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Abstract
National energy systems are in a state of transition. Electricity and heat generation from renewable
e ne rg y source s has incre ase d substantially during the past fe w ye ars in the E urope an Union (E U).
The EU member states project ambitious national targets for higher integration of variable
renewable energy (VRE) within electricity markets in particular. In this dissertation, the
consequences of demand-side interventions on the energy system operation are examined.
Demand-side interventions are studied in energy systems, where future transition is guided by the
climate change mitigation policies for reducing greenhouse gas emissions and increasing the share
of renewable energy sources. First, the impact of stakeholder preferences in the evaluation of
different heating choices for new single-family house in Finland are examined. The decision
problem was analysed using multicriteria analysis considering different technical, economic,
e n vi ro nm e n t a l a n d u s a b i l i t y c ri t e ri a . S i nc e e n e rg y s y s t e m s a re b e i n g f u rt h e r i nt e rc o n n e c t e d i n t h e
EU through international power markets, the spatial and temporal variations regarding the
environmental effects of electricity generation are examined in a national and multinational level
analysis. The temporal variations in marginal electricity generation implicate that the short-term
marginal cost of production can vary signiﬁcantly according to the time of the day. This means that
the true cost of consuming electricity varies also depending of the time of use. In this regard, it is
examined how demand response, in this case temporally available shiftable demand affects the
energy system operation in Finland in future scenarios with increased shares of nuclear power and
variable renewable energy. The results indicate that in power markets that are highly
int e rc o nne c t e d , t h e e f f e c t s o f d i f f e re nt d e mand - s id e i nt e rve nt io ns are no t ne c e s s ari l y re s t ric t e d t o
the country (or bidding area) where demand-side intervention is committed. This is because the
emissions embodied in electricity or system efﬁciency gains can leak to the neighbouring countries
as a consequence of electricity exchange. In this case, viewing the effects of demand-side
interventions from a national perspective may be suboptimal. This study thus suggests that the
marginal electricity generation in a multi-region system should be considered. Using the long-term
perspective is also recommended when estimating the marginal consequences of a demand-side
intervention that will inﬂuence the energy system in the long-term. Due to the spatial and temporal
variations in marginal electricity generation, taking into account the time-varying nature of
marginal emissions is recommended in relevant life cycle assessment studies. This variation was
found to increase in the future due to the higher VRE integration. Demand response can be utilised
to balance short-term variations in residual demand. However, its potential to facilitate higher
integration of VRE can be limited by the technical and economic restrictions that constrain the
demand-side resource capacity utilisation. Demand response can therefore only partially replace
ﬂ exible conventional supply technologies in the provision of balancing power and energy.

K e y w o r d s energy system, marginal emission factor, demand response, renewable energy
I S B N ( p r i n t e d ) 978-952-60-8427-5
I S S N ( p r i n t e d ) 1799-4934

I S B N ( p d f ) 978-952-60-8428-2

L o c a t i o n o f p u b l i s h e r Helsinki

I S S N ( p d f ) 1799-4942
L o c a t i o n o f p r i n t i n g Helsinki Y e a r 2019

P a g e s 148

u r n http://urn.ﬁ /URN:ISBN: 978-952-60-8428-2

Tiivistelmä
Aalto-yliopisto, PL 11000, 00076 Aalto www.aalto.fi

Tekijä

Ville Olkkonen

Väitöskirjan nimi

Kysyntäjoustotoimenpiteiden vaikutukset tulevaisuuden energiajärjestelmien toimintaan

J u l k a i s i j a Insinööritieteiden korkeakoulu
Y k s i k k ö Konetekniikan laitos
S a r j a Aalto University publication series DOCTORAL DISSERTATIONS 32/2019
T u t k i m u s a l a Energiatekniikka
K ä s i k i r j o i t u k s e n p v m 18.10.2018

V ä i t ö s p ä i v ä 08.03.2019

J u l k a i s u l u v a n m y ö n t ä m i s p ä i v ä 06.02.2019
Monografia

K i e l i Englanti

Artikkeliväitöskirja

Esseeväitöskirja

Tiivistelmä
Kansalliset energiajärjestelmät ovat siirtymävaiheessa. Uusiutuvilla energialähteillä tuotetut sähkö
ja lämpö ovat viime vuosien aikana kasvanut merkittävästi Euroopan Unionin alueella (EU). EU:n
jäsenvaltiot ovat esittäneet kunnianhimoisia kansallisia tavoitteita vaihtelevien uusiutuvien
energialähteiden lisäämiselle erityisesti sähkömarkkinoilla. Tässä väitöskirjassa tarkastellaan
kysyntäjoustotoimenpiteiden vaikutuksia energiajärjestelmän toimintaan. Vaikutuksia
tarkastellaan energiajärjestelmissä, joiden muutoksia ohjaavat ilmastonmuutosta hillitsevät
politiikkatoimet kasvihuonekaasujen vähentämiseksi ja uusiutuvien energialähteiden lisäämiseksi.
Monikriteerianalyysin avulla tutkittiin sidosryhmien preferenssien vaikutuksia kotitalouksien
lämmitysvaihtoehtojen arvioinnissa, ottaen huomioon erilaiset tekniset, taloudelliset,
ympäristölliset ja käytettävyyskriteerit. Koska energiajärjestelmät integroituvat lisääntyvästi
EU:ssa kansainvälisten sähkömarkkinoiden kautta, sähköntuotannon ympäristövaikutusten
alueellisia ja ajallisia muutoksia tarkasteltiin kansallisella ja monikansallisella tasolla. Sähkön
marginaalituotannon ajalliset muutokset osoittavat, että lyhyen aikavälin marginaalikustannukset
voivat vaihdella merkittävästi päivän aikana. Tämä tarkoittaa, että sähkön kulutuksen todelliset
kustannukset vaihtelevat myös kulutuksen ajoituksen mukaan. Näin ollen työssä analysoitiin myös
ajallisesti vaihtelevan kysyntäjouston vaikutuksia energiajärjestelmän toimintaan Suomessa
tulevaisuuden skenaarioissa, joissa ydinvoiman ja vaihtelevan uusiutuvan energian osuudet
lisääntyvät. Saadut tulokset osoittavat, että voimakkaasti toisiinsa integroiduilla sähkömarkkinoilla
kysyntäjoustotoimenpiteiden vaikutukset eivät välttämättä rajoitu pelkästään maahan tai
hintaalueelle, jossa toimenpide toteutetaan. Tämä johtuu siitä, että sähköntuotannon päästöt tai
saavutetut järjestelmähyödyt voivat vuotaa naapurimaihin sähkönsiirron seurauksena. Tässä
tapauksessa kysyntäjoustotoimenpiteiden vaikutusten tarkastelu kansallisesta näkökulmasta
saattaa johtaa epätäydellisiin tulkintoihin. Tämä tutkimus osoittaa siten, että marginaalituotantoa
tulisi tarkastella monikansallisesta näkökulmasta. Pitkän aikavälin näkökulma on lisäksi
suositeltavaa arvioitaessa kysyntäjoustotoimenpiteiden marginaalivaikutuksia, jotka vaikuttavat
energiajärjestelmään pitkällä aikavälillä. Koska sähkön marginaalituotanto voi vaihdella
merkittävästi sekä alueellisesti että ajallisesti, on tuotannosta aiheutuvien marginaalipäästöjen
ajallinen vaihtelu myös suositeltavaa ottaa huomioon elinkaariarvioineissa. Tämän vaihtelevuuden
havaittiin lisääntyvän energiajärjestelmissä vaihtelevan uusiutuvan energian integraation
seurauksena. Kysyntäjoustoa voidaan hyödyntää residuaalikysynnän lyhytaikaisten vaihteluiden
tasaamisessa. Kuitenkin kysyntäjouston kykyä avustaa vaihtelevan uusiutuvan energian
integroimisessa energiajärjestelmään rajoittavat siihen liittyvät tekniset ja taloudelliset rajoitukset,
jotka vaikuttavat sen käyttöön. Kysyntäjousto voi siten vain osittain korvata tavanomaisia
joustoteknologioita säätömarkkinoilla.
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1. Introduction

1.1

Background

National energy systems are in a state of transition. Electricity and heat generation from renewable energy sources has increased substantially during the past
few years in the European Union (EU). Motivation to shift towards low-carbon,
renewable-based energy mix has mainly been driven by the increasing concerns
regarding the impacts of fossil-based energy use trends on the physical, economic, and political environments. In this regard, the environmental concerns
regarding climate change resulting from the increased greenhouse gas (GHG)
emissions concentrations in the atmosphere have been a main driver for reducing energy use-based GHG emissions (Intergovernmental Panel on Climate
Change and Edenhofer, 2014).
Energy supply sector is one of the main emitters, being responsible of 35% of
the total anthropogenic GHG emissions in 2010 (Intergovernmental Panel on
Climate Change and Edenhofer, 2014). In the energy sector, GHG emissions
mainly originate from two sources: use of fossil fuels and forestry and other land
use. Thus, the reduction of fossil fuel use directly in energy conversion and indirectly through the improvements on energy efficiency to cut GHG emissions
are important measures for climate change mitigation.
The European Commission (EC) has set a target to reduce GHG emissions by
at least 40% by 2030 below the 1990 level in its energy and climate framework
(The European Commission, 2014a). The EU has set a more ambitious longterm goal of reducing GHG emissions by 60% by 2040 and 80% by 2050 when
compared to the 1990 levels in its low carbon economy roadmap (The European
Commission, 2011). In this regard, the EC has proposed a target to increase the
share of renewable energy sources to at least 27% in final energy consumption
by 2030 (The European Commission, 2014a). This would require increasing the
share in the electricity sector to at least 45%.
The EU member states have outlined National Renewable Energy Action Plans
(NREAPs) for advancing the integration of different renewable energy sources
(RES). NREAPs project ambitious national targets for higher integration of variable renewable energy sources1 (VRES) within electricity markets in particular.
Thus far the growth of variable renewable energy (VRE) in electricity markets
1

Variable renewable energy sources (VRES) are characterised by the primary energy source
that can experience significant spatial and temporal variation, and cannot easily be stored
(e.g. solar energy, wind energy, ocean energy and some hydropower) (Intergovernmental
Panel on Climate Change et al., 2012). These technologies are thus partially dispatchable.
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has mainly been driven by the national energy and climate policies (i.e. feed-in
tariffs, quota systems, green certificates, subsidies and other cost incentives) instead of market-driven logic (Marques and Fuinhas, 2012). In the EU2, the share
of wind power and photovoltaics has increased from 2.1% and 0.04% in 2005 to
9.3% and 3.3% of total gross electricity generation in 2015, respectively (Eurostat, 2017). In recent years, the levelised cost of energy3 (LCOE) of VRES has
declined significantly due to the reduced installed project costs and the improvements in capacity factors (IEA, 2016). For instance, wind power and photovoltaics has already reached the grid parity in some electricity markets in the
EU (Talavera et al., 2016). Reaching grid parity means that renewable energy
sources can compete with conventional technologies without subsidies. This will
reduce the need for subsidised VRE integration, and thus lead to accelerated
deployment of renewable energy technologies in the future.
The growing share of VRE generation can cause technical and market related
challenges (Goop et al., 2017; Hedegaard and Meibom, 2012; Huber et al., 2014;
Kyritsis et al., 2017). These are inherent with renewable resources whose output
is non-dispatchable and can experience significant spatial and temporal variation, and thus is only partially forecastable. This can add more variability and
uncertainty to the energy system, which has a potential impact on system reliability and efficiency. Consequently, this can lead to the increased reserve requirements, and higher flexibility requirements for dispatchable generation
(Huber et al., 2014).
Demand-side interventions (e.g. demand-side management) as a flexibility
and/or efficiency option have gained more interest in the national energy policy
decision-making. Demand-side management (DSM) measures are often divided
into two categories: (i) energy efficiency measures and (ii) demand response
measures. Energy efficiency measures include activities in order to decrease the
overall energy demand. Demand response measures aim to modify the characteristics of end-use consumers electricity demand profile in response to market
prices or other market conditions (Albadi and El-Saadany, 2008; Strbac, 2008).
DSM can also comprise demand-side energy source shifting (e.g. consumer
owned distributed generation) (Sezgen et al., 2007). In this case, the characteristics of end-use consumers’ electricity demand profile may experience no or
only minor changes. However, from the energy utility service perspective, the
characteristics of energy supply profile can change significantly. The EU does
not have a specific target for DSM, however its central role in facilitating the
integration of VRE can be seen in the recent efforts towards deployment of

2

In comparison, in the Nordic region (incl. Finland, Sweden, Norway and Denmark), the share
of wind power and photovoltaics has increased from 2.0% and 0.002% in 2005 to 8,7% and
0.02% of total gross generation in 2015, respectively (Eurostat, 2017).
3
The levelised cost of energy (LCOE) is an economic assessment of the average total cost to
build and operate an energy-generating unit over its lifetime divided by the total amount of
energy generated by the unit over that lifetime (Branker et al., 2011). The LCOE of VRES can
be highly dependent on the geographical location, financial terms of the project and operating costs, and the composition of the generating system VRES is integrated (Orioli and Di
Gangi, 2017; Reichenberg et al., 2018).
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smart metering technologies4 and electricity market liberalisation in the EU
(EUROPA - the official web site of the European Union, 2012, 2009).

1.2

Research questions, objectives and the structure of the dissertation

This doctoral dissertation examines the consequences of demand-side interventions on the energy system operation efficiency with the viewpoint on the environmental and economic impacts. Demand-side interventions are studied in energy systems, where future transition is guided by the climate change mitigation
policies for reducing GHG emissions and increasing the share of RES. In this
regard, this doctoral dissertation examines how demand-side interventions
could be utilised as a flexibility option to mitigate variability in the future energy
systems. The analysis of the supply-side is performed at different levels of aggregation in national and/or multinational level. The research presented in this
thesis aims at answering the following research questions:
Q1: What is the environmental impact of different heating choices in a new
single-family house in Finland?
Q2: What are the marginal consequences of demand-side interventions on
the system operation in future energy systems?
Q3: What are the implications of demand-side flexibility in a national electricity market in the future?
Q4: Can demand-side flexibility facilitate higher integration of variable renewable energy in the future? Is demand-side flexibility available when
needed?
This doctoral dissertation consists of four publications. It summarises the methods, analyses, and the results of the associated publications. The research questions that the individual publications aim to answer are summarised in Table 1.
Furthermore, the interrelations between the associated publications are depicted in Figure 1. Interrelations between publications appear in the form of rationale/motivation, results and/or methods being applied and/or refined in the
consequent publications.

4

It is expected that about 72% of European electricity consumers will have a smart meter for
monitoring electricity demand by 2020 (The European Commission, 2014b).
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Table 1. Research questions of the individual publications.

Publication I

Research questions
- What is the most suitable heating solution for a new single-family house when different
technical, economic, environmental and usability criteria are considered?
- How different end-use consumer preferences affect the decision problem of choosing a
heating solution for a new single-family house?

Publication II

- How spatial and temporal variations related to particular energy system affect the marginal electricity generation in Finland, the Nordic countries and in the EU?
- How energy flows between regions affect the marginal electricity generation, and the
consequent marginal CO2 emissions assigned to electricity demand?
- How are the long-term consequential (marginal) CO2 emissions affected by the European 2030 energy and climate framework and its effect on the development of national
energy generation portfolios?

Publication III

- What is the demand-side resource capacity potential in the residential and services sectors in Finland in the long-term (2030)?
- How does the utilisation of this demand-side resource capacity affect the energy system
operation efficiency in Finland in the long-term (2030)?
- What implications demand-side resource capacity utilisation have on the producer revenue of different electricity generation technologies?

Publication IV

- How does the availability of demand-side resource capacity affect the utilisation of demand-side resource at seasonal and diurnal level?
- How does the availability of variable renewable energy generation affect the utilisation
of demand-side resource capacity?
- How does the utilisation of demand-side resource capacity affect the dynamics of supply dispatch of electricity at seasonal and diurnal level?

Research presented in publication I was conducted as a part of RICES project
for a new residential area in Porvoo city. The main goal of RICES project was to
develop methodologies and tools to assist identification and development of efficient and sustainable energy solutions for communities and industry. In this
regard, in publication I, it is examined what is the most suitable heating solutions for a new single-family house in the city of Loviisa in Finland, and how
different stakeholder preferences affect evaluation of different heating choices.
The decision problem was analysed using multicriteria analysis considering different technical, economic, environmental and usability criteria. In this regard,
author’s contribution in publication I was to estimate the consequential (marginal) CO2 emission factors for the different heating choices, which described
the environmental sub-criteria in the multicriteria analysis (Q1).
Research presented in publication II was conducted as a part of STEEM project. The main objective of STEEM project was to provide better understanding
for energy companies, regulators and policy makers of how the system can best
be optimised for the utilisation of rapidly increasing production of renewable
energy. In this regard, in publication II, it was examined how spatial and temporal variations in supply and/or demand affect the composition of operational
stock of electricity generation technologies, and thus the dynamics of supply
dispatch of electricity. The effect of the European 2030 energy and climate
framework on the development of national energy generation portfolios is discussed in particular. Furthermore, it is examined how the long-term development of national energy generation portfolios affect the marginal electricity generation and the consequent marginal CO2 emission in the Finnish, Nordic and
European energy systems in 2030 (Q2). In publication II, the environmental
impacts in the energy system are estimated using the method introduced in publication I. In publication II, this method was further refined to include the consequences of electricity exchange in a multinational electricity market.
14
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Research presented in publications III and IV was mainly conducted as a part
of FLEXe project, a large consortium of companies, research institutes and universities. One of the main objectives of FLEXe project was to integrate the distributed resources to the energy system and harness the flexibility at the customer and prosumer side for the improved operation of the energy system, thus
enabling extensive integration and maximal utilisation of local and global
VRES. In this regard, in publication III, it is examined how demand response
utilisation affects the energy system operation efficiency in Finland in future
scenarios with increased shares of VRES (Q3). The framework introduced in
publication II to identify the temporal variations in marginal electricity generation acts as rationale/motivation for the research in publication III. The temporal variations in marginal electricity generation implicate that the short-term
marginal cost of production can vary significantly according to the time of the
day in the day-ahead electricity market. This means that the real cost of consuming electricity varies also depending on the time of use. This variation in the
day-ahead electricity market is predicted to increase in the future due to the increasing share of VRES. In this regard, the design objective for demand response programmes is often to decrease demand peaks and surplus of non-dispatchable generation, and thus consequently to reduce the variability in residual
electricity demand during the day.
In publication IV, the seasonal and diurnal availability of demand-side resource capacity, and the technical restrictions (e.g. shifting time interval) that
limits the utilisation of demand-side resource capacity are discussed in particular. These affect demand-side resource applications effectiveness to mitigate
variability in the energy system, and thus the potential to facilitate higher integration of VRES. This is because the shifting time interval describes the time
frame where the variations in residual demand can be balanced. In publication
IV, it is therefore examined how the availability of demand-side resource capacity and the availability of renewable energy generation affect the dynamics of
supply dispatch of electricity at seasonal and diurnal level, in Finland in 2030
(Q4).
This doctoral dissertation is structured as follows. Section 2 describes the single-node energy system model that is used in the energy system analysis in the
associated publications. Section 3 describes the multicriteria evaluation of enduse consumer heating choices and the environmental impact of different heating choices. Section 3 summarises the methods and the results from the publication I. Section 4 describes the spatial and temporal variations in energy systems, and it summarises the methods and results from the publication II. Section 5 examines the effect of utilising demand response in the future Finnish
energy system, and it summarises the methods and results from the publications III and IV. Finally, the limitations of the research describe in the previous
sections, recommendations for the future research and the conclusions are summarised in Section 6.
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Publication I

Publication
II

Publication
III

Publication
IV

Main topic:

Scope:

Viewpoint:

Multicriteria evaluation of enduse consumer
heating choices

Case study: single-family house
in the city of Loviisa in Finland

Annual marginal
CO2 emissions
of different heating choices

Spatial and temporal variations
in marginal electricity supply

Case study: The
Finnish, Nordic,
and European
energy systems
in 2030

Hourly marginal
CO2 emissions
of electricity demand

Demand response utilisation in the residential and services sectors

Case studies:
The Finnish energy system in
2030

Annual and
hourly effects on
the energy system operation efficiency

Rationale, motivation
Methods
Results

Figure 1. Interrelations between the publications, main topic, modelling scope and viewpoint.
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2. Modelling of energy systems: a single-node energy system model

In order to examine the consequences of different demand-side interventions
on the energy system operation, the analytic programming based EnergyPLAN
model is used in publications IIV. EnergyPLAN model has previously been applied in different regional, national and multinational energy system analyses
(Hansen et al., 2016; Rinne and Syri, 2015; Zakeri et al., 2015). EnergyPLAN is
a descriptive simulation model, which simulates the dispatch of energy generation resources to meet the energy demand requirements of the system on hourby-hour basis over the simulation time horizon (t = 1,…, 87845), using aggregated input data of the energy system assets (Connolly et al., 2010; Lund and
Mathiesen, 2012). The model simulates the energy system as a single node, and
thus it does not take into account the internal limits of electricity transmission
capacity.
Energy conversion units are categorised into two groups based how they operate in the simulation procedure. Energy generation from nuclear power, industrial backpressure, waste-to-energy, run-of-river hydro power and VRE generation follow predetermined distribution profile, and thus, the hourly generation from these technologies is considered inflexible. Energy generation from
the inflexible sources is deducted from the hourly energy demand and the remaining residual demand will be met by the flexible part of operating stock of
technologies.
Flexible energy generation units used for balancing are hydro power with storage capacity, district heating combined heat and power (CHP), heat-only boiler,
heat pump and other thermal power (i.e. conventional condensing power, peak
gas turbines and gas engines). The operation of flexible energy generation units
is considered fully elastic6, i.e. the operating level of energy generation unit in
the hour t is not restricted by the operating level in the hour t࣓1. Upper limit for
the district heating CHP electricity generation in cogeneration mode is determined by the district heating demand (and heat storage capacity) in the hour t.
Electricity generation from hydro power with storage capacity is restricted by

5

EnergyPLAN model requires 8784 data points for the time series type input data. The number of data points describe the number of hours in a leap year.
6
The model does not consider the following parameters that are often used to characterise
the operational flexibility of generation unit: start-up time, minimum up- and downtime or
ramping rates of the energy generation unit or costs that are associated with cycling processes.
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given operational constrains such as reservoir capacity, annual distribution of
effective water inflow, the installed turbine capacity and efficiency.
The model provides the user different options for regulation strategies used
for the modelling and simulation of a particular energy system. In the marketeconomic regulation, which is used in the modelling, the model simulates meritorder dispatch of electricity generation units, assuming that energy markets are
perfectly competitive and have perfect foresight. The short-term marginal cost
of production is determined using technology and economic data for each technology type and the least-cost combination of flexible energy conversion units
is then assigned to supply the residual energy demand for each hour.
External electricity market is described in the model as one node, which has
the properties of net transmission capacity, system price and price elasticity parameter. The price of electricity on the external market is determined as a function of electricity net import. Importing electricity from the external market will
increase the price of electricity on the external market. The balance on crossborder flow of electricity is found in an iterative procedure, which is continued
until the short-term marginal cost of production in the energy system would be
equal to the external market, or the net transmission capacity is fully employed
resulting in bottleneck and consequently price differences between bidding areas. Detailed description of the model is presented in (Lund, 2018). Furthermore, the validation of the model is presented in (Lund and Mathiesen, 2012).
In publications I, III and IV, the Finnish energy system is used as a case study.
In publication II, the EnergyPLAN model is used to simulate the Finnish, Nordic
(Finland, Sweden, Norway and Denmark) and European (EU-27 countries and
Norway) energy systems. Furthermore, due to the limitations of the energy system model used in the case studies, other models were developed that were softlinked to the existing energy system model. An example of the links between
different models is illustrated in Figure 2. More details on the implemented
modelling framework, including the input data used in the energy system modelling are found in the aforementioned publications.
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Wind power
parameters

WIND POWER
SIMULATION

Demand-side resource parameters

Wind power
time series

Inflexible generation
time series

Energy demand
parameters

DEMAND RESPONSE
SIMULATION

Modified electricity
demand time series

Stock of technologies

Transmission
line capacities

Economic parameters etc.

EnergyPLAN
SIMULATION

Figure 2. Soft-link between wind power, demand response and energy system models (publication IV).
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3. Multicriteria evaluation of end-use
consumers heating choices

In municipal planning, choosing an energy system has long-standing impacts
on energy consumption, emission level as well as costs. This makes sustainable
energy planning a complicated decision problem. Multicriteria decision analysis
(MCDA) has been widely applied in various sustainable planning problems.
Most of the studies concern large scale energy systems (Burer et al., 2003; Jovanovic et al., 2010; Matteson, 2014; Maxim, 2014; Ribeiro et al., 2013; Tsoutsos et al., 2009), electricity systems (Cherni et al., 2007; Matteson, 2014; Rahman et al., 2013; Santoyo-Castelazo and Azapagic, 2014; Stein, 2013), community level heating systems (Ghafghazi et al., 2010; Grujiü et al., 2014; Li et al.,
2004), and renewable energy systems (Boran et al., 2010; Buchholz et al., 2009;
Cavallaro, 2009; Dombi et al., 2014; Mamlook et al., 2001).
The criteria are mostly defined case-specifically as there is no standardised
method or criteria set for evaluating energy sector sustainability (Gallego Carrera and Mack, 2010; Liu, 2014; Maxim, 2014; Pohekar and Ramachandran,
2004; Ribeiro et al., 2013; Stein, 2013; Wang et al., 2009). However, most of
the MCDA studies concerning sustainable energy planning use the traditional
three pillar construction, including economic (e.g. costs, return on investment,
and payback period) environmental (e.g. emissions, renewable energy fraction)
and social (e.g. employment, poverty alleviation, health and safety) criteria. Furthermore, energy system related MCDA studies have also taken many technical
components as criteria (Maxim, 2014; Wang et al., 2009). However, according
to the knowledge of the authors, the criteria concerning the usability issues of
different energy production technologies are often neglected. The authors consider usability to be an important criterion when choosing a heating system for
residential buildings since the end-users play a key role in choosing, procuring
and using the heating system. Also, most of the previous research includes the
group of experts ranking the energy systems according to different criteria.
Stakeholder participation is expanded to involve a group of citizens in the target
area to the case study evaluation.
This section presents the used methods and the summarised results from publication I. In publication I, the aim is to identify the most suitable heating systems for a new single-family houses built according to the current building regulations in Finland when different technical, economic, environmental and usability criteria are considered. To analyse this decision making problem, the Stochastic Multicriteria Acceptability Analysis (SMAA) method is used (Lahdelma
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et al., 1998). The author’s work in publication I contributed to the estimation of
consequential (marginal) CO2 emission factors for different heating choices. The
emission factors described the environmental sub-criteria in stochastic multicriteria acceptability analysis (SMAA). In this regard, research question 1 is
answered in publication I.
SMAA was developed for real-life decision making problems where the criteria
measurements can be uncertain, inaccurate or partly missing. Similar approach
has previously been applied in other decision making problems (Hokkanen et
al., 2000, 1999; Kangas et al., 2006, 2005; Lahdelma et al., 2002; Menou et al.,
2010; Pesola et al., 2014; Rahman et al., 2013). In previous research, SMAA is
often applied with a single level criteria. In publication I, the SMAA method is
further extended to handle a hierarchy of criteria and sub-criteria. Research
presented in publication I adds to the literature on modelling and analysing the
decision making problem of choosing a sustainable energy system using the
SMAA method. Furthermore, this research could give new insights on the influence of end-use consumer preferences regarding the decision making of heating
choices.

3.1

Decision problem (heating choices and criteria)

In publication I, a multicriteria analysis was performed on the alternative
heating systems for a new single-family house built according to the Finnish
building regulations. The heat consumption estimates are based on an actual,
recently built house with 180 m2 floor area and three people living in it. The
yearly heat demand is 14.8 MWh, of which 3 MWh is used to produce domestic
hot water (normally about 10–25% of the overall heat energy is used for hot water (Motiva, 2012), in our case 20%). Space heating is implemented as a floor
heating system. The indoor temperature in the heating season is 20ŃC and the
heat losses are approximately 100 W/ŃC depending on the indoor–outdoor temperature difference. The building also has a wood-fired sauna stove with yearly
combustion of 0.5–1 MWh and approximately 50% efficiency for heating.
Stakeholders involved in the study included decision makers, experts in sustainable energy solutions, and inhabitants of Loviisa. The experts defined the
alternatives and criteria in collaboration with the decision makers and planning
officers of Loviisa. The experts were also responsible for evaluating the alternatives with respect to the criteria. Preference information and opinions about the
development of the new residential area was collected via a survey from the inhabitants of Loviisa. The main goal of the survey was to find out the heating system preferences of the end-use consumers.
The heating system alternatives for a single-family house consist of a main
heating system and possible supplementary heating system. Table 2 presents
the resulting 11 combinations included in the case study.
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Table 2. Heating system alternatives and their compositions in the case study.
Symbol

Heating system alternatives

E

Electric heating

ES

Electric heating with solar heat as supplementary system

EW

Electric heating with heat storing fireplace

DH1

District heating (DH), heat-only boiler (HOB) fuelled with biomass

DH1W

DH, HOB fuelled with biomass with heat storing fireplace

DH2

DH, combined heat and power (CHP) fuelled with biomass

DH2W

DH, CHP fuelled with biomass with heat storing fireplace

G

Ground source heat pump with 80% capacity

GW

Ground source heat pump with heat storing fireplace

P

Pellet boiler

PS

Pellet boiler with solar heat as supplementary system

Table 3. Criteria included to the SMAA.
Main criteria

Sub-criteria

Explanation

Icost

Investment costs

Ocost

Operating cost

Clim

Climate impact

Part

Particulate emissions

Dom

Domestic

New

Promotes new technologies

Pop

Popularity

Prov

Several competing energy providers

Flex

Technical solutions are flexible

Rel

Reliability

Act

Provides meaningful activity

Economic

Environmental

Social

Technology

Usability

Acq

Easy to acquire

Car

Care-free

Eas

Easy to use

Spc

Requires little space and is unobtrusive

The criteria were organised into a hierarchy consisting of five main criteria divided into a total of 15 sub-criteria. Table 3 lists the main criteria and corresponding sub-criteria included to the SMAA. The investment costs (Icost) for
the heating system alternatives are estimated based on (Motiva, 2012) and price
information from suppliers. Investment costs include equipment and installation costs.
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The annual operation costs (Ocost) are based on the heat demand of 14.8
MWh/a. When a supplementary heating system is included, solar heat is assumed to cover 1.5 MWh and the heat storing fire place 2.5 MWh of the annual
heat requirement. The operating costs for different heating systems are estimated based on the fuel/energy costs and the efficiency of the heating system
(Publication I, Table 5). To compute the operating costs for DH alternatives,
also the annual power fee must be considered. The annual power fee7 is 358 €
for small single-family buildings in Loviisa (Porvoon Energia, 2014). Electricity
price for electric heating is cheaper than price for the electricity used in ground
source heat pump. Electric heating can partly utilize cheaper night tariff electricity (capacitive heating).
Climate impact (Clim) is measured in terms of estimated change in CO2 emissions caused by introduction of each alternative heating system. Evaluation is
based on a combination of consequential life cycle assessment (CLCA) and energy system analysis. Decisions lead to consequences through chains of cause–
effect relationships characterised by timing, duration, and magnitude. CLCA
measures how environmentally relevant flows will change in response to possible decision (Curran et al., 2005; Ekvall et al., 2005; Finnveden et al., 2009).
Marginal consequences are response of the system to a marginal change in demand, which influences the marginal production. The environmental impacts
of marginal changes in energy production depend on the design of the specific
energy system. In publication I, a current policy initiatives projection to year
2030 for the Finnish energy system is chosen for the analyses (Ministry of Employment and The Economy, 2013). The marginal consequences of the heating
system alternatives on the Finnish energy system are simulated using a singlenode energy system model. The marginal emission factor (MEF) is defined as
the change in CO2 emissions divided by the change in demand, as presented in
equation (1)

ି್ೌೞ


సభ ௗೞೌೝ ିିௗ್ೌೞ

σ

 = ܨܧܯσసభ ೞೌೝ

(1)

In (1), the nominator aggregates the hourly marginal CO2 emissions over the
time horizon of a year, and the denominator aggregates the marginal change in
demand due to introduction of the alternative heating system compared to the
baseline situation where no demand-side intervention occurs.
Particulate emissions (Part) are common by-products of combustion. They
are a major health and environmental concern in many regions of the world,
and steps have been taken to reduce particulate emissions and to educate people
about their risks. This criterion is evaluated ordinally, because the impact of the
emissions on people is difficult to quantify. On this criterion, the best alternatives are CHP-based DH and ground source heat pump, because the overall en-

7

District heating operating cost for the end-use consumer typically consists of energy charges
and power charges, which are tied to either heating power or water flow rate.

24

Multicriteria evaluation of end-use consumers heating choices

ergy efficiency is good and centralized energy production applies clean combustion technologies to reduce the emissions. Heating systems based on small-scale
combustion of wood or pellets are worst on this criterion.
Domestic criterion (Dom) measures whether the heating system and the fuel
are domestic. DH is served by a Finnish energy company (Porvoon Energia) and
produced mainly from domestic wood fuel. If the DH system is extended to the
case study area, the fuel will be wood chips. Also the pellet boiler is based on
domestic fuel. These alternatives are ranked best on this criterion. Heating systems powered by electricity from the national grid are considered to increase
the consumption of marginal power, which is predominantly condensing power
fuelled by non-domestic fossil fuels. Therefore these alternatives receive a lower
rank.
Promotes new technologies criterion (New) measures whether the heating
system is based on new technology that is still under development. The ground
source heat pump and solar heating systems are ranked highest on this criterion, since these technologies are regarded important in the future. Also the
CHP based DH systems receive a high ranking.
Popularity criterion (Pop) measures the popularity of the heating alternative.
People may prefer popular heating systems because other people have already
positive experiences about the system. Evaluation of this criterion is based on
both the statistical data on the heating systems for new single-family houses
(Official Statistics of Finland (OSF), 2012; PRKK, 2014) and expert judgments.
In 2013 the most popular heating system for new single-family houses was
ground source heat pump with a market share of 49%, followed by electric heating and DH systems (PRKK, 2014). Pellet boilers are still quite rare in Finland
with market share below 1%. Data for heating system combinations were not
available. Therefore, the combination alternatives were ranked based on expert
judgments.
With several competing energy providers criterion (Prov), the amount of the
suppliers of the fuel is considered. As a natural monopoly, the DH system has
only a single energy provider. DH alternatives are therefore ranked last on this
criterion. Better alternatives on this criterion are the alternatives based on wood
fuels and electricity, as there are multiple providers on the market, and the enduse customer can also easily change provider. The heating systems with supplementary fireplace are ranked higher than the corresponding main system.
Technical solution flexibility criterion (Flex) measures the flexibility and the
modification possibilities of the heating system. The pellet boiler system contains always a large hot water storage tank. It is easy to modify the system so
that the water tank is heated with other techniques. Therefore, the pellet boiler
is ranked highest on this criterion. Second rank is given to the alternatives that
are based on a hydronic central heating system either without heat storage or
with only a small storage. The least flexible heating systems are the ones without
hydronic central heating, because post-installation of radiators and/or floor
heating is complicated.
Reliability criterion (Rel) measures the reliability of the alternative heating
systems. All primary heating alternatives are quite reliable. Experience has
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showed that electrical heating and district heating systems in Finland have the
lowest probability for malfunction (Motiva, 2012). Pellet boiler and ground
source heat systems contain several components that can fail, making them
least reliable. All primary heating systems require electricity to operate. Therefore, a supplementary heating system which is not dependent on electricity can
further increase the reliability. This is why the systems with a fireplace are more
reliable than the ones without it. Solar heating in Finnish conditions works
mainly during the summer, and thus it does not improve the reliability during
the winter when reliability is most important.
Provides meaningful activity criterion (Act) describes a common argument for
certain labour intensive heating alternatives is that they provide meaningful activity for the resident. To get a high ranking on this criterion, the resident should
have the freedom to choose when one wants to do the work. Among the alternatives, heating up a wood-fired fireplace is considered a pleasant activity, and the
resident can also freely choose when one wants to do it. Therefore the heating
systems with a fire place are ranked highest. The other alternatives are ranked
lower on this criterion because they either provide no activity or do not allow
the resident to decide when to do the activity.
Easy to acquire criterion (Acq) measures how easy it is to acquire the heating
system and the fuel during the operation. Ease of acquiring depends on how
many different suppliers the resident needs to contact. To acquire electric heating, a DH system, or ground source heating, the resident has to contact only a
single supplier. For these three systems, a separate fuel supplier is not needed
as in the case of pellet boiler. The alternatives with a supplementary heating
system receive yet a lower ranking.
Care free criterion (Car) measures whether the heating system is considered
care free, if it works automatically and does not need maintenance. The electric
heating and DH systems are ranked best on this criterion because they require
little maintenance by the resident. The ground source heat system is ranked second on this criterion and the pellet boiler is the worst of the primary heating
alternatives. A supplementary solar heating system requires a little more operation in comparison to primary heating system alone. To operate a fire place
requires a considerable amount of additional work for storing, handling and
feeding the fuel.
With the aforementioned criteria the decision making problem was analysed
using stochastic multicriteria acceptability analysis (SMAA). SMAA is a decision
support method for evaluating a set of alternatives in terms of multiple noncommensurate criteria. Detailed description of the model is presented in refs
(Lahdelma et al., 1998; Lahdelma and Salminen, 2001, p. 2). SMAA computes
different descriptive measures for evaluating the heating system alternative.
The main measures are the following.
x The acceptability index (ܽ ) measures the variety of different weights
that make alternative ݔ most preferred. In other words, the acceptability index measures how widely acceptable the alternative is. The acceptability index can be interpreted as the share of people voting for
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x

x

x

3.2

the alternative, assuming that the applied weight distribution represents the voters’ weights. Zero acceptability means that the alternative
is inefficient, i.e. no weights make it best.
The rank acceptability index (ܾ ) measures the variety of different
weights that grant alternative ݔ rank ݎ. We see that ܽ = ܾଵ . The rank
acceptability indices can be used for ranking the alternatives roughly,
or for finding compromise alternatives in case no alternative gains superior acceptability for the first rank. Potential compromise alternatives are those with high acceptability for the best ranks. Alternatives
that obtain high acceptability for the worst ranks should be avoided.
The pairwise winning index (ܿ ) is the probability for alternative i to
be more preferred than alternative k. This index can be used to exclude
alternatives that are dominated by others.
The central weight vector (ݓ ) describes what kinds of weights are favourable for alternative ݔ , i.e. make it most preferred. The central
weights can be presented to the decision makers in order to help them
understand how different weights correspond to different choices. The
central weights are undefined for inefficient alternatives.

Environmental impact of different heating choices

Results on the environmental impact of different heating choices are presented
in Table 4, showing the marginal emission factors of different heating alternatives. The evaluation of the environmental impact of different heating choices is
limited in this study to the operational period, i.e. up- and downstream emissions are omitted. This favours heating alternatives that have low or non-existent direct emissions from the operation period fuel/energy use, especially renewable energy sources. Furthermore, in the energy system analysis, the CO2
emissions of biomass based fuels and solar heat in use are assumed to be zero,
corresponding to the IPCC accounting scheme (Eggleston et al., 2006).
The consequences in the energy system are measured in terms of estimated
change in CO2 emissions caused by introduction of each alternative heating system. Thus, the marginal emission factors of different heating alternatives can
be highly dependent on the assumptions regarding the displaced energy conversion unit. For instance, in the cases where the heating system alternatives consist of a main heating system and supplementary heating system, the supplementary heating system is considered to reduce the heat demand of the main
heating system. In some cases, this can lead to negative annual marginal emission factors. This corresponds to the case where the addition of heat demand
leads to commissioning of a new low carbon energy conversion unit. This new
energy conversion unit displaces output from other energy conversion units,
and therefore reduces utilisation of existing carbon intensive generation. For
instance, by introducing solar heat as a supplementary system in to the existing
electric heating system (ES), it is possible to reduce the utilisation of carbon intensive marginal electricity generation in the electricity market. This has the net
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effect of reducing overall energy system emissions, even when the demand has
increased.
This may not, however, be the case when the new low carbon energy conversion unit reduces the utilisation of the existing low carbon energy conversion
that is also connected to the electricity market. This is illustrated in the case
where (biomass fuelled) CHP-based district heating demand is displaced by the
fireplace supplementary system (DH2W). In this case, due to the displaced district heating demand, low carbon intensive CHP-based electricity generation is
also reduced. This change in the electricity supply needs to be balanced by other
production units in the electricity market, in this case by more carbon intensive
marginal electricity generation. Therefore, the potential to reduce the overall
energy system emissions is lower compared to the heating system alternative
where supplementary heating system is not introduced to the existing CHPbased district heating system (DH2).
The marginal emission factors of different heating alternatives can also be
highly dependent on the heat demand and/or supply profile. This is illustrated
in the case where electric heating demand is displaced by the heat storing fireplace supplementary system (EW). In this case, with heat storage it is possible
to shift part of the heat demand from the peak demand hours to the off-peak
hours where the carbon intensity of marginal electricity generation is often
lower. This illustrates the effect of temporal variation in supply and/or demand
on the marginal electricity generation, and consequently on the marginal emission factor.
Table 4. Marginal emission factors for different heating alternatives.
Efficiencya

Heating system alternative

a
b

Electric

Thermal

COPa Emission factor
[gCO2/kWhth]

E

Electric heating

-

1.0

-

0.689

ES

Electric heating + solar heat

-

-

-

-0.619

EW

Electric heating + heat storing fireplace

-

0.65b

-

-0.653

DH1

DH - production with biomass boiler

-

0.85

-

0.025

DH1W

DH - biomass boiler + fireplace

-

-

-

0.012

DH2

DH - production with biomass CHP

0.29

0.64

-

-0.304

DH2W

DH - biomass CHP + fireplace

-

-

-

-0.147

G

Ground source heat pump 80% capacity

-

-

3.3

0.222

GW

Ground source heat pump + fireplace

-

-

-

-0.106

P

Pellet boiler

-

0.75

-

0

PS
Pellet boiler + solar heat
0
Source: (Danish Energy Agency, 2012a, 2012b).
Thermal efficiency of the heat storing fireplace (wood stove) (Danish Energy Agency, 2012b).

3.3

Multicriteria analysis of heating choices

The decision making problem was analysed using SMAA on two phases: (i) an
analysis based on expert evaluations for the criteria measurements was performed without preference information, (ii) preference information for the sub-
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criteria based on the survey among the citizen in Loviisa was included. Main
criteria weights were unconstrained in this analysis.
Figure 3a presents the rank acceptability indices for the alternatives without
preference information. The alternatives are sorted according to their first rank
acceptability. The CHP-based district heating alternative (DH2) receives highest acceptability (53%) for the first rank, which means that it could be the most
preferred alternative subject to many different preferences. Also the ground
source heat pump alternative (G) receives quite high first rank acceptability
(19%), followed by electric heating with fireplace alternative (EW) (7%) and
CHP-based district heating with fireplace alternative (DH2W) (6%) where a
fireplace is used for supplementary heating. Interestingly, the heat-only boiler
based district heating alternative (DH1) receives very low first rank acceptability
(1%), but very high second rank acceptability (26%). This is because the CHPbased district heating alternative (DH2) in practice dominates the heat-only
boiler based district heating alternative (DH1), and any preferences that favour
the heating system alternative DH1 favour DH2 even more. The pairwise winning indices for the considered heating system alternatives are presented in Table 5. The pairwise winning indices of the heating system alternative DH1 show
that DH1 is superior against all other heating system alternatives except the alternatives DH2 and G. The heating system alternative DH1 has only 3% pairwise
winning index against the heating system alternative DH2 but ties with the alternative G with 52% probability.

Figure 3. Rank acceptability indices for alternative (a) without preference information and (b) with
end-use consumers’ preferences.
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Table 5. Pairwise winning indices (%) for alternatives without preference information (probability
that alternative on a row is better than the alternative on a column).
cik
E

E

ES

EW

DH1

DH1W

DH2

DH2W

G

GW

P

PS

0

41

43

13

46

6

34

22

46

53

65

ES

59

0

54

26

57

8

44

28

57

64

80

EW

57

46

0

28

56

15

39

32

56

60

73

DH1

87

74

72

0

83

3

66

52

73

81

89

DH1W

54

43

44

17

0

7

8

27

52

56

73

DH2

94

92

85

97

93

0

87

74

86

91

96

DH2W

66

56

61

34

92

13

0

36

67

72

85

G

78

72

68

48

73

26

64

0

80

82

93

GW

54

43

44

27

48

14

33

20

0

58

80

P

47

36

40

19

44

9

28

18

42

0

80

PS

35

20

27

11

27

4

15

7

20

20

0

The central weights in Figure 4 reveal what kinds of preferences are favourable
for each considered heating system alternative. For example, electric heating
(E) is favoured by high weight on investment costs (34%), while electric heating
with solar heat (ES) is favoured by high weight on climate impact criteria (31%),
and pellet boiler alternative (P) is favoured by the flexibility of the heating system criteria (36%). Interestingly, the CHP-based district heating alternative
(DH2) is favoured by relatively uniform weights (3.5–12.5%) on all criteria. The
rank acceptability indices for the considered heating system alternatives with
preference information are presented in Figure 3b. The main observation is that
when the end-use consumer preference information is included, the acceptability of heating system alternative DH2 for the first rank strengthens significantly
(53% ĺ 77%) while the first rank of ground source heat pump alternative (G)
drops somewhat (19% ĺ 13%). Moreover, the end-use consumer preference information has the most dramatic effect on the first rank acceptability of electric
heating with fireplace alternative (EW), which is reduced from 7% to 0.1%.
In summary, the results show that district heating CHP-based heating system
alternative (DH2) is the strongest candidate in terms of the first rank acceptability in both cases without and with end-use consumer preference information,
followed by ground source heat pump alternative (G). Furthermore, if the energy company decides not to provide district heating based on biomass CHP,
but instead a biomass heat-only boiler, then CHP-based heating system alternative (DH2) is eliminated. In this case, the pairwise winning indices (Table 5)
reveal that heat-only boiler district heating alternative (DH1) shares the first
rank with ground source heat pump alternative (G ) (52% for DH1 vs. G), making it also an acceptable heating system candidate for a new single-family house.
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Figure 4. Aggregated central sub-criteria weights for alternatives.
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4. Spatial and temporal variations in energy supply

Previous research on the consequential (marginal) changes in electricity markets has increasingly recognised the importance of spatial and temporal variation in the electricity supply and demand (Amor et al., 2014; Graff Zivin et al.,
2014; Hawkes, 2010; Kopsakangas-Savolainen et al., 2017; Roux et al., 2016).
In a competitive energy-only market8, electricity generation units operate in the
accordance with the merit order where the units are dispatched based on the
ascending order of the short-term marginal costs of production to meet the aggregated electricity demand in each hour of the day (Morales et al., 2014). In
this regard, non-dispatchable generation (e.g. variable renewable energy) is fed
into the electricity market and merit order curve first due to the low short-term
marginal costs of non-dispatchable production. This lowers the entrance sales
bid, and thus drags the electricity generation unit(s) committed with highest
short-term marginal cost of production down the merit order, i.e. the merit order effect. The affected unit on the slope of the merit order curve is the electricity
generation unit(s) committed with the highest short-term marginal cost of production. This marginal unit can have the properties of timing, duration and
magnitude depending on the composition of the operating stock of technologies
in the affected bidding area.
Furthermore, seasonal and diurnal changes in electricity (and district heating)
demand can affect the composition operational stock of technologies and thus
the dynamics of supply dispatch of electricity differently in different times of the
day or a year. The marginal unit may vary significantly between the off-peak and
peak hours9, and summer and winter, due to the varying utilisation level of the
operational stock of technologies (Amor et al., 2014; Hawkes, 2010). Moreover,
this marginal unit can use different fuels, which due to the aforementioned
merit order dispatch, can change as a function of electricity demand (Marriott
et al., 2010; Weber et al., 2010). This means that the quantification of environmental impacts of different demand-side interventions “traditionally” as average effects over the entire load-generating base may lead to misleading conclusions. This is because the emissions from electricity generation units on the

8

Energy-only market is a type of market design where producers are remunerated for their
energy but not their available capacity or reliability services.
9
For example, off-peak and peak hours in the Nord Pool electricity market are defined as follows: off-peak 1 hours from 00:00 to 08:00, peak hours from 08:00 to 20:00 and off-peak 2
hours from 20:00 to 24:00 (Nord Pool, 2017).
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margin can deviate significantly from the average emissions over the entire
load-generating base (Hawkes, 2010).
In the European, and especially in the Nordic power system, markets are coupled and exchange electricity depending on the arbitrage created by the shortterm marginal costs of production and the available net transfer capacity (trading capacity) between bidding areas. A temporal variation in supply and/or demand in one bidding area may affect dynamics of supply dispatch of electricity
on other bidding area(s) when a new demand-supply balance is formed. This
implies that the utilisation level of the operational stock of technologies in another bidding area(s) may change. However, there is no definitive way of connecting electricity supply and demand bids to a particular location and time.
These exchange dynamics may often be neglected in consequential analysis.
The energy system is therefore viewed as if all affected components of the energy
system were located in a given geographic delimitation (Rinne and Syri, 2013;
Soimakallio et al., 2011). However, the generation-based and consumptionbased carbon dioxide (CO2) emissions of the final electricity consumption can
deviate significantly for several OECD countries (Soimakallio and Saikku,
2012). Thus, a country (or bidding area) can have a significant amount of CO2
emissions embodied in its imports or exports, even if the net electricity trading
of the country is at a low level. Previous research has identified that while no
accepted method for addressing electricity exchange between countries or bidding areas has emerged, allowing the marginal producer to be located anywhere
in the corresponding grid interconnection can yield significantly different estimates of the marginal unit (Graff Zivin et al., 2014).
Electricity has been increasingly exchanged between the European countries
(Eurostat, 2017). This trend is expected to continue as the market couplings between the bidding areas in Europe increase in the future (ENTSO-E, 2015). Furthermore, previous research has acknowledged that the electricity exchange will
become more important in facilitating higher integration of VRE into the energy
systems in different European countries (Spiecker and Weber, 2014). In this regard, the significance of emission leakage between the European countries may
become a more relevant issue when quantifying the environmental impacts of
national energy policy in the future.
This section presents the used methods and the summarised results from publication II. In publication II, the aim is to describe how spatial and temporal
variations related to a particular energy system affect the electricity generation
unit operating on the margin, using the Finnish, Nordic and European energy
systems as case studies. Thus, research question 2 is answered in publication II.
The environmental impacts in the energy system are estimated using the framework introduced in publication I. Thus, the method utilised in publication II is
based on the combination of CLCA and energy system analysis. Publication II
mainly concentrates on identifying the marginal changes in electrical energy
generation. The hypothesis is that due to the constraints and fluctuations in
electricity supply and demand, the hour-by-hour de facto marginal electricity
generation unit can differ from the annually pointed single marginal electricity
generation unit (traditionally coal or natural gas). The energy system analysis
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focuses on the hour-by-hour operation of installed capacities. Therefore, the
method considers the temporal variations in demand and resource availability
and how the electricity generation unit operating on the margin may change
from a short-term or long-term perspective when structural changes occur in a
national energy system. Furthermore, the method presented in publication II
takes into account the interconnections in the electricity markets, which can
mean that the generation units on the margin may operate beyond the boundaries of a national energy system. This illustrates the choice of region and imports/exports. In this regard, two different methods for identifying the hour-byhour de facto marginal electricity generation unit and consequent marginal CO2
emissions are presented in publication II. Research presented in publication II
adds to the literature on modelling and analysing the long-term marginal effects
of demand-side intervention on the energy system in a national and multinational level with taking into account the consequential changes in exchange of
electricity. This research could give new insights on estimating temporally varying marginal emissions from electricity generation in energy systems with increased shares of variable renewable energy.

4.1

Identifying the marginal electricity generation unit(s) and consequent marginal emissions at national and multinational
level

The hour-by-hour marginal electricity generation units and marginal emission
intensities are identified for electricity use in the examined energy systems (i.e.
the Finnish, the Nordic and the European energy systems). Furthermore, the
effect of demand-side intervention on the operation of energy system beyond
the national level is illustrated by both ignoring and considering the change in
electricity exports that occur on the margin. In this regard, it is assumed that if
the marginal change in electricity demand affects the exchange of electricity and
the direction of electricity flows, this is treated as if the generation unit on the
margin operates beyond the boundaries of the energy system being analysed.
In both cases, electricity imports that occur on the margin are treated as if the
generation unit on the margin operates beyond the boundaries of the energy
system being analysed. First, in the approach where the change in electricity
export is ignored, it was assumed that the change in electricity exports corresponds to the marginal electricity generation within the particular energy system; i.e. marginal electricity that would have been exported to the external market is considered as final consumption within the particular energy system. Secondly, in the approach where the change in electricity export is considered, it
was assumed that since marginal electricity that would have been exported to
the external market is consumed within the particular energy system (i.e. in the
Nordic countries), the electricity generation unit in the external market (i.e. the
European energy system) must adjust their production. In this approach, the
electricity generation unit that is on the margin of the variable cost curve at the
time (i.e. hour) in the European system constitutes the margin in the Nordic
countries.
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The hourly marginal electricity generation unit and the marginal emission intensity for electricity use were calculated using equations (2)(8).
The hour-by-hour marginal electricity generation units and consequent marginal emission intensities are identified in a comparative two stage process via
the following steps; (i) a baseline run is produced where electricity demand
without demand-side intervention is considered, and (ii) the additional marginal demand of one unit (TWh/year) of electricity is then added, and the model
is run again to produce a ‘demand-side intervention run’. Furthermore, the
method utilised revolves around the observation that the marginal electricity
generation unit can vary at different points in space and time.
The change in marginal electricity generation in a particular energy system in
hour-by-hour temporal resolution was calculated using equation (2):
 = ܧܯσ଼଼ସ
௧ୀଵ ൫݁,௦ െ ݁,௦ ൯

(2)

In (2), ݁,௦ is the aggregated electricity generation for each generation unit
݅ (݅ = wind, hydro, combined heat and power (CHP), condensing power (PP),
nuclear, import, export) from the start of the time horizon ሺ = ݐ1ሻ to the end of
the time horizon ሺ = ݐ8784ሻ, for a scenario where a demand-side intervention
occurs that alters electricity demand, whereas ݁,௦ represents the baseline
case where no demand-side intervention occurs.
The corresponding marginal primary energy consumption in a particular energy system is defined as the change in primary energy demand over the time
horizon, as presented in equation (3)
 = ܨܯσ଼଼ସ
௧ୀଵ ൫݂,௦ െ ݂,௦ ൯

(3)

In (3), ݂,௦ is the aggregated primary energy consumption for each energy
source ݆ (݆ =coal, oil, natural gas (Ngas), biomass, wind, hydro, nuclear) over
the time horizon for the scenario where a demand-side intervention occurs that
alters electricity demand. Variable ݂,௦ in (3) represents the baseline case
where no demand-side intervention occurs. In the calculations, the interconnections between electricity and district heat generation were taken into account,
since changes in electricity generation by district heating CHP have consequences for district heating. Thus, the changes in district heating generation
from CHP will be met by changes in peak load heat-only plant generation.
The change in the carbon dioxide (CO2) emissions in a particular energy system is determined by the change in electricity generation and subsequently by
the corresponding change in primary energy consumption. The change in the
domestic CO2 emissions were calculated using equation (4)
ܧௗ = σ଼଼ସ
௧ୀଵ ݂,ௗ ܿ

(4)

In (4), ݂,ௗ = ݂,௦ െ ݂,௦ is the marginal change in domestic primary energy consumption and ܿ is the emission intensity per fuel source j.
Hence, the marginal CO2 emission intensity for electricity use is defined as
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change in the CO2 emissions over the entire time horizon divided by the change
in the electricity demand over the same time horizon. For the European energy
system, the marginal CO2 emission intensity for electricity use (gCO2/kWhe) in
hour-by-hour temporal resolution was calculated using equation (5)
ܨܧܯா = σఴళఴరሺௗ
సభ

ா ,ா

ೞೌೝ ିௗ್ೌೞ ሻ

(5)

In (5), ܧௗ,ா is the aggregated CO2 emissions in the EU, ݀௦ is the aggregated electricity demand over the time horizon for the scenario where a demand-side intervention occurs that alters electricity demand and notation
݀௦ represents the baseline case where no demand-side intervention occurs.
The emissions embodied in marginal change in electricity imports to a particular system were calculated using equation (6)
ܧ  = σ଼଼ସ
௧ୀଵ ݁,ா ܨܧܯா

(6)

In (6), ݁,ா = ݁,௦ െ ݁,௦ is the marginal change electricity
imports from the European system (absolute value). In the approach where the
change in electricity export is considered, the emissions embodied in electricity
exports were calculated using equation (7)
ܧ ௫ = σ଼଼ସ
௧ୀଵ ݁௫,ா ܨܧܯா

(7)

In (7), ݁௫,ா = ݁௫,௦ െ ݁௫,௦ is the marginal change in electricity
exports to the European system (absolute value). For the Nordic countries, the
marginal CO2 emission intensity for electricity use (gCO2/kWhe) in hour-byhour temporal resolution was calculated using equation (8)
ா ାா್  ାா್ ೣ

ܨܧܯ = σఴళఴరሺௗ
సభ

ೞೌೝ ିௗ್ೌೞ ሻ

(8)

In (8), ܧௗ is the domestic marginal CO2 emissions from electricity generation
consumed in a particular system ݇ (݇ = Finland, Sweden, Norway, Denmark).
Furthermore, in the approach where the change in electricity export is ignored,
emissions embodied in electricity exports are ܧ ௫ = 0 since marginal electricity that would have been exported to the external market is considered as
final consumption within the particular energy system. Description of the energy system scenarios and input data sources used in the simulations in publication II are presented in Table 6.
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Table 6. Basic structure and data sources used in the energy system simulations.

Basic model structure

Description
Scope: Energy system representation constitutes total energy consumption (and generation) in the energy, industry, transport, residential and
comm. and public sectors. The Nordic energy system (i.e. Finland, Sweden, Norway and Denmark) was modelled for each country separately,
the European energy system was modelled as an aggregated system and
it includes the EU-27 countries and Norway. Due to the input data aggregation, energy systems were modelled without internal limits for electricity
transmission.
System boundaries: The Nordic countries were modelled as open market
systems; i.e. exchange of electricity was enabled on the external market
(i.e. Nord Pool Spot, EU). The European energy system was modelled as
a closed market system; i.e. exchange of electricity was disabled on the
external market. The marginal consequence of a demand-side intervention was limited to the European system level.
Time horizon: Annual hour-by-hour (i.e. 8784 time steps) analysis of the
energy system for the years 20092010 and 2030.

Demand

Annual demand level: IEA energy balances edition 2012 for 20092010
(International Energy Agency, 2012a, 2012b), demand projections to
2030 for the Nordic countries were taken from national energy and climate
strategies (Danish Energy Agency, 2012a; Klima- og forurensningsdirektoratet, 2010; Ministry of Employment and the Economy,
2013; Swedish Energy Agency, 2012), those for the European system
were taken from Energy Road Map 2050 (European Commission, 2011).

Stock of technologies

Existing stock of technologies: Existing capacity data for 20092010 (i.e.
short-term analysis) was taken from ENTSO-E database ‘Statistical Yearbook 2010’(ENTSO-E, 2011).
Projected stock of technologies: Projected capacity data for 2030 (i.e.
long-term analysis) for the Nordic countries was taken from national energy and climate strategies, for the European system from Energy Road
Map 2050 (European Commission, 2011).
Technology characteristics: Technology cost data was taken from (Danish Energy Agency, 2012a, 2012b).

Fuel prices and emissions

Fuel prices (including taxes): Historical (20092010) and projected (2030)
fuel price data and duty rates for energy products and electricity were
taken from (Danish Energy Agency, 2011; European Commission, 2014,
2010). For projected excise duty rates for energy products and electricity,
the current rates (2014) are assumed to remain unchanged.
Emission prices: Annual average EU emission trading scheme (ETS)
prices for 20092010 and 2030 were taken from (Danish Energy Agency,
2011).
Emissions per unit fuel consumption: The carbon dioxide (CO2) emissions
from fuel combustion were taken from the IEA database ‘CO2 emissions
from fuel combustion’ (International Energy Agency, 2013).
Fuel shares: Fuels are divided into four groups; coal (including primary
and secondary coal, manufactured gases and peat), oil (crude oil and petroleum products), natural gas (including gas works gas) and biomass (including biofuels and waste).

Transmission

Net transmission capacities: Data on net transfer capacities and interconnections and information on new construction were taken from ENTSO-E
database ‘Regional investment plan Baltic sea’ (ENTSO-E, 2012).
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4.2

Spatial and temporal variations in marginal electricity generation: the case of the Finnish, Nordic and European energy
systems up to 2030

The responses of each studied energy system to the additional marginal demand
in terms of marginal changes in electricity generation are presented in Figure 5.
The changes in the marginal electricity generation in the Nordic countries and
at the European system level are presented as average annual share (i.e. hourby-hour results are aggregated over the studied time horizon of a year) of each
generation unit operating on the margin, with the corresponding marginal primary energy consumption.
In the Nordic countries and in the European system, the system response to
the additional marginal change in electricity demand is a combination of
changes in electricity generation units operating on the margin. This means that
the annual average de facto marginal electricity generation unit was found to
constitute of more than one electricity generation technology. However, at most
hours over the studied time horizon coal (see in blue in Figure 5b) and natural
gas (see in green in Figure 5b, denoted by “Ngas”) condensing power (see in
purple in Figure 5a) constitutes the margin in the Nordic countries and at the
European system level in the short- and long-term. In the long-term, due to the
structural changes in the energy systems, i.e. changes in the fuel mix and electricity generation technologies, the share of biomass (see in purple in Figure 5b)
and natural gas (see in green in Figure 5b) in the marginal primary energy consumption will increase slightly in the Nordic countries and in the European system.
The variation in electricity export (see in light blue in Figure 5a) and import
(see in orange in Figure 5a) occurring on the margin in the Nordic countries was
significantly high for some countries. Examples of such countries are Sweden
and Norway, as the annual share of electricity exchange occurring on the margin
there was approximately 7299 per cent. This can be explained by the differences in the energy generation mix. Annual hydro power generation in Norway
and Sweden does not change as a result of marginal change in electricity demand as it mainly depends on the water inflow distribution and reservoir levels.
However, the hourly operation within the simulation time horizon can change
since hydro generator is assumed to reallocate generation to maximise the producer income. Furthermore, annual nuclear power generation will not change
since generation is prioritised on the electricity market due to the low shortterm marginal cost of generating electricity. In the method, it was assumed that
the electricity generation unit in the external market (i.e. the European energy
system) must adjust their production if the marginal change in electricity demand affects the exchange of electricity in the Nordic countries. Thus, the share
of electricity export (see in light blue in Figure 5a) and import (see in orange in
Figure 5a) on the margin actually consists of the marginal electricity generation
in the European system (see in purple in Figure 5a). This was taken into account
when calculating the corresponding marginal primary energy consumption in a
particular energy system (Figure 5b).
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a) Marginal electricity generation (CE)

b) Marginal primary energy consumption (CE)
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Figure 5. Change in annual marginal electricity generation (a) and (c) and marginal primary energy consumption (b) and (d) when increasing electricity demand by 1 unit (TWh/year) in the
Nordic countries (FI = Finland, SE = Sweden, NO = Norway, DK = Denmark) and the European
energy systems (EU). The change in the marginal electricity generation is presented as the average annual share of each generation unit operating on the margin (x-axis) with the corresponding
shares of primary energy consumption. Results are presented in both cases where exports on
the margin are ignored (IE) and considered (CE). In (a), the share of electricity export (in light
blue) and import (in orange) in the Nordic countries constitutes the margin of the European system
(in purple). In (b) this was taken into account when calculating the shares of marginal primary
energy consumption.

The impact of choice of the approach used for estimating the effect of electricity
export on the margin increased the variability of the results considerably for
some Nordic countries (Figure 5c). When the approach was used where the
change in electricity export was ignored, i.e. marginal electricity that would have
been exported to the external market is considered as final consumption within
the particular energy system, the impact was significantly high for Sweden and
Norway, whose export of electricity was high and whose marginal generation
mix differed significantly from the European system. In Sweden and Norway,
the share of CHP (see in green in Figure 5c), nuclear (see in aqua in Figure 5c)
and hydro (see in red in Figure 5c) power generation increases on the margin.
For Finland and Denmark the impact was less significant, since the marginal
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generation mix of the European system was relatively close to that of Finland
and Denmark.
The impact of fluctuations in electricity demand and generation, i.e. the sensitivity of hour-by-hour marginal electricity generation, was considerably high
for some Nordic countries. However, in the Nordic system and at the European
system level, the impact was not found to be very significant. At the country
level, the long-term hour-by-hour marginal electricity generation unit was
found to be most sensitive to fluctuations in electricity demand (Publication II,
Supplementary data, Fig. S1).
The seasonal variation in marginal electricity generation within a studied year
was found to be significant in the long-term for some Nordic countries, as shown
in Figure 6. A case example is Finland, where during summer months (June to
August) the CO2 intensity of marginal electricity generation decreases, as the
number of hours when district heating CHP constitutes the margin increases.
As previously discussed, the approach used for calculating the effect of electricity export on the margin was also found to increase the variability of the results
for seasonal variation in marginal electricity generation for Sweden and Norway
(Publication II, Supplementary data, Fig. S2). For Denmark and at the European system level, the seasonal variation in marginal electricity generation
within a studied year was found to be less significant or non-existent in the longterm.
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b) Marginal primary energy consumption (CE)
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Figure 6. Variation in seasonal (monthly) marginal electricity generation (a) and marginal primary
energy consumption (b) when increasing electricity demand by 1 unit (TWh/year) in Finland, longterm until 2030. The change in the marginal electricity generation is presented as aggregated
hour-by-hour shares of each generation unit operating on the margin (X-axis) with the corresponding shares of primary energy use averaged over the time horizon. Results are presented in the
case where exports on the margin are considered (CE).

The calculated annual CO2 emission intensities for marginal electricity use in
the Nordic countries and in the EU are shown in Figure 7. The annual CO2 emission intensities of marginal electricity use for the Nordic countries were approximately 622782 gCO2/kWhe and 702705 gCO2/kWhe for the EU in 2009
2010. In the long-term, the CO2 emission intensity for marginal electricity use
will decrease due to structural changes in the energy systems. As described ear-
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lier, this is due to changes in fuel mix and marginal electricity generation technologies (see Figure 5). The annual average emission intensity for marginal electricity use in the Nordic countries and in the EU in 2030 would be approximately 508640 gCO2/kWhe and 629 gCO2/kWhe, respectively. The impact of
fluctuations in the annual electricity demand of ±10 per cent was not found to
be very significant for the CO2 emission intensities at the Nordic system or the
EU system level. However, the impact was highly significant at the country level.
For the calculated annual CO2 emission intensity for marginal electricity use in
Finland, the impact of fluctuations in annual electricity demand was approximately ±20 per cent.
The impact of choice of the approach used for calculating the effect of electricity export on the margin increased the variability of the results considerably for
some Nordic countries. When the approach was used where the change in electricity export was ignored; i.e. marginal electricity that would have been exported to the external market is considered as final consumption within the particular energy system, the impact was significantly high for those Nordic countries whose export of electricity was high. The difference in annual CO2 emission
intensities for marginal electricity use was highly significant for Sweden and
Norway. The impact was higher the more a country exchanged marginal electricity and the more variation there was between domestic and imported CO2
emission intensity for marginal electricity generation. For the other Nordic
countries, the difference between results was less than 10 per cent within the
studied years.
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Figure 7. Annual average marginal CO2 emission intensities for electricity use in the Nordic countries (FI = Finland, SE = Sweden, NO = Norway, DK = Denmark) and in the EU in 2009, 2010 and
2030, respectively. Results are presented in both cases where exports on the margin are ignored
(IE) and considered (CE). The error bars correspond to the upper and lower limits in the sensitivity
analysis in which the annual electricity demand fluctuates by ± 10 per cent.

The variation in calculated CO2 emission intensities for marginal electricity use
within a studied year was found to be significant in the long-term for some Nordic countries, as shown in Figure 8a. The seasonal variation was found to be
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highest for Finland, as on average the difference in CO2 emission intensities between winter (September to May) and summer months (June to August) was
approximately 40 per cent. During summer months the operating margin
changes as electricity demand decreases, and therefore the CO2 emission intensity of energy generation decreases. Furthermore, the impact of choice of the
approach used for calculating the effect of electricity export on the margin increased the seasonal variability of the CO2 emission intensities for marginal
electricity use considerably for some Nordic countries, as shown in Figure 8b
(Publication II, Supplementary data, Fig. S3).
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b) Trends in average marginal CO2 emission intensities by month in the Nordic system
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Figure 8. Trends in average marginal CO2 emission intensities by month (a) (x-axis) in Finland
(FI-CPI), in the Nordic system (NORDIC-CPI) and in the EU (EU-CPI) in 2030. The effect of both
ignoring the electricity exports (IE) and considering exports on the trends in average marginal
CO2 emission intensities by month in the Nordic system is presented in (b).
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5. Utilising demand response in the future Finnish energy system

As the share of variable renewable energy (VRE) in the energy system increases,
the temporal variations in the supply-side are also expected increase in the future. This is because renewable energy generation faces very low, or even negative cost if renewable subsidies are taken into account, and thus is usually prioritised in the electricity market (Kyritsis et al., 2017; Nielsen et al., 2011). Furthermore, electricity generation from variable renewable energy sources
(VRES) is non-dispatchable and can experience significant spatial and temporal
variations, and thus, is only partially forecastable.
The temporal variations in VRE generation need to be balanced by other production units in the energy system (Gutiérrez-Martín et al., 2013). The magnitude of the merit order effect is predominantly dependent on the composition
of the operating stock of technologies (i.e. the slope of the supply curve) that
covers the residual electricity demand, the magnitude of the change in VRE generation, and the correlation between electricity demand and VRE generation
(Sensfuß et al., 2008). Consequently, this can lead to increased reserve requirements (Roos and Bolkesjø, 2018), higher flexibility10 requirements for dispatchable generation (incl. storages) (Huber et al., 2014), and/or stronger coupling
between bidding areas through transmission lines (Hedegaard and Meibom,
2012; Saarinen et al., 2015; Spiecker and Weber, 2014), as additional system
balancing is required to ensure system reliability and stability. The merit order
effect can also affect the profitability of dispatchable generation unit(s) committed with highest short-term marginal cost of production as their operating hours
can decrease (Holttinen et al., 2016). Furthermore, these short-term effects of
integrating VRE can cumulate in the long-term affecting the development of operating stock of technologies through future investment decisions on dispatchable generation technologies. This can also have implications on the energy system stability and reliability in terms of generation adequacy.
Energy system flexibility can also be added through demand-side interventions, such as demand-side management (DSM). Demand-side management
measures are often divided into two categories: (i) energy efficiency measures
and (ii) demand response measures. Energy efficiency measures include activities in order to decrease the overall energy demand. Demand response measures
10
Operational flexibility of a generation unit is often characterised with the following parameters: start-up time, minimum up- and downtime or ramping rates of the regulating electricity
generation units or costs that are associated with these processes.
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aim to modify the characteristics of end-use consumers electricity demand profile in response to market prices (e.g. price based programmes; real-time pricing, time of use pricing, peak pricing) or other market conditions (e.g. incentives
based programmes; direct load control, curtailable load, demand bidding) (Albadi and El-Saadany, 2008; Strbac, 2008). DSM can also comprise demandside energy source shifting (e.g. consumer owned distributed generation)
(Sezgen et al., 2007). In this case, the characteristics of end-use consumers’ electricity demand profile may experience no or only minor changes. However, from
the energy utility service perspective, the characteristics of energy supply profile
can change significantly.
Demand response as a flexibility option has gained more interest in the national energy policy decision-making, however, the EU does not have a specific
target for demand response (The European Commission, 2013). The central role
of demand response in facilitating the integration of VRE can still be seen in the
recent efforts towards deployment of smart metering technologies and electricity market liberalisation in the EU (EUROPA - the official web site of the European Union, 2012, 2009). Thus far demand response programmes have mainly
focused on large industrial consumers, as most European utilities include direct
load control programmes as part of their DSM strategies (Torriti et al., 2010).
In recent years, a number of pilot studies have been conducted in the EU to
study the residential end-use consumers’ behaviour in demand response programmes (D’hulst et al., 2015; Schleich et al., 2013; Torriti, 2012; Vanthournout
et al., 2015). However, the current policy measures have not yet led to largescale implementation of demand response programmes in the EU. This is often
explained by regulatory, technical and market related barriers and failures, such
as limited knowledge on potential demand-side resource capacity, high cost estimates for demand response technologies and infrastructure, uncertainty regarding the value of demand response, costumer engagement and policies focused on adoption of a common European framework for demand response with
national settings (Annala et al., 2018; Nolan and O’Malley, 2015; Strbac, 2008;
Torriti et al., 2010).
Demand response programmes are based on the notion that the real cost of
consuming electricity varies since the short-term marginal cost of production
can vary significantly according to the time of day in the day-ahead electricity
market. Therefore, providing the end-use consumers signals that reflect the opportunity cost of electricity use can incentivise the demand-side to optimally
manage their demand-side resources (Nieto, 2012). In this regard, the design
objective for demand response programmes is often to decrease demand peaks
and surplus of non-dispatchable generation, and thus consequently to reduce
the variability in residual electricity demand11 during the day. This can be
achieved (i) by demand shedding12 where the end-use consumers can reduce

11
Residual electricity demand is the remaining electricity demand after non-dispatchable generation (e.g. wind power, photovoltaics, etc.) is deducted.
12
Or in the case of “reverse demand response” end-use consumers can increase their consumption during the surplus periods when non-dispatchable generation exceeds electricity
demand.
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their demand during the peak demand periods without changing their consumption pattern during other periods, or (ii) alternatively by demand shifting
where demand is shifted from the peak demand periods to off-peak periods (Albadi and El-Saadany, 2008).
Previous research has identified demand-side resource capacities in a broad
range of processes and devices throughout different sectors and countries (Barton et al., 2013; Gils, 2014; Müller and Möst, 2018; Nyholm et al., 2016; Stötzer
et al., 2015). Theoretical13 demand response potential for European countries is
estimated in ref (Gils, 2014). This potential was found to vary strongly between
different demand-side resource applications and countries. Furthermore, the
demand-side resource capacity is not available at all times, as it varies according
to season and the time of the day (Müller and Möst, 2018). For instance, in regions where seasonal energy demand for heating can be high, electricity demand
for heating can offer significant demand-side resource capacity (Söder et al.,
2018). The benefits of utilising these demand-side resources to mitigate variability in the energy system can emerge at both economic and operational levels.
This potential can materialise in terms of reduced system costs of energy supply
(Gils, 2016), increase in system reliability and stability (Barton et al., 2013; Roos
and Bolkesjø, 2018), as well as reduced environmental impacts due to a possible
change in marginal energy generation (Bergaentzlé et al., 2014; Dupont et al.,
2014).
This section presents the used methods and the summarised results from publications III and IV. In publication III, the aim is to assess how demand response
utilisation affects the energy system operation efficiency in Finland in future
scenarios with increased shares of VRES. In this regard, the framework introduced in publication II to identify the temporal variations in marginal electricity
generation acts as rationale/motivation for the research in publication III. In
publication IV, the seasonal and diurnal availability of demand-side resource
capacity, and the technical restrictions (e.g. shifting time interval) that limits
the utilisation of demand-side resource capacity are discussed in particular.
Therefore, in publication IV, the aim is to assess how the availability of demandside resource capacity and the availability of renewable energy generation affect
the dynamics of supply dispatch of electricity at seasonal and diurnal level, in
Finland in 2030. Thus, research questions 3 and 4 are answered in publications
III and IV. The temporal availability and long-term development of considered
demand-side resource capacity is estimated in the residential and services sectors. The utilisation of end-user demand-side resource capacity is simulated
with developed demand response algorithm, which is based on the hourly residual demand variations during the day. The effects of demand response on the
supply-side are analysed at the national energy system level on an hourly basis.
The dispatch of the Finnish energy system is simulated in future scenarios with
high integration of baseload nuclear power and variable renewable energy generation. In publication IV, Monte Carlo simulations are used to generate stochastically varying time series for the aggregate power generation of multiple
13
Theoretical demand response potential does not take into account the technical restrictions
or the economic costs related to the activation of demand-side resource application.
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wind power generation units taking into account the geographical distribution
of the units in the future as presented in the National Energy and Climate Strategies prepared by the Finnish Government (Ministry of Employment and the
Economy, 2017). Research presented in publications III and IV adds to the literature on modelling and analysing the detailed hour-by-hour effects of demand
response on the energy system operation with further taking into account the
temporal availability of demand-side resource applications. This research could
give new insights for variable renewable integration by demand response, which
would also be relevant for other countries.

5.1

Estimation of available demand-side resource capacity

In a cold climate region where seasonal energy demand for heating can be high,
electricity demand for heating can offer a significant demand-side resource capacity for shiftable demand. In Finland for example, historically 18-20% of the
annual electricity demand is used for heating according to the official statistics
of Finland from 2008 to 2016 (Official Statistics of Finland (OSF), 2016). In this
regard, mainly heating load is considered in publications III and IV for the potential demand-side resource capacity. The demand-side resource applications
considered are space heating (incl. heat pumps) and hot water storage in the
residential and services sectors. Available demand-side resource capacity is estimated at aggregated level of demand-side resource application due to the data
availability.
The energy demand of space heating is strongly dependent on the outdoor
temperature. Thus, the hourly demand profile for space heating is estimated using temperature data for 2014 from 16 different cities14 in Finland (Finnish Meteorological Institute, 2017b) and hourly heating degree days15 (HDD) method,
presented in (Spinoni et al., 2015). The hourly energy demand of space heating
(ܳௌு, ) is assumed to be directly proportional to the hourly HDD (݊ு, ), as
presented in equation (9)


ܳௌு, = σఴళలబಹವವ,

సభ

ಹವವ,

ܳௌு,

(9)

In (9), QSH,a represents the annual heat demand of space heating, found in the
statistics (Enerdata Research Service, 2017; Ministry of Employment and the
Economy, 2017; Official Statistics of Finland (OSF), 2016). The electricity use of
heat pumps is estimated using the previously described method, with further
taking into account the temperature dependent heat pump coefficient of performance (COP).

14
Selection of reference cities for the hourly HDD estimation follows the method used by the
Finnish Meteorological Institute (Finnish Meteorological Institute, 2017a). However, since the
temperature differences between the selected cities can be very significant, weighing method
based on electricity demand in the residential and services sectors in the selected cities is
used when estimating the hourly average temperature.
15
The base temperature in Finland used by the Finnish Meteorological Institute is 17 °C (Finnish Meteorological Institute, 2017a).
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In publication IV, the hourly energy demand of hot water storage in the residential and services sectors is estimated using the equations (10) and (11)
ೂಹೈೄ,ೌ

ܳுௐௌ,ௗ =

൬

భమ

ಹೈೄ,൰

,
ௗ

ܳுௐௌ, = σమర ಹೈೄ,
ௗ

సభ ಹೈೄ,

ݍுௐௌ,ௗ

ܳுௐௌ,ௗ

(10)
(11)

Equation (10) represents the average daily energy demand of hot water storage
(ܳுௐௌ,ௗ ) in the month m. In (10), QHWS,a represents the annual heat demand of
hot water storage, found in the statistics (Enerdata Research Service, 2017; Ministry of Employment and the Economy, 2017; Official Statistics of Finland
(OSF), 2016), and nd,m represents the number of days in the month m. Furthermore, in (10), the average daily energy demand of hot water storage is estimated
using the daily (ݍுௐௌ,ௗ ) and monthly (ݍுௐௌ, ) correction factors that account
for the daily (weekday/weekend) and seasonal influence on the hot water consumption, as presented in (Ahmed et al., 2015). Equation (11) represents the
hourly energy demand of hot water storage (ܳுௐௌ, ). In (11), the average daily
energy demand of hot water storage is assumed to be directly proportional to
the hot water consumption profile (݀ுௐௌ, ). The hourly energy demand profile
for residential hot water storage is estimated using the average daily hot water
consumption profile for Finland, as presented in (Fuentes et al., 2018). Moreover, the hourly energy demand of hot water storage in the services sector is estimated using the average daily hot water load profiles of non-residential buildings (incl. office buildings, educational buildings, hospitals, restaurants and hotels), as presented in (Rolf Ulseth et al., 2014).

5.2

Modelling of demand response in the electricity market

The hourly utilisation of end-user demand-side resource capacities is based on
the hourly variations in residual electricity demand16, and it is simulated with a
MATLAB based algorithm. Residual demand is used as an objective variable
since the scope of the study in publications III and IV is to assess the technical
potential of demand response as a demand-side flexibility option to mitigate
variability in the system. This is line with the findings in (Katz et al., 2016; Magnago et al., 2015), which suggest that the system benefits of demand response
providing reserves can be more significant than the system benefits on the spot
price. Moreover, due to the renewable energy induced merit order effect, there
is often a negative correlation between renewable energy generation and the
electricity spot price (Ketterer, 2014; Kyritsis et al., 2017).

16

Residual demand is the portion of the electricity demand that is not met by the energy generation from the inflexible sources. Since the demand response algorithm is soft-linked to the
EnergyPLAN, same definition of the inflexible sources is used in the demand response simulation.
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The available demand-side resource capacity of demand-side resource application j is considered as an aggregated pool that is subject to constraints presented
in equations (12)–(18). The end-use consumers of demand-side resource application j are therefore assumed to have the same characteristics. Similar approach regarding demand-side resource capacity aggregation and modelling has
been used in previous research (Gils, 2016; Müller and Möst, 2018). The hourly
use of aggregated end-user demand-side resource capacities is simulated in an
iterative process over simulation time horizon of a year. The following procedure is applied for the demand response modelling in each day:
x The hour where demand is reduced is determined by the hour with the
highest residual demand (tFrom), and it is subject to constraint (12). Demand-side resource applications are modelled as shiftable demand, which
is subject to constraints presented in (13) and (14)
ௗ௦
>0
݀,௧
ೞ
௧ା௧ೕ

σ௧א

(12)

௦௧
݀,௧
=0

(13)

௦௧
σ௧א ݀,௧
=0

(14)

Constraint (12) imposes the requirements that the available demand-side
ௗ௦
) in the hour
resource capacity of demand-side resource application j (݀,௧
where demand is reduced (tFrom) is greater than zero. Constraints (13) and
(14) impose the requirements that equivalent of reduced demand must be
௦௧
) (13) and within a day
recovered within the shifting time interval (ݐ
௦௧

(14). In (13) and (14), shiftable demand (݀,௧

) is negative for demand

reduction and positive for demand recovery. This modelling approach for
the considered demand-side resource applications is based on the definitions from (Gils, 2014) for heating loads.
x The hour where demand is recovered is determined by the hour with lowest residual demand (tTo), and it is subject to constraints (15)(17)
ܳ,௧ < ܳ,௫

(15)

்ݐ < ݐி
ȁݐி െ ்ݐ ȁ  ݐ௦௧

(16)
(17)

Constraint (15) imposes the requirement that the current electricity demand of demand-side resource application j (ܳ,௧ ) in the hour where demand is recovered (tTo) is lower than the maximum electricity demand of
demand-side resource application j (Qj,max) during the simulated year.
Constraint (16) imposes the requirement that the demand-side resource
can only be advanced. This constraint is based on the assumption that
heating load can only be shifted to an earlier time of the day to enable
preheating. The maximum duration until the reduced demand must be
recovered is restricted by the shifting time interval (ݐ௦௧ ), as presented
in constraint (17). Shifting time interval, specific to demand-side resource
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application j, is based on the estimates of the average demand shifting
time frames from (Gils, 2014; Nyholm et al., 2016) and are constrained by
the physical storage capacities and/or the thermal capacity of building
structures. Shifting time interval for space heating and hot water storage
is estimated to be up to 12 hours and up to 2 hours for heat pumps.
x The amount of demand that can be shifted from the hour where demand
is reduced (tFrom) to the hour where demand is recovered (tTo) is subject to
constraint (18)
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Constraint (18) imposes three requirements for the shiftable demand
௦௧
(݀,௧ ), which are dependent on (i) the availability of demand-side reௗ௦
source capacity (݀,௧
), (ii) the hourly residual electricity demand (݀௧௦ )
balance, and (iii) the current electricity demand of demand-side resource
௦௧
application j (ܳ,௧ ). The lower limit for demand reduction (݀,௧
) is deterௗ௦
mined by the available demand-side resource capacity (݀,௧
) of demandside resource application j in the hour where demand is reduced (tFrom).
The residual demand (݀௧௦ ) in the hour where demand is recovered (tTo )
cannot exceed the residual demand in the hour where demand is reduced
௦௧
(tFrom) after the shiftable demand (݀,௧ ) is shifted. Finally, the electricity
demand of demand-side resource application j (ܳ,௧ ) in the hour where
demand is recovered (tTo) cannot exceed the maximum electricity demand
of demand-side resource application j (ܳ,௫ ) during the simulated year
௦௧
) is shifted. The available demand-side
after the shiftable demand (݀,௧
ௗ௦
resource capacity (݀,௧ ), the electricity demand of demand-side resource
application j (ܳ,௧ ) and the residual electricity demand (݀௧௦ ) are dynamic
variables, which are updated in each iteration. Moreover, the iteration
procedure within a day is continued until a residual demand balance is
found or the demand-side resource capacity is fully employed.
Description of the energy system scenarios and input data used in the simulations in publications III and IV are presented in Table 7 and Table 8. In publication IV, the temporal variability of wind power generation is taken into account by producing 100 different temporal outcomes for the wind power generation profile in the wind power simulation. Consequently, an equivalent amount
of demand response scenarios are simulated that only differ by the temporal
variation in residual demand.
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Table 7. Description of model structure and energy system scenarios for Finland in 2030 used in
publication III.

Basic model structure

Demand

Stock of technologies

Description
Scope: The Finnish energy system representation constitutes electricity generation and
district heating conversion in the energy sector and total electricity and district heating
demand (including losses). The Finnish energy system was modelled as a single node,
and thus internal limits for electricity transmission are not considered.
System boundaries: The Finnish power system was modelled as open market systems;
i.e. exchange of electricity was enabled on the external market (i.e. Nord Pool power market).
Time horizon: Annual hour-by-hour (i.e. 8784 time steps) analysis of the energy system for
the year 2030.
Annual demand level: Annual electricity and district heating demand expectations for 2030
are based on the assumptions presented in the Finnish Energy and Climate Strategy of
2013 (EC2013) (Ministry of Employment and The Economy, 2013). The electricity demand
profile is based on the measured hourly demand profile for 2014 (Finnish Energy, 2015).
In EC2016+a scenario, annual energy demand expectations for 2030 are based on the
assumptions presented in the Finnish Energy and Climate Strategy of 2016 (Ministry of
Employment and the Economy, 2017). In low demand scenario, annual electricity demand
is assumed to remain at the 2014 level.
Existing stock of technologies: Existing capacity data (including heat rates, fuel and technology types) is based on the data for 2014 (Finnish Energy, 2015; Official Statistics of
Finland (OSF), 2015a).
Projected stock of technologies: Projected capacity data for 2030 is based on the assumptions presented in the Finnish Energy and Climate Strategy of 2013 (EC2013) (Ministry of
Employment and The Economy, 2013), supplemented with very significant capacity additions to wind power and photovoltaics (PV), amounting to 8000 MW and 3000 MW, respectively. In EC2013a scenario, nuclear power capacity is assumed to increase by the
units currently under construction or planning, i.e. Olkiluoto 3 reactor (1600 MW) and
Hanhikivi 1 reactor (1200 MW). Simultaneously two oldest units, i.e. Loviisa 1 reactor (498
MW) and Loviisa 2 reactor (500 MW), will be decommissioned by the end of 2030, the total
nuclear power capacity amounting to 4560 MW. In EC2016+ scenario, assumptions regarding additions to nuclear power, wind power and photovoltaics capacities as in EC2013
scenario, and assumptions regarding the development of other energy generation technologies as presented in the Finnish Climate and Energy Strategy of 2016 (Ministry of
Employment and the Economy, 2017). The high nuclear scenario, includes the construction of three new nuclear power units: Olkiluoto 3, Hanhikivi 1 and Olkiluoto 4 (1600 MW).
In low RES scenario, annual wind power and photovoltaics generation of about 9 TWh
and <0.1 TWh is assumed, respectively, as presented in (Ministry of Employment and The
Economy, 2013). In low thermal scenario, other thermal power, district heating CHP and
industrial backpressure capacities are assumed to decrease significantly, amounting to
1200 MW b, 2800 MW and 1500 MW, respectively.
Technology characteristics: Technology cost data (incl. variable O&M, investment and
fixed O&M cost) was taken from ref (Danish Energy Agency, 2015a).

Fuel prices and emissions

Fuel prices (including taxes): Projected fuel prices are based on the Danish Energy
Agency’s data (Danish Energy Agency, 2015b). Used fuel prices reflect the delivered
prices to energy products, including energy taxes, stock fees and oil pollution fees for energy products, which are assumed to remain constant at the 2016 level (Official Statistics
of Finland (OSF), 2015b).
Emission prices: Annual average EU emission trading scheme (ETS) prices for 2030 is
assumed amount to 20€/tCO2.
Emissions per unit fuel consumption: The carbon dioxide (CO 2) emissions from fuel combustion were taken from the IPCC guidelines for national greenhouse gas inventories (Eggleston et al., 2006).
Fuel shares: Fuels are divided into four groups; coal (including primary and secondary
coal, manufactured gases and peat), oil (crude oil and petroleum products), natural gas
(including gas works gas) and biomass (including biofuels and waste).

Transmission

Net transmission capacities: Data on current commercial exchange capacities were taken
from ref (Nord Pool, 2015). Data on projected new construction were taken from ENTSOE database (ENTSO-E, 2015). Electricity price distribution on the external market is based
on the historical hourly system price profile in Nord Pool market in 2014 (Nord Pool, 2015),
and it is adjusted according to the forecasted emission and fuel prices Furthermore, the
assumed average spot price is 40 €/MWh. In limited exchange scenario, the electricity
transmission opportunities to the external market are limited to the critical balancing situations only where the electricity demand exceeds the available electricity generation capacity or the non-dispatchable generation exceeds the electricity demand.

a
In publication III, scenario EC2013 is depicted as baseline scenario and scenario EC2016+ is depicted as
baseline scenario (updated 2016).
b
Other thermal power capacity includes district heating CHP capacity in condensing mode.
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Table 8. Description of the model structure and energy system scenarios for Finland in 2030 used
in publication IV.

Basic model structure

Description
Scope: The Finnish energy system representation constitutes electricity generation and district heating conversion in the energy sector and total electricity
and district heating demand (including losses). The Finnish energy system was
modelled as a single node, and thus internal limits for electricity transmission
are not considered.
System boundaries: The Finnish power system was modelled as open market
systems; i.e. exchange of electricity was enabled on the external market (i.e.
Nord Pool power market).
Time horizon: Annual hour-by-hour (i.e. 8784 time steps) analysis of the Finnish
energy system for the year 2030.

Demand

Stock of technologies

Annual demand level: Annual electricity and district heating demand expectations for 2030 is based on the assumptions in the Finnish Energy and Climate
Strategy of 2016 (Ministry of Employment and the Economy, 2017). The electricity demand profile is based on the measured hourly demand profile for 2014
(Finnish Energy, 2015). In DEMAND PROGNOSIS scenario, demand response is modelled with electricity demand prognosis time-series. Thus, the
scenario describes the effect of short-term forecasting errors of electricity demand in the day-ahead market.
Existing stock of technologies: Existing capacity data (including heat rates, fuel
and technology types) is based on the data for 2014 (Finnish Energy, 2015;
Official Statistics of Finland (OSF), 2015a).
Projected stock of technologies: Projected capacity data for 2030 is based on
the assumptions presented in the Finnish Energy and Climate Strategy of 2016
(EC2016) (Ministry of Employment and the Economy, 2017). In EC2016 scenarios, Nuclear power capacity is projected increase by the units currently under construction or planning, which include Olkiluoto 3 (1600 MW) reactor and
Hanhikivi 1 (1200 MW) reactor. Loviisa 1 (498 MW) reactor and Loviisa 2 (500
MW) reactor are assumed to be decommissioned by the end of 2030. The annual wind power generation of about 7 TWh (7.6% of the total gross consumption) for 2030 is assumed. In HIGH NUCLEAR and HIGH VRE scenarios, assumptions regarding additions to nuclear power and wind power capacities as
presented in the Finnish Energy and Climate Strategy of 2013 (Ministry of Employment and The Economy, 2013). The HIGH NUCLEAR scenarios includes
the construction of three new nuclear power units: Olkiluoto 3, Hanhikivi 1 and
Olkiluoto 4 (1600 MW). In HIGH VRE scenarios, annual wind power generation
of about 9 TWh (9.8% of the total gross electricity consumption) for 2030 is
assumed.

Technology characteristics: Technology cost data (including variable O&M, investment and fixed O&M cost) was taken from ref (Danish Energy Agency,
2015a).
Fuel prices and emissions Fuel prices (including taxes): Projected fuel prices are based on the forecast
from IEA World Energy Outlook 2015 (IEA, 2015). Used fuel prices reflect the
delivered prices to energy products, including energy taxes, stock fees and oil
pollution fees for energy products, which are assumed to remain constant at
the 2016 level (Official Statistics of Finland (OSF), 2015b).
Emission prices: Annual average EU emission trading scheme (ETS) prices for
2030 is assumed amount to 30€/tCO2.
Emissions per unit fuel consumption: The carbon dioxide (CO2) emissions from
fuel combustion were taken from the IPCC guidelines for national greenhouse
gas inventories (Eggleston et al., 2006).
Fuel shares: Fuels are divided into four groups; coal (including primary and
secondary coal, manufactured gases and peat), oil (crude oil and petroleum
products), natural gas (including gas works gas) and biomass (including biofuels and waste).
Transmission

Net transmission capacities: Data on current commercial exchange capacities
were taken from ref (Nord Pool, 2015). Data on projected new construction
were taken from ENTSO-E database (ENTSO-E, 2015). Electricity price distribution on the external market is based on the historical hourly system price
profile in Nord Pool market in 2014 (Nord Pool, 2015), and it is adjusted according to the forecasted emission and fuel prices. Furthermore, the assumed
average spot price is 60 €/MWh as forecasted in ref (Ministry of Employment
and the Economy, 2017). In LIMITED EXCHANGE scenarios, the electricity
transmission opportunities to the external market are limited to the critical balancing situations only where the electricity demand exceeds the available electricity generation capacity or the non-dispatchable generation exceeds the electricity demand.
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5.3

The effect of demand response on the electricity demand profile

The utilisation of demand response in Finland in 2030 in the simulated EC2016
scenarios is summarised in Table 9. The utilisation of demand response has a
similar pattern in all simulated scenarios. This is because the residual demand
variation did not change significantly between the simulated scenarios. Furthermore, the available demand-side resource capacity was not fully employed in
any of the simulated scenarios.
As illustrated in Table 9, the utilisation of demand response can have significant seasonal variation. This is mostly driven by the higher variation in outdoor
temperature, and consequently higher variation in residual demand during the
months from September to April. Furthermore, the availability of demand-side
resource capacity is also higher during the months from September to April, as
presented in Figure 9. This is because the electricity demand of demand-side
resource applications is also for the most part strongly dependent on the outdoor temperature and/or time of the day. This leads to higher utilisation of
available demand-side resource capacity during the months from September to
April. This situation is reversed during the months from May to August. Thus,
the utilisation of demand response and the magnitude of demand reduction/recovery occurrences are significantly lower during the months from May to August.

Figure 9. Temporal availability of estimated demand-side resource capacity in Finland in 2030:
residential space heating (QrSH,h), residential hot water storage (QrHWS,h), residential heat pump
(QrHP,h), services space heating (QsSH,h) and services hot water storages (QsHWS,h). The annual
electricity demand is displayed next to the corresponding demand-side resource application.
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Table 9. Seasonal and diurnal changes in demand response utilisation in Finland in 2030 in different scenarios. Averaged annual results of 100 simulations are divided between seasons and
time of the day: Off-peak 1 hours (1:00 to 8:00), Peak hours (9:00 to 20:00) and Off-peak 2 hours
(21:00 to 24:00).
Demand reduction [GWh]
Jan. to Apr.

Demand recovery [GW h]

Off-peak 1

Peak

Off-peak 2

Off-peak 1

Peak

Off-peak 2

EC2016

-57

-651

-107

784

30

1

EC2016/DEMAND PROGNOSIS

-61

-569

-111

697

43

1

HIGH NUCLEAR

-57

-652

-108

786

30

1

HIGH NUCLEAR/HIGH VRE

-58

-574

-163

732

62

1

Off-peak 1

Peak

Off-peak 2

Off-peak 1

Peak

Off-peak 2

EC2016

-49

-489

-44

572

9

1

EC2016/DEMAND PROGNOSIS

-46

-489

-40

565

9

0

HIGH NUCLEAR

-49

-488

-44

571

9

1

HIGH NUCLEAR/HIGH VRE

-38

-449

-73

541

17

3

May to Aug.

Sept. to Dec.

Off-peak 1

Peak

Off-peak 2

Off-peak 1

Peak

Off-peak 2

EC2016

-61

-755

-97

893

19

1

EC2016/DEMAND PROGNOSIS

-51

-739

-110

877

23

1

HIGH NUCLEAR

-63

-760

-95

897

20

1

HIGH NUCLEAR/HIGH VRE

-60

-730

-134

881

41

1

As presented in Table 9, demand is reduced during the peak hours when the
residual demand is generally higher, and vice versa, shifted demand is recovered
during the off-peak 1 hours when the residual demand is generally lower in Finland. The temporal variation in demand response occurrences during the day is
illustrated in Figure 10. Notable is that the simulated demand reduction/recovery occurrences are not always symmetrically distributed and the occurrences
can have large variation in magnitude depending on the hour. The utilisation of
available demand-side resource capacity is significantly lower during the offpeak 2 hours. This results from the technical limitations caused by the characteristics of demand-side resource applications. Heating loads are described as
shiftable demand that can only be advanced. In Figure 10, this effect can be observed as skewness in the distribution of demand response occurrences, especially during the off-peak 2 hours. This illustrates the sensitivity that the characteristics of demand-side resource applications have on its effectiveness to mitigate variability in the system during the day.
Furthermore, demand recovery during the off-peak 1 hours can be high in
magnitude when the residual demand variation during the day is high. This can
lead to a formation of new demand peaks during the day, as illustrated in Figure
11. This is in accordance with the findings presented in (Muratori et al., 2014;
Roos and Bolkesjø, 2018). The formation of new demand peaks during the day
can be expected when the demand-side flexibility option is shiftable demand
and the end-use consumers are a homogenous group. The magnitude of new
demand peaks was slightly higher in the scenarios HIGH NUCLEAR/HIGH
VRE and EC2016/DEMAND PROGNOSIS. In HIGH NUCLEAR/HIGH VRE,
this is a result of higher residual demand variation during the day induced by
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increased wind power capacity. In EC2016/DEMAND PROGNOSIS, this is a result of over shifting demand during the day caused by the differences between
forecasted and measured electricity demand. Furthermore, the utilisation of demand response reduced the highest peak demand during the simulated year in
all simulated scenarios. However, an increase in the highest peak demand during the year can be observed in some demand response scenarios.

Figure 10. Histogram of demand response occurrences during the off-peak 1, peak and off-peak
2 hours in Finland in 2030 in EC2016 scenario. The off-peak 1, peak and off-peak 2 hours are
depicted by different colours. Only demand response occurrences during the peak hours from
10:00 to 12:00 and 18:00 to 20:00 are visible in the histogram. Relative frequency and average
magnitude of a demand response occurrence are displayed next to the corresponding hour in the
legend. Relative frequency depicts the amount of non-zero demand response occurrences in relation to the total amount of the occurrences in the 100 simulation runs.
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Figure 11. The effect of shifting time interval on the demand response occurrences during a
representative working day in Finland in 2030 in EC2016 scenario. Solid line describes the electricity demand profile in the case without demand response. Simulated demand reduction/recovery occurrences in the cases with demand response are presented with dot markers. The results
of 100 simulation runs are portrayed with varying colours for better visibility.
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When the demand-side flexibility option is shiftable demand, as opposed to load
shedding, the commitment of demand-side resource capacity is also constrained
by its shifting time interval. The results in publications III and IV show that the
duration between the demand response occurrences where the shiftable demand is reduced and recovered can be quite long. Space heating and hot water
storage are characterised with longer maximum duration for the shifting time
interval, up to 12 hours, due to the physical storage capacities and/or the thermal capacity of building structures. This enables preheating in earlier time of
the day where demand reduced during the peak hours and recovered during the
off-peak 1 hours.
In reality, the shifting time interval could be more constrained when the endusers individual preferences (e.g. utility and loss of comfort) are taken into account. In publication IV, this effect is quantified by gradually decreasing the
shifting time interval of space heating and hot water storage. The annual utilisation of demand-side resource capacity decreases when the shifting time interval becomes more constrained, as presented in Table 10. This is because the
shifting time interval describes the time frame where the variations in residual
demand can be balanced. When the shifting time interval becomes more constrained, some of the off-peak 1 hours with balancing opportunities become unattainable. For instance, the annual utilisation is reduced by 31% when the shifting time interval is limited to 6 hours. This illustrates that when the demandside flexibility option is shiftable demand, the shifting time interval of demandside resource application can be more significant factor for the demand flexibility than the maximum available demand-side resource capacity. The effectiveness to mitigate variability in the system can vary significantly between the demand-side resource applications because of their different characteristics.
Table 10. The effect of shifting time interval on the annual utilisation of demand-side resource
capacity in Finland in 2030 in scenario EC2016.
Shifting time interval [h]
Annual utilisation of demand-side resource capacity [TWh]
Percentage change
compared to the 12 hour
shifting time scenario
[%]

5.4

5.4.1

2

3

4

5

6

7

0.29

0.60

0.89

1.25

1.59

1.87

8

9

10

2.04 2.14

2.21

-87 % -74 % -62 % -46 % -31 % -19 % -12 %

11

12

2.26 2.31

-7% -4 % -2 %

-

The effect of demand response on the energy system operation
The effect of demand response on the supply dispatch dynamics at
annual, seasonal and diurnal level

The effect of demand response on the energy system operation, i.e. change in
production of different technologies and electricity exchange, is determined by
the magnitude and temporal placement of the demand response occurrence.
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Due to the necessity of demand-supply balance in the energy system, the ramping occurrences in the supply-side follow the direction of the demand response
occurrences. Therefore, higher frequency of production ramp-down occurrences can be observed during the peak demand hours when the frequency of
demand reduction occurrences is higher. On the contrary, higher frequency of
production ramp-up occurrences can be observed during the off-peak 1 hours
when shifted demand is recovered.
Moreover, in the energy-only power market, the electricity supply curve is
constructed based on the merit order principle, according to which supply offers
are arranged depending on their short-term marginal cost of production (Morales et al., 2014). In this context, the slope of the supply curve describes the
operating stock of electricity generating technologies that are dispatched in the
merit order to meet the residual demand. Therefore, the affected electricity generation unit on the slope of the supply curve is the one committed with the highest short-term marginal cost of production during the hour of demand reduction/recovery occurrence. Moreover, the affected unit(s) can comprise several
electricity generation technologies depending on the slope of the supply curve
and the magnitude of the demand response occurrence, as illustrated in publication II.
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-

-

-

-
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-7.23
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-1.25

-0.60
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[M€]

DH
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-16.73

-7.97

-20.82

-50.89

-2.55

-24.92

-10

-6

-15

-37

-2

-18

Other thermal
power
Fuel
costs
[M€]
[M€]

-5

-3

-7

-16

-1

-8

CO2 emission costs
[M€]

-3

-2

-3

-8

-1

-4

-7

-15

-2

49

-16

4

Annual energy system costs
Variable oper- Electricity exating costs
change
[M€]
[M€]

-25

-26

-28

-12

-21

-26

Total annual
costs
[M€]

Table 12. Summary of the changes in annual produced revenue of different technologies and annual energy system costs due to demand response in Finland in 2030 in the simulated
EC2013 scenarios.
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Table 11. Summary of the changes in annual production of different technologies, electricity exchange, primary energy consumption and CO2 emissions due to demand response in
Finland in 2030 in the simulated scenarios.
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The effect of demand response on the energy system operation in Finland in
2030 in the simulated EC2013 and EC2016 scenarios at annual level are summarised in Table 11 and Table 13. In all EC2013 and EC2016 scenarios, the utilisation of demand response has the most significant impact on the thermal
power production and electricity exchange in the Finnish power market. This is
due to the smoothing of residual electricity demand. Furthermore, decreasing
operating hours of thermal power generation leads to the reduction in annual
primary energy consumption as well as domestic CO2 emissions from energy
generation, as presented in Table 11. When the residual demand uncertainty is
taken into account, the changes in production of different technologies and electricity exchange due to demand response are generally lower. This is because
the differences between forecasted and measured electricity demand lead to less
optimal utilisation of demand-side resource capacity. The effect of residual demand uncertainty is highlighted in EC2016/DEMAND PROGNOSIS scenario
(Table 13).
Table 13. Summary of the changes in annual production of different technologies and electricity
exchange due to demand response in Finland in 2030 in the simulated EC2016 scenarios. Annual
results are presented as mean, minimum and maximum values of the 100 simulations.
Change in annual production
of different technologies and
electricity exchange due to
demand response [GWh]

EC2016

MEAN

MIN

MAX

-552

-648

-473

-4

-16

11

Import

362

245

439

Export

-194

-241

-150

Thermal power

103

20

169

-2

-44

58

-140

-188

-87

Thermal power
District heating CHP

EC2016/LIMITED EXCHANGE

District heating CHP
Critical import

EC2016/DEMAND PROGNOSIS

Critical export

-39

-61

-19

Thermal power

-549

-645

-469

District heating CHP

HIGH NUCLEAR

-3

-14

11

Import

359

253

437

Export

-194

-246

-148

-98

-129

-73
131

Thermal power
District heating CHP

HIGH NUCLEAR/HIGH VRE

57

-2

Import

-144

-217

-58

Export

-184

-269

-104

-74

-104

-36

9

-66

99

Import

-144

-219

-85

Export

-210

-313

-87

-15

-57

30
-525

Thermal power
District heating CHP

HIGH NUCLEAR/HIGH VRE/LIMITED EXCHANGE Thermal power
District heating CHP

-629

-766

Critical import

-29

-50

-10

Critical export

-485

-580

-394
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Table 14. Seasonal and diurnal change in production of different technologies and electricity exchange due to demand response in Finland in EC2016 scenario. Averaged annual results of 100
simulations are divided between season and time of the day: Off-peak 1 hours (1:00 to 8:00),
Peak hours (9:00 to 20:00) and Off-peak 2 hours (21:00 to 24:00).

Change in production of different technologies and electricity exchange due to demand response [GWh]
Jan. to Apr.

Off-peak 1

Peak

Off-peak 2

Thermal power

44

-72

-9

District heating CHP

17

-15

-2

Hydro power

157

-113

-34

Import

431

-407

-59

Export

-78

15

2

Off-peak 1

Peak

Off-peak 2

Thermal power

-1

-135

0

District heating CHP

48

-48

-4

Hydro power

12

-165

-16

Import

384

-141

-19

Export

-79

-8

3

Off-peak 1

Peak

Off-peak 2

-3

-353

-25

District heating CHP

20

-19

-1

Hydro power

249

-68

-22

Import

504

-283

-47

Export

-61

13

0

May to Aug.

Sept. to Dec.
Thermal power

Seasonal and diurnal changes in production and electricity exchange in Finland
in 2030 in EC2016 scenario are summarised in Table 14. The results show that
thermal power production and electricity imports decrease during the peak
hours when demand is reduced. This illustrates that demand reduction during
the peak hours (i) substitutes the peak production capacity and (ii) leads to reduced need for cross-border balancing by electricity imports. The magnitude of
thermal power and import ramping occurrences can experience significant temporal variation during the day. This is illustrated in Figure 12. Notably, largest
reductions in electricity imports can be observed during the months from January to April when the residual demand is generally higher during the year. Conversely, an increase in electricity exports can be observed during the peak hours.
This is due to the balancing of hourly district heating demand and supply. In
some cases, the electricity price on the external market is high enough that the
CHP heat conversion can still be more profitable than meeting the heat demand
by using a heat-only boiler. Thus, the district heating CHP unit is kept online to
meet the district heating demand and the excess electricity production is exported to the external market. Higher share of inflexible baseload capacity in
HIGH NUCLEAR (and HIGH NUCLEAR/HIGH VRE) increases significantly
the number of excess production hours (Publication IV, Appendix A, Table A.
2). This result could be interpreted as a negative effect that the utilisation of
demand response can have on the system efficiency. However, this result is affected by the consequences that exported electricity has on the external market
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(Nord Pool power market). For instance, the overall effect of demand response
on the system efficiency could be net-positive in the case where exported excess
electricity production from a district heating CHP plant can avoid the start-up
or ramp-up of a thermal power unit in the external market.

Figure 12. Histogram of thermal power and import ramping occurrences during the off-peak 1
and peak hours in Finland in 2030 in EC2016 scenario. The off-peak 1 hours from 1:00 to 8:00
and peak hours from 9:00 to 20:00 are depicted by different colours. Only ramping occurrences
during the peak demand hours from 10:00 to 12:00 and 18:00 to 20:00 are visible in the histogram.
Relative frequency and average magnitude of a ramping occurrence are displayed next to the
corresponding hour in the legend. Relative frequency depicts the amount of non-zero ramping
occurrences in relation to the total amount of the occurrences in the 100 simulation runs.

Hydro power production does not change in annual terms. However, the hydro
producers attempt to maximise their profits by allocating more production to
the off-peak 1 hours where the shifted demand is recovered. This is illustrated
in Table 14. Furthermore, demand recovery during the off-peak 1 hours leads
to higher utilisation of excess production in the internal market, and thus a decrease in electricity exports can be observed. On the contrary, electricity imports
increase during the off-peak 1 hours. This is due to lower short-term marginal
cost of production on the external market (Nord Pool power market), which
makes importing electricity from the external market more profitable. The effect
of the composition of operating stock of technologies on the electricity exchange
is highlighted in HIGH NUCLEAR (and HIGH NUCLEAR/HIGH VRE). Higher
share of baseload nuclear power (and wind power) capacity lowers the shortterm marginal cost of production in the internal market (Finnish power market). This leads to significantly reduced need for cross-border balancing by electricity imports. Therefore, the change in electricity imports due to demand response is also lower in the aforementioned scenarios.
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The effect of demand response on the scarcity and surplus hours17 is highlighted in the scenarios EC2016/LIMITED EXCHANGE and HIGH NUCLEAR/HIGH VRE/LIMITED EXCHANGE. Demand reduction during the
peak hours reduces significantly the number of capacity scarcity hours (critical
import) (Publication IV, Appendix A, Table A. 1 and Table A. 3). Notably, largest
reductions in critical electricity imports can be observed during the months
from September to April when the residual demand is generally higher during
the year. Conversely, demand recovery during the off-peak 1 hours reduces the
number of capacity surplus hours (critical export). Utilisation of demand response can therefore reduce the need for wind power curtailment18 during the
hours when transmission capacity is limited. This effect becomes more significant when the share of inflexible baseload capacity increases, as highlighted in
HIGH NUCLEAR/HIGH VRE/LIMITED EXCHANGE. Surplus hours occur
mostly during the months from May to August when the residual demand is
generally lower.
5.4.2

The effect of demand response on the producer revenue and annual energy system costs

The effect of demand response on the producer revenue and annual energy system costs were analysed in publication III in EC2013 scenarios. Producer revenue for different generation technology types are presented in Table 12. It is
assumed that demand response does not affect the price of electricity in the spot
market. This is due to a relatively small amount of shifted demand compared to
the aggregated demand in the Nord Pool electricity market, amounting annually
to about 0.50.8%.
Utilising demand response will change the characteristics of end-use consumers’ electricity demand profile. Therefore, the change in producer revenue results from the change in timing and/or the amount of operating hours of affected generation technology types. Utilising demand response affects the most
the producer revenue of other thermal power generators. This is because demand reduction during the peak hours substitutes the peak and mid-merit production capacity, and thus decreases their operating hours when the electricity
spot price is generally higher. Some of the reduced operating hours of mid-merit
production capacity are recovered during the off-peak 1 hours where shifted demand is recovered. However, since the electricity spot price is generally lower
during the off-peak hours, it is not enough to offset the reduction in producer
revenue. Similar effect can be observed with the producer revenue of hydro
power with storage and district heating CHP generators. Their producer revenue decrease due to the change in timing of generation that affects the scarcity
rent. At the energy system level, reduced operating hours of other thermal
power generators lead to a reduction in annual energy system costs. These
17
Scarcity and surplus hours describe the situations where the electricity demand exceeds the
available electricity generation capacity, and vice versa, where electricity generation from
non-dispatchable sources exceeds the electricity demand.
18
Curtailment is a method of regulating substantial amounts of VRE production in power systems.
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mostly result from reduced fuel and CO2 emission costs. In some EC2013 scenarios an increase in costs from electricity exchange can be observed. This is
mostly due to the reduced revenue from exporting electricity, which in some
scenarios is even higher than the reduction in costs from importing electricity.
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6. Discussion and conclusions

6.1

Limitations and recommendations for future research

This dissertation focused only on specific demand-side interventions and the
situations were analysed based on case studies that related to specific countries
and regions and points in time. Furthermore, in some cases only technical restrictions were modelled. This limits the generalisation of the findings, as some
important consequences might get ignored. Future research could compare the
outcomes of case studies in a broader context taking into account the economic
and environmental impacts of demand-side interventions in a multi-region systems with a longer time horizon.
6.1.1

Impact of energy system model and scenario assumptions

The energy system model used in the case studies is a single-node model, and
thus it does not take into account the internal limits of electricity transmission
capacity. The model simulates merit order dispatch of electricity generation
units. However, any flexibility limitations (start-up time, minimum up- and
downtime or ramp up/down rates) or costs and efficiency losses that are associated with cycling processes for the dispatchable generation units are not considered in the model. Thus, the operating level of energy generation unit in the
hour t is not restricted by the operating level in the hour t࣓1. These can entail
simplifications with respect to practice since the simplified merit order dispatch
may overestimate the flexibility of thermal power plants (Cebulla and Fichter,
2017). Furthermore, previous research in quantifying the hourly marginal emission factors for electricity use using an empirical approach have demonstrated
that supply dispatch does not strictly adhere for merit order principles (Hawkes,
2014). Due to these limitations, the energy system model may not be able to
capture the supply dispatch dynamics during hours that diverge from the merit
order principles. However, due to the descriptive nature of the model, the energy supply and fuel use of different technologies were set to match the realised
(short-term) or projected (long-term) annual generation and fuel use.
The external electricity market is also described as a single node in the energy
system model, which has the properties of net transmission capacity, system
price and price elasticity parameter. This simplifies the supply dispatch dynamics in a power system with more than two bidding areas. The electricity price
profile used in the simulations does not capture the possible long-term changes
in the external market. For instance, higher integration of VRE electricity generation into the European power market area, and further integration of the
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Nordic market area to the Western European market, may have a considerable
impact on the electricity price differences between bidding areas and the price
volatility (Ketterer, 2014; Zakeri et al., 2016). Furthermore, surplus hours in the
Nordic market can increase in the future since wind power generation can coincide over large areas (Monforti et al., 2016). These can affect differently the electricity exchange flows between bidding areas that can be simulated by the used
single-node energy system model.
Assumptions related to energy generation often play a decisive role in consequential studies for estimating the effects of demand-side interventions. The
methods used in publications IIIV were deterministic, and thus sensitivity
analysis was conducted to improve the findings. In publication II, minor structural changes in the incumbent energy system or temporal variations in demand
and resource availability did not significantly affect the results in the shortterm. However, the time horizon used in the short-term analysis was fairly
short, and thus the most extreme variations in demand, fuel prices or resource
availability (e.g. wind power, hydro power) were not necessarily considered.
The long-term scenarios were based on the current policy initiatives at the
time when the analysis were conducted. This means that the validity of the results may change if future national energy and climate policy measures lead to
different development paths for the energy sector. This is illustrated in publications IIIV by analysing the marginal effects in the incumbent and projected
energy systems, and/or by considering the sensitivity of the results. In the longterm analysis, the development of energy demand and energy system in terms
of fuels/energy sources used in the energy generation were found to have a significant impact on the marginal electricity generation, and subsequently on the
marginal CO2 emissions between regions.
6.1.2

Uncertainty regarding the long-term environmental impact of demand-side interventions

The CO2 emission intensities per fuel source that were used to calculate the marginal CO2 emission intensity for electricity use were direct emissions from fuel
combustion for energy generation, i.e. from the operational period. In this regard, the emission intensities did not include indirect upstream emissions from
fuel extraction, processing, distribution and transport or downstream emissions
related to disposal processes. Indirect emissions from renewable energy and nuclear power were also not included in the case studies. This is a simplification
since especially in the case of renewable energy sources and nuclear power, the
majority of the greenhouse gas (GHG) emissions are embodied in the up- and
downstream processes (Jäppinen et al., 2014; Repo et al., 2011; Varun et al.,
2009). Including the indirect emissions embodied in the up- and downstream
processes would increase the calculated marginal CO2 emission intensity for
electricity use or heat conversion in cases where the renewable energy source or
nuclear power constitutes the margin or is used as a fuel in heat conversion. This
affects also the estimated consequential (marginal) emission factors used in the
MCDA analysis in publication I.
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Furthermore, in CLCA method, the environmental impacts of marginal changes
in energy production are highly dependent on the design of the specific energy
system. This is because the addition of heat demand leads to commissioning of
a new energy conversion unit, which displaces output from the existing marginal energy conversion unit(s). This reduces utilisation of existing marginal energy conversion unit(s). Thus, the net effect from introducing a new energy conversion unit on the overall energy system emissions depends significantly on the
assumptions related to the energy demand profiles, and on the efficiencies and
emission intensities of the fuels of commissioned and displaced energy conversion unit. This is illustrated in publication II in the case of hourly marginal CO2
emissions assigned to electricity demand. The energy demand profiles can experience technology, economic or climate development induced changes in the
long-term. For instance, in the case of higher demand response deployment, the
electricity demand profile was found the change significantly in the future scenarios, as presented in publications III and IV. This could affect the estimated
marginal CO2 emission factors in publication I and II, in the cases where the
new energy conversion unit is also connected to the electricity network (e.g.
CHP unit, heat pump, electrical heating).
6.1.3

Uncertainty regarding the availability of long-term demand response potential

The potential long-term demand-side resource capacities can change when
technological, economic or climate development occur differently than assumed
in publications III and IV. These can directly affect the energy demand, and enduse consumer choice of heating system, as illustrated in publication I. Furthermore, in the case of heating load, the availability of demand-side resource capacity was found to be highly dependent on the outdoor temperature.
The energy demand profiles of space heating and hot water storage used in the
demand response simulations in publications III and IV may not be representative of the actual aggregated demand, even though the annual energy demand is
matched. In the case of space heating, this is because the method used to estimate the demand only takes into account the temperature component of heating
demand, but does not consider the time of the day component. Previous research on district heating demand forecasting by regression models has shown
that considering only the climatic component (outdoor temperature and wind
speed) in heat demand forecasting will result in lower annual ratio of peak to
average demand (Fang and Lahdelma, 2016). Thus, the used method may underestimate the maximum available demand-side resource capacity of space
heating. Furthermore, the temperature profile used in the calculations of energy
demand of space heating does not necessarily consider the most extreme variations in energy demand. Historically, the annual electricity demand of space
heating has varied between 7.9 and 10. 5 TWh according to the official statistics
of Finland from 2008 to 2016 (Official Statistics of Finland (OSF), 2016).
In the case of hot water storage, the method used to estimate the demand considers the end-use consumers to be a moderately homogenous group in terms
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of the sample size of the hot water consumption profiles. In the residential sector, averaged domestic hot water energy consumption profile was produced
from the monitored domestic hot water profiles with the sample size of 6 residential buildings. In the services sector, the sample size of monitored profiles
varied from 3 to 15 non-residential buildings depending on the building type. In
reality, end-use consumers are unlikely to show exactly the same kind of hourly
behaviour. When several different demand profiles are aggregated, the peak demands tend to occur at different times (Fuentes et al., 2018). Simple multiplication of averaged hot water consumption profiles to match the annual demand
can therefore result in higher annual ratio of peak to average demand. Thus, the
used method may overestimate the maximum available demand-side resource
capacity of hot water storages. The temporal availability of demand-side resource capacity varies between 80 and 5600 MW in Finland in 2030. For comparison in (Gils, 2014), average theoretical demand reduction potential of 5400
MW in Finland for the comparable demand-side resource applications is estimated based on 2010 data.
In publication IV, the uncertainty regarding the demand-side resource capacity utilisation was considered by including uncertainty regarding wind power
generation and day-ahead electricity demand forecast. Furthermore, the assumptions related to the shifting time interval of demand-side resource application were found to have significant impact on the utilisation of demand-side
response capacity. The shifting time intervals of considered demand-side resource applications were based on the estimates of the average demand shifting
time frames from (Gils, 2014; Nyholm et al., 2016) and are constrained by the
physical storage capacities and/or the thermal capacity of building structures.
In reality, the shifting time interval could be more constrained when the endusers individual preferences (e.g. utility and loss of comfort) are taken into account. In this regard, the analysis in publications III and IV focused on the technical restrictions of demand response utilisation, and thus no economic costs
for the activation of demand-side resource capacity were considered. The economic potential can be derived from the technical potential by including the
costs related to the development and activation of demand-side resource application. The economic potential is in general lower than the technical potential
due to the further restrictions (Gils, 2016). The economic potential is also influenced by the end-use consumers’ willingness to shift demand. This can vary significantly since the end-use consumers utility and comfort varies during the day
(Broberg and Persson, 2016; Torriti, 2012). Omitting the economic costs and
end-use consumer preferences related to utilisation of available demand-side
resource capacity are likely to make the estimates optimistic with respect to reallife.
The potential long-term demand-side resource capacity in publications III
and IV focuses on a limited number of demand-side resource applications in the
residential and services sectors. Future research should also consider other applications within and outside of the examined sectors exist that are found to be
suitable for demand-side resource capacities used in demand response programs, e.g. electric vehicles in transport sector (Barton et al., 2013), appliances
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in residential and services sectors (Gils, 2016), industrial processes (Müller and
Möst, 2018).

6.2

Conclusions

This doctoral dissertation examined the consequences of demand-side interventions on the energy system operation efficiency, and how demand-side interventions could be utilised as a flexibility option to mitigate variability in the energy
system. This dissertation employed quantitative, hour-by-hour analysis of the
whole energy system to examine the aforementioned issues. The main findings
from this doctoral dissertation can be summarised as follows.
x What is the environmental impact of different heating
choices in a new single-family house (Q1): Research presented
in publication I showed that the environmental impact of different
heating choices in a new single-family house can vary significantly depending on the heating system alternative. In this regard, the marginal
emission factors of different heating alternatives was observed to be
highly dependent on the assumptions regarding the displaced energy
conversion unit. In the long-term consequential analysis, highest potentials to reduce the overall energy system emissions were often
achieved when the new low carbon energy conversion unit reduced the
utilisation of existing carbon intensive generation. In this regard, it is
recommended that in consequential analysis, electricity and heat markets are considered as interconnected systems when the introduction
of heat demand can also have consequences in the electricity market.
For instance, the potential to reduce the overall energy system emissions was observed to be higher in the case where (biomass fuelled)
CHP-based heating demand is not displaced by the new low carbon
energy conversion unit. This is because the new low carbon energy
conversion unit reduces the utilisation of the existing low carbon CHP
energy conversion that is also connected to the electricity market. Due
to the displaced district heating demand, low carbon intensive CHPbased electricity generation is also reduced. This change in the electricity supply needs to be balanced by other production units in the
electricity market, in this case by more carbon intensive marginal electricity generation. Therefore, ignoring the connections between electricity and heat markets may lead to seriously erroneous estimates of
the impacts of policy measures, such as misestimating the emission reductions achieved if not carefully designed to optimally benefit the energy system as a whole. The environmental impacts of marginal
changes in energy production are highly dependent on the design of
the specific energy system, as illustrated in publication II. Therefore,
the results presented in publication I regarding the environmental impact of different heating choices should be interpreted as indicative results of the consequences that introducing a new energy conversion
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unit may have on the energy system operation efficiency, and thus a
case specific consequential analysis is recommended.
Marginal consequences of demand-side interventions on the
system operation in future energy systems (Q2): Research presented in publication II showed that the often used method in CLCA to
identify marginal generation by assuming an isolated national system
is becoming outdated in the integrating European electricity market.
Thus, the marginal electricity generation in a multi-region system
should be considered. Using the long-term perspective is also recommended when estimating the marginal consequences of a demand-side
intervention that will influence the energy system in the long-term.
This is because the short-term marginal emission intensities represent
the instant marginal emissions of electricity generation, but do not reflect the market effects beyond the immediate change. Therefore, they
are not suitable for describing the marginal consequences occurring in
the long-term. Such effects caused by a demand-side intervention (e.g.
a policy measure) will affect the structural change in the energy system, which takes place in the long-term (e.g. investment decisions, energy prices, the quantity and profile of electricity and heat demand). In
the long-term, structural changes in the energy system will affect the
marginal CO2 emission intensities for electricity use. The long-term
emission intensities were shown to be lower than the short-term marginal emission intensities in Finland, in the Nordic system and in the
EU. Furthermore, taking into account the time-varying nature of the
marginal electricity generation is recommended in relevant life cycle
assessment (LCA) analyses. This is important especially in applications that can have strong seasonal or diurnal variation in energy demand (e.g. plug-in electric vehicles, solar energy, net-zero buildings,
demand response programs). For instance, it was found that the longterm marginal emission rates are also subject to increasing seasonal
variation in the Nordic countries, which is partly due to a change in
demand, but also due to the changes in the fuel mix and electricity generation technologies.
Implications of demand-side flexibility in a national electricity market in the future (Q3): The utilisation of demand-side resource capacity results in balancing of residual demand in the dayahead market. This smoothing effect reduces operating hours of thermal power production and the need for cross-border balancing by electricity imports during the peak hours. Furthermore, it leads to more
efficient utilisation of wind power generation in the Finnish power
market during the off-peak hours when the residual demand is generally lower. In the Finnish energy system, this was observed to lead to a
decrease in annual energy system costs that mostly results from decreased fuel and CO2 emission costs as less primary energy is consumed annually by the thermal power units. In this regard, demand
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response can provide an efficient means to integrate variable renewable energy sources and to improve security of supply. According to the
sensitivity analysis, the ramping occurrences of district heating CHP
units increase significantly with increased share of inflexible baseload
nuclear power. This is also partly due to fact that the utilisation of demand response reduces the correlation between electricity and district
heating demand. This reduces the operational flexibility of district
heating CHP units. In addition, the capital intensity of CHP favours
high capacity factors. In this regard, the decreasing operating hours,
and consequently the decreasing producer revenue of district heating
CHP producers can have implications on the capacity adequacy in the
future. Still, as presented in publication I, the biomass CHP-based district heating alternative experiences very high acceptance rank among
the end-use consumers. Furthermore, the biomass CHP-based district
heating also has a low long-term marginal CO2 emission factor, meaning it can also contribute in the reduction of the annual generation
based CO2 emission in the Finnish energy system in 2030. Therefore,
the feasibility of demand response and/or other flexibility options (e.g.
heat storage, heat pump) in district heating sector should also be considered to mitigate the aforementioned effects in the energy systems
with combined heat and power production.
Can demand-side flexibility facilitate higher integration of
variable renewable energy in the future (Q4): The results show
that heating loads can provide a significant long-term technical potential for demand-side resource capacity in Finland in 2030. However,
this demand-side resource capacity is not always available, as it varies
according to the season and the time of the day. The availability is
higher during the months from September to April because the electricity demand of demand-side resource applications is for the most
part strongly dependent on the outdoor temperature and/or time of
the day. This leads to higher utilisation of available demand-side resource capacity during the months from September to April when the
residual demand is generally higher in Finland. Space heating and hot
water storage are characterised with longer maximum duration for the
shifting time interval, up to 12 hours, due to the physical storage capacities and/or the thermal capacity of building structures. This enables preheating in earlier time of the day where demand is reduced
during the peak hours and recovered during the off-peak hours. In reality, the shifting time interval could be more constrained when the
end-use consumers’ individual preferences (e.g. utility and loss of
comfort) are taken into consideration. The results show that the annual utilisation of demand-side resource capacity decreases significantly when the shifting time interval becomes more constrained. This
illustrates that when the demand-side flexibility option is shiftable demand, the shifting time interval of demand-side resource application
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can be more significant factor for the demand flexibility than the maximum available demand-side resource capacity. Therefore, the effectiveness to mitigate variability in the system can vary significantly between the demand-side resource applications because of their different
characteristics. The utilisation of demand response can also result in
the formation of new demand peaks during the day when the residual
demand variation during the day is high. This effect was found to be
more significant in the scenario with higher share of wind power, and
when the uncertainty regarding the day-ahead electricity demand was
taken into account. Therefore, modelling the variability of wind power
generation is recommended to estimate in a robust way the temporal
effects of variable wind power generation. The results show that the
variation in wind power generation during the day can have a significant effect on the magnitude of demand response occurrences. Furthermore, the differences between forecasted and measured electricity
demand can lead to less optimal utilisation of demand-side resource
capacity during the day. In summary, demand response can be utilised
to balance short-term variations in residual demand. However, its potential to facilitate higher integration of variable renewable energy can
be limited by the technical and economic restrictions that constrain
the demand-side resource capacity utilisation. Demand response can
therefore only partially replace flexible conventional supply technologies in the provision of balancing power and energy. The economic restrictions that can constrain the demand-side resource capacity utilisation are also influenced by the end-use consumers’ willingness to
shift demand. This can vary significantly since the end-use consumers
utility and comfort varies during the day (Broberg and Persson, 2016;
Torriti, 2012). In addition, small economic benefits and high cost of
the required technologies and systems have been identified as major
barriers for the utilisation of demand response in Finland (Annala et
al., 2018). This can render some of the energy system efficiency wise
most preferred load shifting time periods not preferable by the enduse consumers. Therefore, to mitigate these barriers, and thus to enable higher utilisation rate of demand-side resource capacity, may require infrastructure investments in terms of energy management systems, which allow automated reaction to the market price or other balancing signals. Moreover, sufficient information regarding the state of
the energy system is important factor for the efficient utilisation of demand-side resource capacity. In this regard, transmission system operator (TSO) or distribution system operator (DSO) controlled demand response programs may lead to more efficient use of demand
response when viewing the energy system as a whole. This may require
updating of the existing market standards and other regulatory
measures.
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The results show that in power markets that are highly interconnected, the effects of different demand-side interventions are not necessarily restricted to the
country (or bidding area) where demand-side intervention is committed. Emissions embodied in electricity or the system efficiency gains can leak to the neighbouring countries as a consequence of electricity exchange. In this case, viewing
the effects of demand-side interventions (e.g. demand response) from a national
perspective may be suboptimal. For instance, the results in publication IV show
that excess production of district heating CHP increases when demand is reduced during the peak hours. This is due to the balancing of hourly district heating demand and supply. The overall effect on the system efficiency is dependent
on the consequences that exported electricity has on the external market. Therefore, it is recommended that when the power markets are highly interconnected,
the effects of demand response on the energy system operation in terms of costeffectiveness are analysed within the broader Nordic market area. Broader market view is especially important with regard to environmental effects due to the
spatial and temporal variation in marginal emissions embodied in exported
electricity, as illustrated in publication II.
Broader market view is also important since demand response may compete
with other flexibility sources in the Nordic market, e.g. pump storages (Müller
and Möst, 2018) in Sweden and Norway. Furthermore, in an energy-only market demand response can hypothetically operate counterproductively in terms
of energy system flexibility. Demand response can provide demand-side flexibility, however at the same time it can reduce the supply-side flexibility through
decreasing the producer profit, as illustrated in publication III. This is because
utilising demand response can intensify the merit order effect in the internal
market, and as a result operating other thermal power capacity can become less
profitable due to the reduced operating hours. The short-term changes in producer revenue can cumulate in the long-term, affecting the development of operating stock of technologies through future investment decisions on dispatchable generation technologies. There have already been experiences of conventional power plants withdrawing from the market due to reduced operating and
full load hours, leading to low income (Holttinen et al., 2016). The results show
that in the short-term this can reduce emissions from energy generation, and
thus also contribute in climate change mitigation. However, in the long-term
this effect will diminish as the national energy portfolios become less carbon
intensive. Therefore, regional flexibility policies are also important, as opposed
to national flexibility policies. This would, however, require of updating the current market mechanisms and national regulation and legislation.
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