water as the
heat carrier.

HPs with higher COP exists, but as mentioned before it depends on what radiator
temperature and outside temperature there are. The COP value also varies with the
outside temperature, as can be seen in table 2.

Table 2: COP for ASHP and GSHP for di erent ambient temperatures (Oehme, 2018).

Ambient air 20| -15| 10| -5 0| 5 | 10| 15 | 20
temperature ( C)

Lower value 15|19 25|27|36| 38| 40| 45| 3.6
Upper value 2.0 3 3 |35/38| 39| 45| 50 4.0
Mean COP 175 2.45|2.75|3.1| 3.7| 3.85| 4.25| 4.75| 3.8

The HPs are usually dimensioned to cover more than 95 % of the total energy need.
This often results in that the maximum power of the HP is approximately 65-70 % of the
maximum power needed. A supplementary electric heater (SH) is almost always installed
in or next to the HP, which turns on when the temperature outside is too cold and the
HP cannot deliver enough heat (Swedish Energy Agency, 2010c).

The HPs can be controlled individually, for example by the owner, in which the owner
can use di erent settings to change the usage given certain input signals such as power
usage or price. Another way is if an operator has the ability to control a large amount of

4 A common type of electric heater which is used to heat water is called an immersion heater. To avoid

misunderstandings, immersion heaters will from now on be used when electric heaters in water is
referred, since electric heaters could mean both the heaters that heat air and those that heat water.
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HPs. If enough HPs are controlled by an aggregator then 90 % of the total regulatory
capacity can be reached within 15 minutes. The reason for this is that the HP can be
damaged if it is interrupted mid-cycle. It is possible to shut down the HPs quicker, but
this might decrease the lifetime of the pumps

The amount of energy passing through the building shell is directly related to the
temperature di erence between indoor and outdoor temperature. Therefore the heat
losses decrease with time if no further heat is supplied, and the regulation time increases
exponentially with an increase in allowed indoor temperature interval. Aside from
temperature there are many other parameters which determine the amount the HP is
able to regulate. One of the most important is the permeability of the outer parts of the
house. The more easily that air can travel through the walls, oors and roof, the more
heat leakage there will be. Another important factor is the thermal inertia. A building
made out of stone has a bigger potential for regulation than that made out of wood, since
it has a larger thermal inertia. A third factor is the amount of solar radiation through
the windows and onto the walls (Persson et al., 2012). With all this considered, a typical
normal sized detached family house has a thermal inertia which enables a 10 KWh heat
loss before the temperature decreases with €. This is approximately the same regardless
of the outside temperature. But the outside temperature has a big impact on the amount
of regulation that is possible. With high outside temperature the power supply is low, and
therefore the regulation degree decreases. Although as long as some power is needed, then
it is possible to regulate small amounts for a much longer time. When the temperature
outside is low the possible regulation is high. When the HP no longer is able to generate
enough heat the supplementary heater is turned on, with a COP of 1. This means that
more electricity is needed, and the possible power regulation becomes ldtger

In order to be able to down-regulate, or reduce HP consumption, for a longer time a
"pre-heating” of the building is possible, by increasing the amount of heat generated by
the HP in advance. But a short time heating has a small e ect on the thermal inertia,
and the cooling e ect is initially higher since much of the heat in the air is lost through
ventilation (Persson et al., 2012).

Bjorn Berg, CEO of Ngenic, online interview [5.2.2021].
6 Bjorn Berg, CEO of Ngenic, online interview [5.2.2021].
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2.4.2. Refrigeration processes

Refrigeration processes such as freezers and refrigerators is another resource that could be
used for DR, both in private households, commercial buildings and in industries.

The refrigeration cycle is similar to the HP cycle mentioned in section 2.4.1 and based
on same thermodynamic processes. A refrigeration uid, refrigerant, ows through the
system and is repeatedly converted between liquid and vapor form. The compressor,
which is the component using electricity, increases the pressure and the temperature of
the uid from evaporation pressure (low) to condensing pressure (high). At high pressure
the compressor pushes the vapor into the condensing coils outside the refrigerator where
it is turned into a warm liquid. The condenser works as a heat exchanger rejecting heat
to the surroundings with lower temperature which causes the phase shift. The next step
in the process is the expansion device where the high pressure, now liquid, refrigerant is
expanded. The pressure drops and some refrigerant is turned to vapor which decreases the
temperature of the refrigerant. The evaporator coils, inside the refrigerator, also works
as a heat exchanger. Here it is removing heat from the warmer surroundings, which is
how the refrigerator inside is cooled. Absorbing heat increases the temperature of the
refrigerant turning it into a vapor again where it enters the compressor and the cycle
repeats. A thermostat controls the temperature by switching on and o the compressor
(Ronzoni, 2020).

There are many di erent factors that determine when a refrigerator can participate
in DR, mainly the maximum and minimum temperature allowed but also the ambient
temperature and how often the refrigerator door is opened (Lakshmanan et al., 2014). The
cooling demand is relatively consistent over the day but slightly increased during opening
hours. Over the di erent seasons the cooling demand is higher during summertime when
the outdoor temperature is higher (Grein and Pehnt, 2011). This indicates that there is
higher DR potential during summertime. In a report based in the UK a seasonal factor of
0.75 of the average DR potential is used in week 1 and 1.12 during summer at week 29
(Cheng et al., 2015).

To make sure that the cold storage's primary function is not undermined when utilizing
refrigeration for DR, a temperature span is allowed for when the cold storage can be
turned on or o . In practice, this means that a refrigerator can be turned o for a while
if it is cold enough, which corresponds to a discharging storage, or it can be turned on
if it is warm enough which corresponds to a charging storage. When it reaches either
minimum or maximum temperature the refrigerator has to be turned on or o again
no matter what the frequency is if that is the regulation signal used for controlling the
refrigerator. The temperature can be compared with the state of charge (SoC) of a battery.
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A low temperature indicates a high SoC, because the cold storage can be turned o for a
longer period "discharging" more energy and increasing the frequency of the grid. A high
temperature therefore indicates a low SoC because there are fewer, or none, possibilities
to turn o the cold storage. All cold storages can then be run in aggregated form to
participate in regulation markets (Cheng, Sami and Jianzhong, 2016).

One refrigerator has a DR potential of approximately 100 W, simply because when
the compressor is turned on the nominal power is 100 W and when it is turned o
there is no power usage (Lakshmanan et al., 2014). Cheng et al. (2015) and Design &
Engineering Services (2012) also state that the average DR potential of a refrigerator
is 100 W, however the operational pattern varies from case to case and cycles can vary
between 15 minutes and 1 hour. No major changes in e ciency occur when utilizing load
shifting in refrigerators (Design & Engineering Services, 2012) and the recovery period,
time turned on to reach minimum temperature, is shorter than time turned o when the
refrigerator reaches maximum temperature (Lakshmanan et al., 2014).

A typical domestic freezer has a nominal power consumption of 70 W and a yearly
demand of 208 kWh. During regular operation an on cycle lasts for 26 minutes and an
o cycle for 40 minutes on average but the compressor could make cycles of ve minutes
without incurring mechanical damage (Baghina et al., 2012). The majority of load shifts
in commercial and domestic refrigeration are 30 minutes (Grein and Pehnt, 2011).

Cooling applications is an important aspect in everyday life and vital for the food
industry and the processing and availability of groceries. Cooling processes are also used
in industries. To summarize, the main refrigeration systems can be split into the following
categories:

" Commercial refrigeration in food-retailing

" Commercial refrigeration in warehouses

" Process cooling in industries

" Domestic refrigeration (Grein and Pehnt, 2011)

2.4.3. Lighting

The average energy usage in a year for lighting for a household in Sweden is 600 kWh and
for Finland it is slightly above 700 kwh (Bring, 2018).

Regulation of lighting has existed for some time, and there are a few di erent ways to
control the lighting demand. One of the more usual ones is a timer, which has set levels
of light during di erent times of the day, week or year. One drawback with some timers is
that they themselves consume energy. Another way is with motion detectors, which turns
the lights on if someone is within the area. There are also sensors, which measures the
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amount of solar radiation and adjust the amount of light accordingly. The above solutions
can be combined, and a dimmer can be used with the di erent systems to regulate to a
speci ¢ degree of lighting (Benediktsson, 2009).

In a study called Demand-responsive lighting: a eld study by Newsham and Birt
(2010), they recommended to split lighting DR into two parts, which they called stage 1
and stage 2. The rst stage is for when only smaller load reductions are necessary and
where the changes should go unnoticed by the majority of people, while the second stage
is for bigger reductions and where the noticeability of the changes are not as important.
The limits that they recommend can be seen in table 3.

Table 3: Lighting limits for demand response (Newsham and Birt, 2010).

Stage 1
, Low prevailing High prevailing
No daylight daylight daylight
Rapid response 20 % 40 % 60 %
Slow response 30 % 80 %
Stage 2
, Low prevailing High prevailing
No daylight daylight daylight
Rapid response 40 % 40 % 80 %
Slow response 50 % 80 %

The rapid response is a change that happens within 10 seconds and the slow response
should happen within 30 minutes or more. They also emphasize that the dimming process
should only be temporary, and that it should only be used occasionally for a few hours at
a time, and that these levels should not become the new "normal".

The numbers seen in table 3 might not be representative for many of today's systems. If
the lighting already has some sort of control system, either based on photoreceptors which
measures the amount of light/sunlight, or follows a time-based schedule, the potential
might be much lower. Ryan Firestone, Contract Analyst at the Regional Technical Forum
(RTF), made an investigation for which the focus was to nd what kind of spaces are
suitable for lighting DR as well as the possible potential in these spaces. The investigation
was based on previously performed studies as well as discussions with di erent DR
implementers, engineers and the RTF DR subcommittee (Firestone, 2021)). Firestone
found that most of the previous studies were focused on o ces and retail spaces, and
that these were the most suitable for DR since they tend to be relatively large and have a
homogeneous lighting load, which in turn can be dimmed without too much interference
regarding productivity or safety. Most studies were made more than 10 years ago, and
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no newer studies were found. RTF still reached the conclusion that the ndings in
these studies would be applicable today in terms of percentages, although due to the
development in energy e ciencies the total regulation for a similar building would be
smaller in term of absolute numbers. The savings potential was estimated at 25 % for
o ce-like buildings and 35 % for retail-like buildings. The regulation time period was
one hour, and no more speci cs were supplied. It also turned out that implementers of
DR programs saw little participation for lighting, and small interest for it in the future.
HVAC systems were perceived to be easier to regulate and cause smaller disturbances to
the occupants (Firestone, 2021; 2019a; 2019b).

2.4.4. \Ventilation and air conditioning

HVAC is often grouped together, but since HPs and immersion heaters (IH) have already
been covered in a separate chapter, this section will focus on ventilation and air conditioning.
The di erence between ventilation and air conditioning is that the purpose of ventilation
is to exchange to indoor air with new outdoor air, while air conditioning is supposed to
make the air more comfortable, either by cooling or heating it, or by treating the new or
circulating air to improve its purity or humidity. Ventilation can be divided into three

di erent categories:

" Natural ventilation
" Exhaust air
" Exhaust and supply air

Both the exhaust air as well as the exhaust and supply air can be combined with a
heat exchanger to reuse some of the heat from the building. The ventilation can also be
coupled with a exhaust air HP. For more information on HPs see section 2.4.1.

In bigger buildings, such as apartments or non-residential buildings, two di erent
ventilation systems exist, centralized and decentralized. Decentralized means that each
apartment or building part have its own ventilation unit and separate control of the
ventilation, while centralized means that all ventilation is aggregated from one point
(Thors, 2014).

DR in ventilation is not widely used, but ventilation control is not unusual. Demand
controlled ventilation (DCV) changes the rate of ventilation regarding, for example, the
degree of particles. By using di erent sensors it can regulate the ventilation to compensate
for increased or decreased occupancy, or other sources of emissions. Most ventilation units
already have a lot of the necessary components in order to handle precise regulation, but
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may need to be complemented with di erent sensors and a controller that can communicate
either with a localized or centralized control system (U.S. Department of energy, 2012).

There are a number of laws regarding the ventilation that must be followed when
controlling the air ow, for more information see appendix B.1. If these demands are met
then it is possible to regulate the ventilation. One way to do this is to track the occupancy,
and in extension to this the amount of unwanted substances in the air. Occupancy in
di erent locations can be measured in a few di erent ways. One of the most common
methods is carbon dioxide (CQ) sensing. Meters are placed either in the di erent spaces
or in the return air ventilation shafts, and the amount of ventilation is then regulated by
measuring the degree of CO Another way to measure is with a more practical solution.
In certain locations cameras, ticket sales or other means of counting could be used to
estimate the occupancy (U.S. Department of energy, 2012).

2.4.5. Industry processes

According to Shoreh et al. (2016) DR in industrial loads is more complicated to implement
in some aspects compared to DR in residential and commercial buildings. This is mostly
due to the fact that many manufacturing processes are time-dependent and need scheduling,
thus reducing exibility. For the industry sector the best option for DR might be to
use large consumers and utilize non-critical loads such as ventilation, lighting, heating,
refrigeration and, if possible, also industrial processes. Suitable industries for DR are
listed in table 4.

Table 4: Suitable industry processes for DR (Shoreh et al., 2016).

Industry Process

Metal (Steel/Aluminum) | Smelting/electrolysis
Food Refrigeration
Chemicals (Chloride) Chloralkali process

Cement manufacturing | Grinding, crushing
Paper and wood pulp Mechanical re ning

Textile Wrapping, weaving
Glass manufacturing Electric furnace
Oil re nery Catalytic cracking

There are not many energy intense industries on Aland and the total electricity
consumption of the industry sector was 62.8 GWh, or 22 % of the total consumption, in
2019 according to ASUB (2019b). As a comparison, the electricity usage from the industry
sector in Finland reached 40,610 GWh, or 47.2 % of the total consumption (Statistics
Finland, 2019). The consumption used in industries in relation to the total consumption
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is much lower on Aland in comparison to Finland. There are 340 industry buildings of
171,052 m on Aland, or 5.9 % of the total building area, (Statistics Finland's PxWeb
databases, 2020) and 227 di erent industry enterprises (ASUB, 2019a).

2.4.6. Electric vehicles

EVs consists of two di erent types; purely electrical, also known as BEVs and PHEVs.
PHEVs have both a battery and an internal combustion engine, and usually have a smaller
battery than BEVs.

Instead of charging EVs directly when they plug into the charger, the option exists
to move the charging to another time, where either the demand or price of electricity is
lower. This is known as load shifting or unidirectional controlled charging (V1G). Many
of todays chargers already provide this option. Vehicle-to-grid (V2G) is the next step
in the development. It uses the car's battery as a temporary storage and can store and
retrieve electricity from it. This further expands the exibility of EVs as a DR resource.
There are a few di erent concepts of this; V2G, vehicle-to-home/building (V2H/V2B) and
vehicle-to-everything (V2X)'. In order to make V2G work both the charger and the EV
need the correct protocols, and communication between the vehicle and the charger needs
to be possible. A technical standard to simplify this communication has been developed,
called ISO/IEC 15118. Some of the parts of this protocol have already been completed,
while others is still under development. This protocol also enables something called "plug-
n-charge", a charging and payment system which automatically handles identi cation
and payment of parking and charging, and takes away the need for RFID-tags, apps or
credit cards (Powercircle, 2020). According to Schram et al. (2020) the average round trip
e ciency of V2G could be around 80 %.

The tra c patterns for passenger cars and their variations with both hourly, daily
and monthly values, as well as particular data for bigger holidays, are described in
Tra kvariation Gver aret (eng: Tra c variations throughout the year) written by Bjorketun
and Carlsson (2005). This is known as the annual average daily tra c (AADT). For
passenger cars the tra c has been divided into four subgroups; tourist tra c, transit
tra c, local tra ¢ and public road average. Public road average is the overall average of
the other categories, and is the number which will be used in this report. The variations
for passenger cars can be seen in gure 2 and the variations for weekdays and over the
year can be seen in gure 3.

7 This report will use the name V2G from now on for all of these, since it is the most common
expression out of the three.
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Figure 2: Road intensity for di erent tra c types throughout the day (Bj6rketun and
Carlsson, 2005).

(@) (b)

Figure 3: Road intensity weekdays (a) and monthly (b). The gures show how the
intensity di ers for di erent tra ¢ types during the week and year (Bjorketun and
Carlsson, 2005).

According to a few di erent studies, which have been summarized by Barter (2013),

private vehicles are parked about 95 % of the time. This means that they are driving
approximately 72 minutes each day.
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2.5. Dierent use cases for demand response

Two di erent use cases for DR exists. These are called emergency-based regulation and
economic-based regulation. The rst one is used for frequency regulation, and changes
the energy of the end-user depending on load signals, whereas the second case changes
the energy usage with price signals, such as tari s for example (Al Essa, 2017)

Regulation with DR can therefore be used with multiple purposes in mind and for
Aland the following opportunities were identi ed:

~ Optimization according to daily and nightly electricity tari s

" Optimization according to SE3 spot prices

" Local exibility market

" Other exibility market

" Momentarily reduce the load to avoid exceeding max power limit of aggregated users

The Swedish reserve markets has been left out due to the reasons mentioned in section
2.2.2. Another approach, as previously described in section 2.3, is to utilize DR to facilitate
the integration of renewable energy. By matching demand better with local wind and
solar production, the investing climate for these technologies are improved.

2.6. PLEXOS Market Simulation Software

The software used to create the model in this work was PLEXOS by Energy Exemplar.
It is a simulation-optimization software that, based on user-de ned economic and tech-
nical parameters, can model, simulate and analyze energy systems and markets. The
optimization algorithm will satisfy the speci ed demands to the lowest available cost.
Therefore, the goal is to maximize pro t regarding expenses and revenues from sold heat
and electricity (Tomsic et al., 2018).

PLEXOS can be used for multi-objective decision optimization which involves maxi-
mizing or minimizing several objective function subject to multiple constraints. These
problems can be solved with modern commercial solvers. CPLEX is one of the available
solvers in PLEXOS and utilizes both blended and lexicographic optimization. Lexico-
graphic optimization, also known as hierarchical optimization, has a priority order given
by the di erent objective functions which allows the user to specify additional objectives
compared to the regular cost minimization or pro t maximization. A blended optimization
is a linear combination of several objectives with speci ed weights. PLEXOS with the
CPLEX solver can combine blended and lexicographic objectives in the same optimiza-
tion problem where weight and priority are set for each objective. How this is handled

19



in detail is by having the optimizer perform separate optimization steps, and for each
step decrease priority. Every step is optimized based on its objectives multiplied by its
weight attributes while applying constraints making sure that higher priority steps are
not degraded (Papadopoulos, 2020).
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3. Method and Data

The method and data section will walk through the same resources as in section 2.4.
Each one will explain the methodology, assumptions and data used to reach the results
regarding the DR potential on Aland of that speci ¢ resource. The goal is to minimize
the impact on the users of the di erent resources. In other words the resources should be
controlled in such a way that the primary function or comfort is not decreased.

Acquiring high quality data is vital to make accurate estimations regarding DR. This
thesis focuses on a high level concept, aggregating the total potential for all of Aland.
Therefore, the main methodology has been to split the buildings into di erent sectors
where one DR-concept can be applied to a sector as a whole. Unfortunately, this detailed
data does not exist for Aland in many cases. Data from Statistics and research Aland
(ASUB) and Statistics Finland have been used. Interviews with the TSO and a DSO on
Aland have been conducted, and contact with the government of Aland has been made.
Data have also been provided directly from Flexens.

An important aspect is that data collected for di erent sectors can be outdated. Even
if the yearly consumption is updated the customer may no longer be active in the same
sector. There is no standard way of reporting data. Inconsistent grouping are therefore
used among the di erent parties, which makes combining di erent data sets to acquire
more detailed data in di erent sectors a complex matter and does not necessarily provide
realistic results. Therefore, this report will be transparent with how data have been used
and what assumptions that have been made. Data directly from Aland have been used as
much as possible whenever it has been deemed applicable and otherwise mostly Swedish
data have been applied to increase the detail and granularity of the data on Aland. The
data gathered in section 3 will then either be used as input in the model or directly used
as results for the DR potential.

A big source of data for this study was the STIL2 investigation, which included
the sub-reports "Energianvandning i hotell, restauranger och samlingslokaler”, "Ener-
gianvandning i handelslokaler", "Energianvandning i vardlokaler", "Energianvandning i
idrottsanlaggningar" and "Energianvandning & innemiljo i skolor och férskolor". These
included energy usage for, among other things, heating, refrigeration, ventilation and
lighting for di erent building categories. ASUB had total building data for a category
called commercial buildings, which included all hotels, restaurants, assembly buildings,
retail stores, strip malls and supermarkets, but no speci ¢ data on the mentioned sub-
categories. Therefore the buildings on Aland belonging to this category was divided
based on a Swedish average of the relative area for the Swedish buildings provided by the
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STIL2 study. This procedure has been used in the electric heating, refrigeration processes,
lighting as well as ventilation and air conditioning sections.

In this study two di erent cases were examined, one for 2019 and one for 2030. The
main factor that will determine the model results for 2019 and 2030 is the optimization
goal. As previously mentioned, DR could be utilized for peak shaving, local optimization
for renewable energy or price optimization after either reserve markets or the spot price of
electricity. It was determined that a combination of peak shaving and local optimization
currently is the most relevant scenario to examine for Aland. This is based on the fact
that participation in the regulation market will likely not be available for Aland in the
near future, which was addressed in section 2.2.2, and optimizing towards the spot price
is not as economically attractive.

The import is a good exibility measure since it is high either if local production is low
or consumption is high. If there is local production available, it can be used directly and
a peak in the consumption at the same time is not considered as a problem. Also, if there
is no local consumption renewable electricity can be used to "charge" the DR resources,
instead of exporting it. This will indicate how much more renewable generation that can
be integrated when utilizing DR. Therefore, the optimization objective is to peak shave
imported electricity and not the consumption. From an economical stand point, reducing
peaks in the imported electricity could enable lowered connection fees. Load-shifting
towards nighttime consumption is indirectly included. Since consumption peaks normally
occur during daytime the model is likely to move daytime consumption to nighttime if it
is technically possible for the resource. For the scope of this study, it is assumed that the
number of each DR resource, except for EVs, are constant between 2019 and 2030.

3.1. Electric heating

The energy for heating can in theory be estimated by calculating the losses. But due
to the lack of detailed building data this method was deemed too unreliable. For more
information see appendix C.1.

Instead, the total amount of energy needed for heating was approximated by using an
average energy usage per square meter, with statistics from a number of di erent sites
and organizations. Data on electrically heated buildings were collected from Statistics
Finland, and can be seen in table 5. These numbers do not include the buildings heated
with a GSHP, which instead can be seen in table 6. The data included both the number
of buildings for the di erent categories as well as the total gross area of the buildings in
each respective group.
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databases, 2020).

Table 5: Number of buildings for di erent house categories that uses electricity as main
heat source and the respective total gross area [m2] (Statistics Finland's PxWeb

Building type Nur_nb_er of | Gross oor
buildings area [m2]
Detached and semi-detached houses 3,234 441,118
Attached houses 128 45,362
Blocks of ats 32 17,995
Commercial buildings 703 55,417
O ce buildings 26 5,376
Transport and communications buildings 299 26,750
Buildings for institutional care 11 3,548
Assembly buildings 49 9,390
Educational buildings 8 1,445
Industrial buildings 115 65,623
Warehouses 42 21,268
Other buildings 21 4,181
Total 4,668 697,473

databases, 2020).

Table 6: Number of units for di erent house categories that uses ground heat as main
heat source and the respective total gross area [m2] (Statistics Finland's PxWeb

Building type Nur_nb_er of | Gross oor
buildings area [m2]
Detached and semi-detached houses 898 171,582
Attached houses 48 19,409
Blocks of ats 20 18,153
Commercial buildings 17 11,240
O ce buildings 2 581
Transport and communications buildings 12 979
Buildings for institutional care 8 9,055
Assembly buildings 3 5,069
Educational buildings 2 5,711
Industrial buildings 6 3,844
Warehouses 7 3,403
Other buildings 4 1,210
Total 1,027 250,236

Since the data in table 5 makes no distinction between the di erent ways to heat a
building with electricity, the distribution between the di erent heating con gurations was
made with data from Swedish households, which can be seen in table 7. The distribution
is assumed to be the same on Aland as it is in Sweden, and was directly translated to the
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small households (Detached and semi-detached houses) on Aland.

Table 7: Percentage of di erent con gurations of electricity heated households in
Sweden (Nilsson, 2020c).

Number of
Heating con guration households | Percentage [%]
[1000-]
Direct heating no HP 82.032 13.796
Direct heating with HP 176.344 29.657
Water carried heat no HP 85.121 14.316
Water carried heat with HP 251.112 42.223

By combining data from table 5, 6 and 7 and data from Swedish Energy Agency
(Nilsson, 2020c) the total amount of electricity used for the heating of small households
could be calculated. This was done by multiplying the gross area for the small households
with the distribution of heating con gurations and their corresponding electricity usage.
The results can be seen in table 8.

Table 8: Electricity usage for heating for small households on Aland.

Heating con quration Air carried Water carried Ground Total

9 9 heat heat heat
Number of buildings
in Aland (detached 1,410 1,824 898 4,132
or semi-detached)
Gross oor area [m2] 215,749 279,255 171,582 | 666,586
Electricity usage for
heating [KWh/m2]* 78.0 72.4 58.8 70.7
Total electricity use
for heating [GWh] 16.8 20.2 10.1 47.1

*Data from Swedish Energy Agency (Nilsson, 2020c)
IMean value

The attached buildings was assumed to have the same electricity usage per square
meter as the detached or semi-detached. The electric consumption per square meter for
heating for the other buildings can be seen in table 9.
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Table 9: Electricity usage for heating and warm water for di erent building types
(Nilsson, 2020a, 2020b).

Electricity for Electricity for

Heating con guration heating with ASHP heating with
and IH [KWh/m2] GSHP [KWh/m2]

Blocks of ats 104.273 91.117
Hotels, restaurants, dormitories 137.441 125.095
O ces and administration 121.131 93.696
Supermarkets 184.488 140.766*
Other trade 130.304 99.423
All hours healthcare 108.522 95.597
Other healthcare 115.182 105.769
Educational buildings 131.281 101.804
Thegters, concert halls, 130.563 96.181
movie theaters
Other buildings 123.967 116.130

*No value was available. This value has instead been calculated by taking the value for
supermarkets for IHs and ASHPs, and scaling it with the di erence from the category "other
trade".

Tables 5 and 6 were then combined with table 9 to calculate the total electricity need
for the remaining buildings. Some of the categories do not match exactly. For example,
since the split in di erent buildings for institutional care is not known, all have been
assumed to belong tdther healthcare The Commercial buildingscategory has been
divided into its sub-parts in the same way as can be seen in section 3. The sub-categories
that do not have a directly correlating category, retail stores and strip malls, have been
assumed to beOther trade. Finally, Assembly buildingshave been paired withTheaters,
concert halls, movie theaters

This total electricity usage is both for heating and warm water. Since no information
could be found for the separate usage the warm water usage was approximated to 20
KWh/m 2 (Andréasson et al., 2012). 20 kWh/r is used as a standard for residential
buildings, but has in this study been used also for the non-residential buildings. Since HPs
need less electric energy compared to a normal electric heater to achieve the same heat
the needed total heat was divided by SCO¥Pfor the di erent HPs with a water medium.

No information was given on how the directly heated buildings provide warm water, so it
was assumed that they used an electric water heater with a SCOP of 1. No data could be
found on how the water usage was distributed during the year, so it was approximated to

8  SCOP is normally given as the COP-value for a lower speci ed temperature than what the standard
COP is given at, but here it is instead used as the value directly corresponding to the energy savings
seen in table 1.
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be split evenly for each time interval, and thereby constant during the whole year.

The balance point temperature in all of the buildings was assumed to be 1&, which
is the same balance point temperature used for example by the Swedish Meteorological
and Hydrological Institute. Boverket (2010) did a study showing that the average indoor
temperature for detached buildings was 21.2C, while it for apartment buildings was
22.4 C, and that a balance point temperature of 17C was a good approximation in
order to achieve these temperatures indoors. The heating need was assumed to directly
follow the outside temperature in relation to the balance point temperature. It was also
assumed that no cooling was needed, and therefore that the HPs and heaters were turned
o completely when the outside temperature exceeded the balance point temperature. No
added heating from solar irradiation was accounted for.

For the attached buildings, apartments and other non-residential properties no local
data on what the split between di erent electric heating alternatives looked like could
be retrieved. The attached buildings were assumed to have the same constellation
as the detached and semi-detached buildings. According to Nilsson (2020a) there are
approximately 20,600 ground heat/lake heat, 17,600 air-water/exhaust air and 2,500
air-air HPs in Sweden used in apartment buildings. There are 65,000 apartments heated
by ground heat/lake heat and 55,000 apartments heated by electricity. Since there are
approximately the same amount of GSHPs as there are air-water/exhaust air and air-air
HPs combined, and the GSHPs are used to heat more apartments than the electrically
heated, the assumption was made that all other electrically heated buildings uses a HP.
The split was therefore made according to the absolute number of di erent HPs. This
might not be entirely correct, since some of these HPs are not used as a primary source of
heat but in combination with other heating methods.

A similar assumption has been made for the non-residential buildings. There are 12,495
non-residential buildings where the heat is supplied by electricity, and there are 5,900
air-water/exhaust air and 7,400 air-air HPs in non residential buildings in Sweden, giving
a total of 13,300 HPs (Nilsson, 2020b). Given the same premise as with the apartment
buildings, that some HPs are not used as the primary heat source, it could still be enough
to cover all non-residential buildings. Therefore the assumption has been made that all
electrically heated non-residential buildings are getting their heat supplied by a HP, and
that the split on Aland is the same as in Sweden.

Since it is harder to regulate air carried heat systems, due to the fact that water has a
much greater capacity to retain heat than air, the potential from air heating has been
excluded in this thesis.

9  Lars Nilsson, Swedish Energy Agency, phone interview, 2021.04.12
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To calculate the electricity usage for heating in buildings with a HP an assumption
was made that all aggregated HPs was dimensioned to cover 65 % of the maximum
power need with the HP working at SCOP. This gave a maximum total installed capacity,
which was then combined with the varying COP-values given in table 2. In the report by
Oehme (2018) a semi-random COP value was used, which depended in part on di erent
temperature spans, but it was also bounded by a lower and upper value for each span. For
this study the mean of the lower and upper value for the di erent ambient temperatures
from that study have been used instead. By multiplying the total power with the COP
for each interval, a maximum HP heat production for each time interval was achieved.
These values were then scaled so that the mean COP value for the di erent type of HPs
for the whole year gave the same energy savings as given by table 7. All extra heat is
then assumed to be handled by an immersion heater. By choosing a HP capacity of 65 %
of the maximum heat power, with the rest being taken care of by the IHs, while using
the SCOP-value derived by the energy savings numbers given in 7, an energy coverage of
95.5 % was achieved for the studied year. This seems to be in line with the statement in
Swedish Energy Agency (2010c), which states that a HP is usually dimensioned to cover
65-70 % of the maximum power and more than 95 % of the energy.

All households have been aggregated, and the potential have been examined without
direct regard to the perceived temperature in individual buildings. According to Bjorn
Berg'®, an aggregated amount of HPs can regulate down with 90 % in 15 minutes, and if
the regulation is assumed to be linear then 60 % of the active HPs can be turned down in
10 minutes. The rate of up-regulation of the HPs has been assumed to be the same. 60 %
of the inactive capacity can be turned on in a 10 minute interval.

If 10 KWh of heat is removed from a household during one day the temperature will
lower with about 1 C°. The amount of electricity that can be moved depends on what
kind of heating solution exists for the di erent households. A HP with a COP of 3, for the
speci c time period, can only move a third of the electricity, 3.33 KWh, compared to an
electric heater which can move 10 kWh in order for the temperature to not decrease more
than one degree. Using the distribution of heating alternatives given in table 7 for the
number of households, and combining that with table 1 an estimation of the maximum
heat and electricity that can be moved during one day can be calculated. In this study it
has been assumed that the temperature is allowed to change byQ both up and down
without the inhabitants noticing a di erence.

If the temperature is raised above the standard temperature then extra losses are
obtained. Since it takes time for the air from the heaters and HPs to heat up the walls

10 Bjorn Berg, CEO of Ngenic, online interview [5.2.2021].
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and other surfaces, these extra losses has been assumed to be ventilation losses, and this
has been included in the model. The ventilation losses can be calculated with equation 1.

Ploss = N Co \ T (1)

whereN is the number of of times the total air volume in the building is exchanged during
an hour, is the density of air [kg/m®], ¢, is the speci ¢ heat capacity for air [kJ/(kg-K)],
V is the volume [n¥] and T is the temperature di erence [K].

Both the speci ¢ heat capacity of air and the air density depends on the temperature,
but at 20 C the heat capacity is 1.007 and and the air density is 1.204. The average
height in the households is assumed to be 2.8 meters, and the oor area is taken from
table 8. The opposite is also true. When the temperature in the buildings is lower than
the target temperature, the losses are lower as well. This has not been included in the
model.

No normal year correction has been made for any numbers, since this is not possible
to do for some of the other data used in PLEXOS. For more information on the software
and how it is used see section 3.8 on page 36.

The results, which can be seen gures 6a and 6b in section 4.1, are then used as input
les for the optimization in PLEXOS. A small detached household has been assumed to
be 122 m, since this is the average size in Sweden (Boverket, 2020). The allowed movable
energy per square meter and category has been calculated for the Swedish buildings, given
the constraint that the temperature is only allowed to change with a maximum of 1C.
This has then been applied to all building categories on Aland using electric heating.

3.2. Refrigeration processes

To model the DR potential in non-residential refrigeration processes on Aland the electricity
consumption from these processes were required. The commercial buildings have been
divided using the method described previously in section 3. For supermarkets, retail stores
and strip malls there are STIL2 data regarding the electricity consumption per square
meter for refrigeration processes exclusively. In hotels, restaurants and assembly buildings
the electricity consumption is given for a whole kitchen. 37 % of the energy is used for
refrigeration processes, including freezers and refrigerators and the remaining 63 % is used
for cooking and dish-washing (Swedish Energy Agency, 2011; Swedish Energy Agency,
2010a).

The total yearly consumption as well as the consumption of refrigeration processes
can be seen in table 10.

28



Table 10: Electricity use for commercial and assembly buildings on Aland.

Total annual Electricity for Category

electricity [MWh] refrigeration [MWh] area [m2]

Supermarkets 16,589 7,458 51,615

Retail stores 11,740 862 102,629
Strip malls 4,332 32.0 29,093
Hotels 3,565 407 30,759
Restaurants 1,793 392 4,999
Assembly buildings 4,212 93.1 71,877
Total 42,232 9,245 290,973

Supermarkets make up 81 % of the electricity demand for refrigeration even though the
yearly consumption of super markets is only 39 % of the total consumption of commercial
and assembly buildings. In aggregated form, the demand was assumed to be constant over
the year for refrigeration processes, meaning that the average DR potential in momentarily
reducing consumption was calculated by dividing annual refrigeration consumption with
8,760 hours.

There is data available for the number of buildings and total area of warehouses, but
no information regarding if it is for storing wares at refrigerated temperatures or at room
temperatures. Warehouses were therefore excluded from the potential of refrigeration
processes.

For households a di erent methodology was used. The number of households were
14,085 at the end of 2019 (Haggblom, 2020) and it is assumed that each home has one
refrigerator and one freezer. The same assumptions regarding the ambient temperature
and varying daily demand as for commercial buildings were used, meaning that the DR
potential is constant over the year.

The cycle pattern for freezers and refrigerators as well as commercial is assumed
to be the same for the scope of this study. Even if the length of cycles might dier
the slope of the temperature change during an on-cycle and o -cycle are similar. When
modelling aggregated households and commercial buildings without data of speci ¢ cooling
equipment, a more detailed estimate is di cult to acquire.

The combined nominal power in a refrigerator and a freezer is 170 W. This power is
drawn 40 % of the time, which in aggregated form corresponds to an average power of 68
W since cycles are assumed to evenly overlap between di erent units.

To implement commercial refrigeration in the model constraints regarding availability
and recovery times have to be included. A maximum cycle length of 30 minutes has been
applied. As previously mentioned, the compressor cycle can be shortened to ve minutes
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but due to the model resolution being 10 minutes, the minimum cycle length has also
been assumed to be 10 minutes. More information regarding the general model and the
modelling resolution can be seen in section 3.8.

The refrigeration processes were modelled in PLEXOS to replicate the behaviour
of turning o available refrigeration, equivalent to discharging, or turning on available
refrigeration, equivalent to charging, with the relevant constraints mentioned above.
Turning on refrigeration can be done with higher power, in comparison to turning o
refrigeration, since on average 60 % of the refrigerators are momentarily turned o during
normal operation. Load shifts were set to a maximum of 30 minutes and were used in
combination with the on/o -rate of 40/60 % to calculate the storage size.

3.3. Lighting

To calculate the possible DR potential for lighting a number of data sources have been
combined. First of all, building data from Statistics Finland, have been used (Statistics
Finland's PxWeb databases, 2020). Commercial buildings have been divided according to
the same procedure as previously described in section 3. By multiplying the energy usage
per square meter for lighting, provided by Swedish Energy Agency (2010a) and Swedish
Energy Agency (2011) included in the STIL2-study, the total electricity usage for the
di erent subgroups could be calculated. The lighting usage for di erent sectors on Aland
as well as their size can be seen in table 11.

The energy usage of lighting for households have been calculated in a di erent way.
According to Haggblom (2020) the total number of households on Aland is 14,085. The
total energy usage from households (detached or semi-detached houses on Aland, attached
houses and blocks of ats), was calculated by multiplying the number of households on
Aland with the total yearly energy usage for one household, assuming the same usage
as in Sweden. For industries, the lighting usage might di er greatly from industry to
industry and no approximate value could be found. These buildings have therefore been
excluded from the total potential lighting DR.

Lighting schedules for di erent building types have been used to get an estimation
on when and how the lighting in di erent buildings are used. Since no such data was
available for Aland, numbers from the National renewable energy laboratory's (NREL)
report "Commercial Reference Building Models of the National Building Stock" have been
used (Deru et al., 2011). No schedule could be found on transport and communications
buildings and assembly buildings, and these were therefore not included in the calculation
of the total potential. Industries have the same problem with the schedule as with the
energy usage, it varies greatly regarding operation type and is therefore hard to generalize.
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Table 11: Lighting usage for Aland in di erent buildings.

Sector Area m ? Llimﬁ/nﬁsege
Commercial buildings
(excluding hotels and restaurants) 154,004 4
Retail stores 86,169 58.7
Strip malls 23,834 84.4
Supermarkets 44,001 89.5
Hotels 30,759 52.4
Restaurants 49,993 29.3
O ce buildings 130,976 21.4
Transport and communications 101,457 N/A
buildings
Buildings for institutional care 84,893 22.1
Assembly buildings 71,877 25.8
Educational buildings 104,099 21.4
Industrial buildings 171,052 N/A
Warehouses 89,236 0.0103*
Other buildings 14,297 N/A

*KW/m 2, not KWh/m 2, 1Swedish Energy Agency (2010a)’Swedish Energy Agency (2011),
3Swedish Energy Agency (2010b)

More in-depth studies on the speci ¢ industries on Aland needs to be performed in order to
evaluate the DR potential. Buildings for institutional care consists of healthcare buildings,
social work activity buildings and prisons. Even though hospitals have a schedule and a
lighting usage, this entire sector has been excluded as well, with the motivation that it
could be potentially harmful to lower the lighting in certain areas in this sector. Since
further knowledge on how the exact split and usage looked could not be required, no
reliable estimation could be made. Examples and further description of the lighting
schedules for the studied buildings can be seen in appendix D.

The total area, schedule and and energy usage have been combined to create a vector
with yearly values for the total energy usage for lighting for di erent buildings. The
vectors have then been multiplied by 0.3, see table 3 in section 2.4.3, in order to get the
DR potential for the slow response, which have then been used as input in PLEXOS. The
slow response has been used since frequency regulation is not investigated in this study. In
the model, it is assumed that lighting can be decreased for a maximum of four hours and
then requires the same amount of time to recover. Lighting DR has been set to activate
when the import reaches two thirds of the maximum import capacity in order to only
participate during the peaks.
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3.4. \entilation and air conditioning

The modelling of air conditioning, or other comfort cooling, will not be included in this
thesis due to the fact that there is not enough relevant data available for Aland.

For ventilation, the building data for commercial buildings have been divided according
to the same procedure mentioned previously in section 3. The area have then been
multiplied by the energy usage for ventilation. Table 12 shows the energy usage per square
meter and the calculated total energy usage for ventilation for the di erent buildings.

Table 12: Energy usage for ventilation for di erent type of buildings.

. Gross oor | Average usage | Total ener
Type of building area [m2] [kW?]/mZ] ’ usage [Gvsz]
Retail stores 86,169 19.1¢ 1.65
Strip malls 23,834 23.7 0.56
Supermarkets 44,001 23.9 1.05
Hotels 30,759 27.¢ 0.83
Restaurants 49,993 59.¢ 2.98
O ce buildings 130,976 18.C 2.36
Buildings for 84,893 20.3 2.49
institutional care
Assembly buildings 71,877 15.3 1.10
Educational buildings| 104,099 21.G° 2.19

ISwedish Energy Agency (2010a)?Swedish Energy Agency (2011)3Swedish Energy Agency
(2010b)

In this study it has been assumed that all investigated buildings have some sort of
demand controlled ventilation, which turns the ventilation o at night. The operating
hours for the di erent buildings, as well as the calculated average power usage given these
operating hours, can be seen in table 13. When the ventilation is turned on it is assumed
that it runs continuously, which means that every hour it is turned on it consumes the
same amount of energy.

Occupancy schedules from Deru et al. (2011) were used to see when the rst persons
arrive to the di erent buildings. The standard case was assumed to be that the venti-
lation turns on one hour before the rst building occupants arrive, and has the energy
consumption calculated above. Even if the ventilation, on average, only needs to be on
for about half an hour to completely renew the inside air, see appendix B.2 for more
information, one hour was used to make sure that all air has been ventilated. In the DR
case it was instead assumed that the ventilation could be turned on within a speci ed
number of hours before the rst occupants arrive. In the model the number of hours were
set to three, meaning that the optimization tool will choose the most favourable intervals
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Table 13: Ventilation operating hours for di erent buildings.

. Operating hours | Average power

Type of building Sweden IMW]
Retail stores 4,091 0.402
Strip malls 4,449 0.127
Supermarkets 5,747 0.183
Hotels 6,10G 0.136
Restaurants 4,600 0.648
O ce buildings 4,100 0.575
Buildings for 6,670 0.373
institutional care

Assembly buildings 2,800 0.393
Educational buildings 3,530 0.619

1Swedish Energy Agency (2010a)?Swedish Energy Agency (2011)3Swedish Energy Agency
(2010b)

within these three hours, before the rst occupant arrive, to turn on the ventilation.

3.5. Industries

To determine the DR potential in industries, each type of industry needs to be analyzed
individually due to di erent industry processes. Calculating the potential in other DR
areas, such as heating and cooling, is also challenging to do in aggregated form since
all industries are not necessarily aiming towards standard room and/or refrigeration
temperatures. Therefore, 12 larger industries within di erent industry areas on Aland
were contacted and asked about an estimation of their DR potential. They were also asked
how familiar they were to the concept of DR and if they would be interested to participate
in a DR project if the economic compensation was su cient. The form is included in
appendix E. 25 % of the candidates replied to the form and the individual replies have
been kept con dential. The number of replies was deemed too low and uncertain to be
representative for the industries on Aland, and the potential from industries was therefore
omitted in the following calculations and simulations.

3.6. Electric vehicles

To calculate the DR potential of EVs on Aland, an average driven distance per vehicle
was needed. The daily driving distance was calculated to 23.9 km which corresponds
to an electricity demand of 1.7 MWh per EV annually. The calculations can be found
in appendix F.1. There is no data for Aland on how the driving distance is divided
throughout the day, week and year. It is possible to use a recurring driving pattern each
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day, with variations for example weekdays and weekends. But to get a more dynamic
model, driving pattern data from Sweden have been used, seen in section 2.4.6. These
data have then been combined in order to get a varying driving pattern and charging
demand for each hour during the year 2019. It has been assumed that the driving patterns
are the same in both Sweden and Aland, that the driving patterns for EVs are the same
as for cars in general and that they will be the same in 2030. By using the pattern for
driving regarding daily, weekdays and yearly variation, and that cars are parked 95 % of
the time, an hourly probability of how many cars are parked during a certain time has
been calculated.

At the end of 2020 there was a combined battery storage from electrical vehicles of
4,500 MWh in Sweden (Power Circle, 2021). The same average battery capacity for one
EV is assumed for the cars on Aland for the case of 2019, calculated to approximately 24
KWh per vehicle.

The exact number of EVs in Aland in 2030 is hard to estimate. If a similar percentage
of EVs compared to the total number of cars is assumed to be the same as in Sweden, then
the number of EVs in Aland would be somewhere between 5,200-13,800, see appendix F.2
for more information. Given the broad interval and the uncertainty of the calculations,
the number estimated by the Aland government for 2030, mentioned in section 2.1, has
been used instead. The distribution between BEVs and PHEVs has not been determined.

By combining the energy use of an average EV with the tra c intensity allowed EVs
to be modelled as an aggregated DR resource for the di erent cases for 2019 and 2030.
An average EV pro le, with the yearly electricity demand as described above, was used
along with an average battery capacity of 24 kWh for 2019 and 48 kKWh for 2030. The
aggregation takes into account that depending on the current road intensity only a certain
percentage of the cars are able to charge. For the standard case it was assumed that cars
start to charge directly after they return from a driving session, which were based on
hourly intervals. With DR cars are allowed to load shift to a certain extent as long as there
is still enough SoC to drive a daily demand without any more charging. For 2019, 236 EVs
were modelled with a maximum charging power of 3.7 kW and no discharge, V2G, was
allowed. For 2030 both slower and faster charging, 3.7 kW and 22 kKW respectively, were
tested with 4,000 EVs. V2G was also examined by allowing charging and discharging of 22
KW for all EVs. There are no forecasts for the implementation of V2G on Aland in 2030,
therefore a scenario with V2G in all EVs was examined to determine the hypothetical
potential if V2G was to become the standard for new EVs. For V2G, a round-trip e ciency
of 80 %, see section 2.4.6, was assumed and used in this scenario. The other parameter
choices, charging power for 2019 and 2030 and battery capacity for 2030, were uncertain
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and were based on what could be assumed as a reasonable average.

3.7. Economic analysis

To calculate capital expenditures (CAPEX) for water carried electric heating the number
of necessary installations have been assumed to equal the number of buildings with said
heating systems. The unit cost, and therefore the cost per building, was set to 498
and was assumed to be installed by the owner. No commercial alternatives was found for
refrigeration, but since the principle for controlling thermal appliances are the same it
was assumed that the unit cost was the same for refrigeration as for electric heating. For
the domestic refrigeration it was assumed that one controlling unit per household was
required. In commercial refrigeration two di erent cases were examined: one where only
one unit per building was required (low) and one where the same price per MW as for
domestic refrigeration was used (high). The latter case was investigated to account for
several units per building in, for example, a supermarket.

Ventilation has been assumed to have the possibility to turn o during nighttime
meaning that there already is some controlling equipment in place and therefore there is
zero CAPEX for DR in ventilation. The same has been assumed for EVs since charging
stations usually come with some smart charging, like load shifting, directly from the
manufacturer. Battery depreciation from increased charging/discharging cycles has been
neglected in the scenario with V2G. Economics in industries have not been analyzed at
all due to the limitations in estimating the potential and lighting was also excluded since
it is unclear what change in lighting infrastructure that would be required to enable DR.
Calculating relevant operating expenses (OPEX) has not been considered to be within
the scope of the study but will be mentioned in the discussion.

The cost of exibility, [ e /KW], was then acquired by dividing the CAPEX with the
corresponding max load reduction [MW] in the simulations. The storage cost is simply the
CAPEX divided by the storage size [MWNh] for each resource which has been calculated
and presented in section 4.1 and 4.2 for heating and refrigeration respectively.

Due to the lack of detailed CAPEX and OPEX estimations two further economic
parameters were investigated. Firstly, the cost of a corresponding battery storage to
reduce the peak of import in a similar manner to how DR did in the simulations for
2019 and 2030 were examined. Secondly, the savings that would occur from lowering the
maximum interconnection to Sweden were calculated using the subscription fee mentioned
in section 2.2.2.

11

Price taken from the commercial solution Ngenic Tune, developed by Ngenic and available at:
https://ngenic.se/en/tune/ SEK to EUR conversion via https://www.valuta.se/ [2021-05-17]
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3.8. PLEXOS model

At the start of this thesis work there was an existing PLEXOS model for the Aland energy
system available, developed by Flexens. This model contains the local generation and
demand, integrating both the electricity and the heat sector, as well as the interconnection
to Sweden. The model was previously based on historical data with hourly resolution from
2017 but has been updated to more recent numbers from 2019. This data was provided by
Flexens' energy portal where local TSOs, DSO and electricity suppliers upload hourly data
of production and consumption. The already existing base model was used as starting
point but was reworked to suit the purpose of DR. Each resource was modelled with the
corresponding input data that have been either directly entered from other sources or
simulated through MATLAB.

To model the DR resources in this study with the goal to optimize their consumption
regarding import, rstly the data granularity had to be improved since many resources
have shorter load shifting spans than one hour. To improve the resolution, hourly data
had to be manipulated, see appendix G, since there were no sub-hourly data available.

The 2019 case, as described by Lindqvist et al. (2019) and mentioned in section 2.1,
was slightly adjusted to t the historical data acquired during the thesis work. For 2030
the same prediction was used with the exception of the minimum load which was set
to the same value as the for the real data from 2019. The di erent consumption and
production for 2019 and for 2030 can be seen in table 14.

Table 14: System parameters for 2019 and 2030.

Parameters 2019 2030
Consumption | 313 GWh | 400 GWh
Wind capacity | 20.9 MW | 170 MW
Solar capacity | 1.2 MW | 15 MW
Peak load 64.1 MW | 85 MW
Minimum load | 18.2 MW | 18.2 MW

For the 2030 consumption a built in linear growth algorithm for load forecasting in
PLEXOS was used. The algorithm adjusts to the projected annual consumption as well
as maximum and minimum consumption peak.

The model was run with a solution step-size of one day plus a one day look-ahead.
This indicates that the decisions made in the optimization can only see the forecast for
the current and the upcoming day when deciding how to charge/discharge a storage for
example. This setting was used to replicate a day ahead market where the approximate
consumption and generation is known in advance. Using a look-ahead is important for
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the optimization since this means that there will never be a decision taken without any
information regarding the next day.

3.9. Sensitivity analysis

There are many assumptions made in this thesis, and making a comprehensive sensitivity
analysis of all parameters that might change the results would not be feasible. Instead a
few key parameters have been examined and adjusted to see how they a ect the results.
The di erent investigated parameters were temperature span allowed in electrically heated
buildings, oil and gas heated buildings being converted to electrically heated in 2030,
lower wind capacity projection in the 2030 scenario and model optimization steps with 1
week + 1 day look-ahead instead of 1 day + 1 day look-ahead steps.

In the standard model a maximum temperature shift of 1C up and down from
preferred room temperature was allowed in buildings. The temperature shift is a key
parameter since the indoor temperature is the main factor that could decrease resident
comfort, but increasing the temperature span also increases the storage and therefore the
DR potential. It is also a parameter that can be freely chosen by the user. Therefore,
two di erent cases have been examined. First, when the temperature change was allowed
to be only 0.5 C up and down from preferred room temperature and second, when the
change was allowed to be 2C up and down.

As of the end of 2019 there were 3,693 residential buildidgshat used oil or gas as
main fuel. Therefore a scenario for 2030 where all of these buildings change to electric
heating, with HPs using a water carried heat system, has been examined. Since this is a
theoretical scenario there is no information on how the split between GSHP and ASHP
might look, and an equal split between the two has been assumed.

Currently a 40 MW wind farm, called project Langnabb@?, is being constructed on
Aland which is planned to be up and running by 2022. This will bring the installed
wind capacity up to approximately 60 MW instead of the 170 MW otherwise used in the
2030 scenario. At the moment, it is unsure if all of the planned wind turbines for 2030,
reaching a total capacity of 170 MW, will be installed. Due to these insecurities, a case
was examined where the total installed wind capacity was 60 MW instead of 170 MW.

Finally, the step size of the model optimization was examined. The default step size
described in section 3.8 is relevant regarding electricity markets. However, regarding
temperatures which determines the heat demand a longer solution step could perhaps also

123,442 detached/semi-detached houses, 61 attached houses and 192 blocks of ats, with a combined
area of 627,547 rh (Statistics Finland's PxWeb databases, 2020)
13 nttps://vind.ax/
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be used, especially since electric heating is the major DR resource on Aland. A longer
solution step of 1 week plus a 1 day look-ahead was therefore examined in the sensitivity
analysis.
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4. Results and Analysis

The results have been divided into subsections for each DR resource so that the individual
potential of each resource in 2019 can be visualized. The reason for this is that an
individual resource might have a larger potential on its own. When combining several
resources in the optimization, they will work together and an individual resource might
not necessary utilize its full DR potential. The total combined potential of all resources
for 2019 and the possible potential 2030 will then be presented.

The 10 minute pro le for 2019 is visualized in gure 4. The annually produced wind
and solar power for 2019 was 57.7 GWh and 1.4 GWh respectively and the consumption
was 313 GWh.

Figure 4: Wind and solar production as well as electricity consumption, for the year
20109.

A ow chart of the estimated energy production and consumption, in 2019, from the
di erent sectors can be seen in gure 5. The energy consumption is the total estimated
consumption of each resource and does not indicate the DR potential. Table 15 is a
summary of individual model runs where one DR-resource at the time has been activated
to analyse the maximum potential of each resource. HPs are the largest contributor
of exibility followed by IHs. The maximum load reduction of HPs is larger than the
maximum load reduction of all other resources combined. It should also be noted that
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Figure 5: Energy balance for Aland in 2019.

Table 15: Total load shift in di erent DR resources for 2019, average and peak
reduction as well as hours load shifting has occurred.

. Load Average load | Max load
Load shifted . . .

DR Resource [MWh/year] reduction reduction reduction
[h/year] [MW] [MW]
HPs 7,774 4,564 1.70 13.3
IHs 3,767 4,749 0.79 3.26
Commercial refrigeration 1,664 2,592 0.64 1.06
Domestic refrigeration 1,531 2,772 0.55 0.96
Lighting N/A 73 1.22 2.02
Ventilation 431 1,103 0.39 0.76
Industries N/A N/A N/A N/A
Electric vehicles 388 7,995 0.05 0.15

the values regarding load shift and maximum reduction in this table cannot be added
together, since they might not occur at the same time for di erent resources. Furthermore,
the maximum load reduction does not necessary happen at the highest import peak since
the availability of the resource might not be at it's highest. The load reduction column
indicates how many hours during the year that the overall load has been decreased, which
corresponds to decreased import since that is the optimization goal. The remaining hours
of the year the consumption is either increased or is at its default level, since resources
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need to recover or, for example, houses can be pre-heated to decrease consumption at a
peak that is expected.

4.1. Electric heating

The number of residential buildings that uses water carried electric heating can be seen in
table 16, together with the calculated electricity usage and heat production from electric
heating. The electricity usage from these is almost four times the amount of electricity
usage in the remaining buildings on Aland, seen in table 17, and therefore make up around
4/5 of the potential. Since all remaining buildings with water carried heating are assumed
to either use a ASHP or a GSHP all of the potential from IHs comes from households.

Table 16: Total electricity usage for heating for households.

Heating con guration ASHP IH GSHP | Total
Number of buildings: 1,448 481 966 2,889
Gross oor area [m2] 221,726| 72,218 209,144| 499,347
Total electricity use for

heating [GWh 17.3 11.4 12.9 41.6

Table 17: Total electricity usage for heating for remaining buildings, excluding

industries.
Heating con guration ASHP | IH | GSHP | Total
Number of buildings: 565 0 61 627
Gross oor area [m2] 56,505| 0 | 37,248 | 126,708
Total electricity use for
heating [GWh 6.54 0 3.95 10.5

The estimated electricity usage for all buildings on Aland with water carried heat can
be seen in gure 6a and 6b. HPs have a maximum capacity of 7.76 MW. The high peaks
in the electricity usage for HPs come from cold periods when the supplementary heaters
with lower e ciency are needed. These peaks are not noticeable in buildings without HPs
since the COP is always 1.

The seasonal mean usage for the two water carried heat systems, HPs and IHs, can be
seen in gure 7a and 7b. This gives an indication on how much the average usage during
each hour of the day varies for the four di erent seasons, and gives an approximation on
the mean regulatory potential for electric heating. All seasons except winter have a lower
usage during the day. Lower usage means that the potential for regulation is lower during
those hours.
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