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a b s t r a c t

Increasing demand response (DR) from households, industry and tertiary sector may provide substantial
flexibility in renewable-based energy systems, but the deployment of DR is currently limited. This study
examines the future economic potential DR in the renewable rich northern European region, and also
analyses power markets impacts of large-scale DR deployment in the region. For the quantifications, the
energy system model BALMOREL is used, modified to include a detailed temporal modelling of available
DR potentials. Results show that among the DR options analysed, space heating and water heating
provide the highest shares of loads shifted. The overall demand response potential is particularly high in
Norway and Sweden, due to wide-spread electric space- and water heating. Low variable costs make
these DR applications economically feasible for deployment, despite high supply-side flexibility provided
by regulated hydro power. DR may contribute to peak shaving of up to 18.6% of total peak load in 2050.
Revenues from DR-application yield very different results depending on techno-economic parameters,
potentials and the price volatility in the various analysed market areas. Results show an insignificant
change in CO2 emissions between scenarios with and without demand response.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Active participation of electricity consumers in demand
response (DR) may provide much needed flexibility to the energy
system for integrating increasing shares of variable renewable en-
ergy (VRE) [1]. As loads from end-users are becoming increasingly
controllable through smart devices, the load can adapt to electricity
price changes or other targeted incentives by a third party. The
benefits of utilizing DR may be significant: Reducing load in critical
peak hours can avoid costly capacity expansions and ease bottle-
necks in distribution and transmission grids [2]. Remote activation
of DR resources can provide ancillary services. Use of high marginal
cost thermal generators is reduced [3]. Revenues for VRE producers
increase and curtailment decreases [4]. Finally, shifting consump-
tion to off-peak periods can increase efficiency of thermal baseload
plants through reduced cycling and could help integrate renew-
ables by absorbing overproduction (see Tables 8 and 9).

This paper provides a comprehensive assessment of the eco-
nomic potential of DR in the large and renewable rich northern
Nagel).

ier Ltd. This is an open access artic
European region. The study contributes to the literature in multiple
ways. First, the study uses an approach to estimate and parame-
terize the potentials for flexible loads and implements a realistic
representation of these loads’ behaviour in an energy system
framework in order to calculate system wide effects. Second, very
few previous studies include a detailed representation of temporal
availability of DR in an integrated modelling approach and thus few
assess the economic potential of DR in detail. Third, the majority of
studies including a detailed representation of temporal availability
of DR are limited to geographical areas no bigger than one country
and thus use simplistic assumptions for interdependencies be-
tween countries. The present study models interregional and in-
ternational power exchange endogenously and it is to this end the
only quantitative study with a detailed temporal representation
found to be tailored towards the low carbon energy systems in the
northern European countries.

This study specifically assesses towhat extent DR can contribute
to shifting peak loads, quantifies the sector specific economic value
of DR and analyses the impact on electricity generation and CO2-
emissions. The quantitative model applied (BALMOREL) has been
extended with a DR module for this study. This module advances
the representation of DR in BALMOREL and is openly available as
part of the core model (github.com/balmorelcommunity/Balmorel),
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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thus sharing methodology and input data. This allows other re-
searches to transfer the approach to their own models or use it in
the existing BALMOREL model framework. The work builds on
previous work presented in section 2.

1.1. Previous literature

A comprehensive overview over potentials for DR in the Nordic
is given by S€oder et al. [5]. They analyse the results from 50þ
studies of DR potentials in industry, households and services sector
per country. They estimate the technical flexibility potential in the
Nordic countries to be as high as 12e23 GW or 15e30% of peak
consumption. The high estimated technical potential is explained
by a large share of flexible heat load and in addition industry
flexibility in the Nordics. It is concluded that Norway and Sweden
have a particularly great potential for DR application but there has
not been a strong economic incentive to utilize this potential so far,
as these countries have vast amounts of flexible hydro power.
Reviewed studies use different assumptions, methodologies and
levels of detail. Hence, the results include a significant level of
uncertainty.

Nyholm et al. [6,7] estimate a high potential for flexible heat.
The studies focus on the potential for demand response in electrical
space heating loads in Swedish single-family dwellings. Using the
building stock model ECCABS, a potential of 5.5 GW in this segment
to reduce load is found, which is substantial compared to the na-
tional peak load of 27 GW. The storage volume of the thermal
inertia in all the buildings is calculated to 19.2 GWh given an indoor
temperature increase of 2.8 �C. On the other hand, Meland et al. [8],
the most recent study cited for DR potential in electrical heated
Norwegian households, find a potential of only 1e1.5 GW. This,
even though electric heating is more widespread in Norway.

Gils [9] uses a different approach than S€oder in the assessment
of demand response potential in Europe. A detailed bottom up
mapping of the country level potentials for 30 different load ap-
plications are estimated. The approach takes the temporal and
temperature dependency of flexible loads into account. Results
show that the temporal availability of DR is especially important in
the residential and commercial sector. Flexible load per inhabitant
is particularly high in Norway, Sweden and Finland due to high
shares of electric heating and energy intensive industries. The
study does not account for some industrial sectors in the Nordics
such as silicon production and has low numbers for demand
response potentials in hot water tanks compared to e.g. Sæle et al.
[10]. A European-wide study could risk losing local factors for un-
typical regions such as the Nordics. A study for Finland in 2030
finds the temporal availability for DR to vary heavily between 80
and 5600 MW [11]. This also suggests the importance of detailed
modelling of temporal availability for model based quantitative
studies.

Quantitative modelling approaches for analysing DR and energy
system flexibility are described in the following. Kleinhans [12]
develops a framework for modelling the intermittent, time
dependent potential of DR. An approach analogue to this is devel-
oped for this study. It is described in more detail in the method
section. The method includes energy buffers, which work similarly
to energy storages, but differ in their specifically defined time de-
pendency. The approach, however, also simplifies the representa-
tion of DR as it does not limit the frequency of DR-application.
Barton et al. [13] have studied the implication of flexible demands
in heating and transport sector for the UK. Their findings are that
VRE, transport sector and electric heating will contribute to
approximately doubling the range of variation in the net electricity
demand. They find flexible demands to reduce peak load in hours
with electricity surplus. A drawback of the applied FESA model is
2

that it is a single node model for the UK not capturing transmission
restrictions, interdependencies with other countries and capital or
operating costs. The concept of “Smart Energy Systems” is pre-
sented by Mathiesen et al. [14]. The study describes the advantages
looking at an energy system holistically with all involved sectors.
This provides cost effective solutions to integrate high shares of VRE
and provides large flexibility through sector coupling. Qadrdan
et al. [15] quantify the impact of DR on the electricity and gas
system in the UK. They find DR to reduce peak electricity demand
and subsequently find a reduced need for gas fired peak marginal
plant capacity. DR reduces capital and operating costs of the ana-
lysed system and the capacity factor of power plants generating in
off-peak hours increases. Gils [16] has performed a model-based
assessment of the economic potential of DR in a case study for
Germany concluding that DR substitutes peak power generation
capacity well, while additional VRE integration is low. The study
also points out that literature mostly is available on qualitative
aspects of DR, modelling methods to describe DR applications, and
the estimation of the technical potential. The economic potential
across a large geographical area is typically not analysed. Mueller&
Moest [17] found that most studies on DR do not consider temporal
details of DR availability even though time of day and/or outer
temperature largely affect DR potentials. Their study calculates
hourly potentials of DR for Germany in a first step. It is noted that
DR potentials are sensitive to changes in the market penetration of
the analysed technologies. In a second step these potentials are
then applied in a quantitative, model-based case study that ana-
lyses DR at different RE levels. They find DR to decrease peak load,
curtailment of RE and substitute some of the storage utilization. DR
cannot integrate high amounts of RE but is instead more suited to
balance short term fluctuations. The modelling approach is
restricted to Germany, not including interdependencies between
countries. Mueller and Moest point out that there is a research gap
analysing DR potentials in larger geographical areas together with
their transnational interdependencies.

The literature review shows a consensus that DR decreases peak
load, replaces peak generation capacity, raises capacity factors of
off-peak generation and lowers capital and operating costs of en-
ergy systems. A high potential for DR is observed in the Nordic
countries due to electric space heating and power intensive in-
dustries. Modelling the temporal availability of DR accurately is
important. More research is needed covering larger model regions
to assess impacts of different market areas on each other.

The following sections of the paper are organized as follows.
Section 2 contains the methods, explaining the model framework,
the developed DRmodule and the data collected. Section 3 contains
the results and discussion and section 4 contains the conclusion
and implications from this study.

2. Materials and methods

The methods section explains the chosen modelling framework,
the developed DRmodule and its underlying data and assumptions.

2.1. BALMOREL model

The quantitative analysis of this study is performed using the
BALMOREL model, a bottom-up energy system optimization model
(see e.g. [4] or [18] for previous applications). The BALMOREL
model is well suited for the analysis, as it has a detailed represen-
tation of the Nordic power system and allows for a modular
extension. BALMOREL has been calibrated and validated in several
previous studies (see [18] for a comprehensive overview of
applications).

Fig. 1 covers supply of energy, energy conversion (to heat or
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electricity), flexibility options (e.g. electricity storage and the DR
add-on), heat demand and power demand. The exogenously
determined model assumptions include existing generation and
transmission capacities, planned capacity changes, commissioning
and decommissioning, fuel- and carbon prices, heat- and power
demand as well as VRE resource availability. Based on these as-
sumptions the model calculates optimal dispatch, investments in
power and heating plants, storages and electricity transmission
endogenously by minimizing the total system costs. The problem is
solved as a linear programming problem. The objective function
links the modelled components of the energy system and is subject
to numerous constraints. This ensures a realistic representation of
the energy system [19]. An extensive description of the model is
provided in previously identified literature [18e20].

The model setup for this study is designed to capture seasonal,
weekly and daily variations in energy supply and demand while
keeping computing time moderate. For this reason, 26 weeks are
modelled, equally spread out over the year. The hours modelled
within each week are hours 1e48 and 121e144 to include week-
days as well as a weekend day. The modelled years are 2030, 2040
and 2050 with perfect foresight. The spatial setup includes the
Nordic- and Baltic countries, Poland, Germany, Belgium,
Netherlands, France and the UK but the analysis focuses only on the
Nordics. These countries are subdivided into regions representing
the Nord Pool market areas. Linear modelling is chosen over a unit
commitment approach for computational reasons.
2.2. Demand response add-on

This study defines DR as the deviation from normal electricity
usage by end users, that is induced by electricity price signals [21].
Market based DR applications for emergencies, capacity markets or
ancillary markets are not subject of this analysis. Two types of DR
are analysed, load shedding and load shifting. Loads that are shed
are interruptible loads that are curtailed while load shifting shifts
load to an earlier or later point in time.

For the present study, a DR add-onwas developed to extend the
existing model code of BALMOREL. The DR add-on is specifically
suited for the Nordic countries and includes identified flexible loads
Fig. 1. BALMOREL core structure in
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in households, industry and tertiary sector. The applied method-
ology for the modelling of the DR add-on in GAMS ensures that
specific features, such as the intermittent and time dependent
potentials are accounted for.

Fig. 2 represents the core process of the authors contribution to
the BALMOREL model and the key output that can be used for
analysis. The development of the DR add-on consists of a modelling
approach, that is integrated into the BALMOREL model framework.
Technical and economic data on DR in the Nordics is collected. This
data is then used as an input for the DR-add-on in BALMOREL.
Finally, results can be obtained from the extended model. In the
following the DR-framework is discussed.

In this study load shifting is modelled as a virtual storage, the
difference lies in the time dependency of DR. The storage dynamics
follows a similar concept to Kleinhans [12] and the central elements
are recited here for informative purposes. The shifting time and
variable storage size are included by introducing storage equivalent
energy buffers that are filled and emptied depending on the charge
rate: the downshifts and upshifts. The charge rate of the energy
buffer (Eq. (1)) also shows the use of the load shifting application
and is the difference between the scheduled and the realized load:

PcðtÞ¼ LcðtÞ � RcðtÞ (1)

where.

c Load shifting category;
Dtc Shifting time (hours) for category c;
RcðtÞ Realized load after load shifting for category c;
LcðtÞ Scheduled load for category c;
PcðtÞ Charge rate of load shifting of category c for Rc(t).

The energy content of the energy buffer in (tþ1) if empty at (t) is
equal to the charge rate (Eq. (2)):

Ecðtþ1Þ� EcðtÞ¼ PcðtÞ (2)

where EcðtÞ is energy content of load shifting category c for RcðtÞ.
The boundaries of the energy buffer and charging/discharging

are then defined. All loads moved to the latest time step within the
cluding demand response [18].



Fig. 2. Implementation of dr in BALMOREL.
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set timeframe result in a fully charged energy buffer and are equal
to the upper limit of the energy buffer (Eq. (3)). The size of the
energy buffer itself is thus dependent on scheduled loads within
the timeframe. Upper and lower limits for charge-/discharge rates
are defined based on scheduled loads and maximum loads (Eq. (4)
and Eq. (5)):

Emax
c ðtÞ¼

X

tt
LcðttÞ ct� tt� t þ Dtc (3)

Pmax
c ðtÞ : ¼ LcðtÞ (4)

Pmin
c ðtÞ : ¼ � ðLcðtÞÞ þ LcðtÞ (5)

where.
Fig. 3. Annual Electricity Consumption for Loads that are assumed to be Flexible in the
Nordic Countries.
tt represents a timestep within the load shifting timeframe;
LcðtÞ is maximum load/capacity for category c.

The introduction of these time dependent buffers and
charging-/discharging capacities allows the model to optimize the
dispatch of load shifting within a defined corridor. Eq. (6) and Eq.
(7) ensure validity within the equation described above. These
equations define the energy buffer and the charge rate to be within
the upper and lower limits respectively.

0� EcðtÞ � Emax
c ðtÞ ct; c (6)

Pmin
c ðtÞ� PcðtÞ � Pmax

c ðtÞ ct; c (7)

For space heating, the buffer size is not determined by shifting
time, but is fixed and given directly as an input. Here the energy
buffer can take a negative value as demand can be shifted into an
earlier point in time (unlike in Eq. (6)). Load shedding is modelled
similarly to load shifting but for load shedding it is assumed that
load is lost at a defined cost and not shifted.

The methodology described above is chosen for the study
because it has a good representation of the temporal characteristics
of DR. In addition, the representation did not increase the solving
time of the model by a lot. The drawback of not including a limi-
tation to the frequency of DR applications should not affect the
results of the study heavily as pointed out in [16]. Limited frequency
of DR activation is mostly found in industry which, due to high
costs, does not shed much load in the model runs.
4

2.3. DR-data and scenarios

The available DR-capacity across all sectors is estimated in
several steps. First, electricity consumption levels for processes that
are assumed to be flexible (Fig. 3) are estimated from annual
Eurostat consumption data [22] and broken down to different
processes based on several sources [9,23e28]. Electric heating
constitutes a major share of loads with flexibility potential, mainly
in rural parts of Norway, Sweden and Finland, even though district
heating dominates space heating in urban parts of the Nordics.

Availability of DR capacity is time dependent and based largely
on scheduled loads. Scheduled loads for household appliances are
based on the SAVE-E project [29]. Space heating load follows a
seasonal pattern with highest consumption during wintertime ac-
cording to heating degree days. Additionally, the potential technical
capacity, future adoption rates and spatial distribution all affect the
DR capacity. The technical DR capacity is calculated by first esti-
mating the total electricity demand for each DR category in each
area and then estimating the capacity based on typical use patterns.

Adoption of new mass use technology often follows an S-curve.
In the current modelling, the maximum share of consumers that
are flexible within a DR category is limited by an adoption rate.
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Based on [30] the maximum adoption of DR applications in resi-
dential and tertiary sector is calculated from a market penetration
rate (b), total potential (V*) and remaining potential at time step t
(V(t)). The market penetration rate largely determines the pace of
adoption of different technologies and thus helps set the upper
limit for available DR capacity. For the household and tertiary
sector, the DR categories are divided into three groups with high
(b ¼ 38.9%/yr), medium (b ¼ 24.2%/yr), and low (b ¼ 15.4%/yr)
market penetration rates. Table 1 shows the assumed market
penetration rate and total potential for the DR categories in
household and tertiary sector derived from comparable technolo-
gies in [30].

The market share or share of potential realized (f(t)) is then
calculated as follows:

f ðtÞ¼ 1
1þ e�btþa

(8)

where a represents the integration constant: a ¼ bt0 þ lnða0Þ
where a0 ¼ 1�f ðt0Þ

f ðt0Þ .

In the industry sector the “Mechanical pulp” process’ potential is
already fully utilized, and the other industry categories follow a
linear growth path from around 60% adoption in 2019 to 100%
adoption in 2050.

The adoption of different DR categories for household, industry
and tertiary sector is visualized in Fig. 4. The assumed adoption rate
largely impacts the available DR capacities across the researched
time. Adoption rates in this study are subject to the underlying
assumptions and contain a level of uncertainty.

This study analyses the likely impact and value of DR by
comparing the model results for two scenarios: A no demand
response scenario (NODR-scenario) and a demand response sce-
nario (DR-scenario). The DR-scenario is introduced using assump-
tions that the authors regard as a likely representation of future
developments. However, uncertainties regarding the underlying
assumptions such as adoption rates and techno-economic as-
sumptions exist. The NODR-scenario, on the other hand, excludes
the option of DR for optimization. This scenario acts as a point of
reference to ultimately determine the impact and value of DR. The
techno-economic assumptions for the DR-scenario are summarized
in Tables A1 (a)-(c) of the appendix (excl. availability, adoption rate
and technical potential which are discussed above).

DR applications in households and tertiary sector are available
for load shifting, enabling shifting energy consumption in time
without affecting the gross energy consumption. The largest po-
tential is identified in space heating. Load shifting in space heating
assumes use of the building's thermal mass as an energy buffer. The
temperature can deviate by 1 �C from the initial temperature level
without causing a utility loss for the user. In winter months with
Table 1
Market penetration rate and total potential.

DR category Market penetration rate (b) Total potential (Va)

HH- Cold appliances 38.9%/yr 100%
HH- Wet appliances 38.9%/yr 50 %a

HH- Water heating 24.2%/yr 100%
HH- Space heat 15.4%/yr 100%
TER- Ventilation 24.2%/yr 100%
TER- Cold appliances 24.2%/yr 100%
TER- Water heating 24.2%/yr 100%
TER- Space heating 24.2%/yr 100%

a Wet appliances requires changes in user behaviour and therefore total potential
is set to 50% in this category [31].
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high energy demands shifting times are shorter than on milder
days, leading to less flexibility potential from this category. Load
shifting is associated with no/low variable cost, as processes
requiring energy are mostly rescheduled without a loss in utility.
Only space heating in the residential and service sector is associ-
ated with efficiency losses.

Load shedding is a reduction in electricity consumption that
cannot be compensated for by an increase at a different point in
time. The load shedding categories identified in this study are the
industry processes in power intensive industries such as
aluminium, pulp and paper, silicon and ferrous metals. The
maximal time of interference in the identified DR categories is
3e4 h. The variable costs of load shedding, which are the oppor-
tunity costs, are assumed to be between 200 and 2000 EUR/MWh,
dependent on the sector (detailed information in Table A1 (b)). No
investment costs are assumed since necessary infrastructure, such
as smart metering and data exchange equipment is mostly already
in place [32].

3. Results and discussion

The results and discussion section present the findings from a
DR-scenarios and NODR-scenario.

3.1. Activation of demand response

Fig. 5 illustrates the modelled up- or downshifting of load by DR
for all modelled countries and technologies in the DR scenario for
an average winter Monday and Tuesday in 2030, 2040 and 2050. As
expected, the modelled upshifts and downshifts increase in weight
towards 2050 driven by a higher capacity through exogenously
determined adoption and an increased intermittent generation.
Fig. 5 confirms findings in previous studies that DR has a smoothing
effect on the total load. In instances where demand is close to the
peak load, the load is reduced by downshifts (e.g. hour 9e19) while
instances with lower demand show an upshift through DR (e.g.
hour 24e30).

When comparing averageMondays and Tuesdays for winter and
summer days in 2050, differences in shift patterns are apparent
between the seasons (Fig. 6). On an average winter day demand
rises in the morning hours and hits the peak demand around 9 a.m.
and then stays high until 7 p.m. before declining in the night hours.
During these hours with high demand, downshifts outweigh up-
shifts (Fig. 4, hours 9e19). During the night-time, when demand is
low (hours 23 to 31), upshifts fill the energy buffers for the
downshifts during the next day. In summer, the general demand
pattern is similar with demand hitting the peak slightly later
around 12 a.m. and then gradually declining before dropping off in
the night hours. With regards to an average summer week, solar PV
additionally influences up- and downshifts. In the morning hours
when load rises there is a strong downshift. This situation is
reversed after 12 a.m., due to an increase in generation from solar
PV that is largely based on generation from central Europe and
helps meet the demand. In the early evening hours, the situation
changes again when generation from solar PV declines. Downshifts
help even out supply and demand. Finally, at night-time when
demand is low, upshifts outweigh downshifts again and the energy
buffers in the DR categories can be filled once again.

Table 2 shows the change to load by the analysed DR-categories
and the contribution to downshift in the peakhour for 2030 and
2050. The total shifts increase for the Nordic countries from 2030 to
2050 by over threefold. In 2030 the household sector has the largest
impact by shifting 3.6 TWh, the highest volume coming fromwater
and space heating. The industry sector is shifting 123 GWh while
the shedding volume is relatively small due to high costs (see



Fig. 4. Assumed Adoption Rates of different DR-Categories.

Fig. 5. Demand, Up- and Downshift in relation to the Peak Load on an average Winter Monday and Tuesday for 2030, 2040, and 2050.
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Table A1 (b)). The shifts in tertiary sector amount to 1.3 TWh in
2030 with space heating contributing the largest amount. In 2050
the industry sector shifts 98 GWh or less than 1% of total shifts,
while households shift 10.8 TWh or 63% and tertiary sector the
remaining 6.1 TWh or 36%. While the overall sector shares have
largely stayed the same, there are particularly strong changes
within the household sector. Downshifts in peak hours are one of
DR's main system contributions because it lowers price spikes and
decreases the need for high cost backup capacity. However, since
the capacity of DR largely depends on the load, not all DR-capacity
is available in peak hours. For 2030, DR shifts down load by 5.3% in
the hour with the highest electricity price. For 2050 the corre-
sponding number is 18.6%, as more consumers are assumed to
participate in DR. In 2030, the largest peak contribution comes from
household space heat, and pulp- and paper industry contributing
1.3% each. In 2050, household space heating contributes to peak
reduction themost with 7% of the total load, followed by household
water heating (4.5%) and teritary space heating (3.9%). In total,
6

water and space heating from household and tertiary sector
contribute with 14.3 GW in 2050, while other loads contribute with
a 2.6 GW reduction in the peak load hour.

Overall, the results show that shifts increase in magnitude to-
wards 2050 and provide higher downshifts in the peak hour, thus
contributing more significantly to lowering peak demand. The bulk
of shifted electricity is provided by household and tertiary sector,
and here particularly the space heating and water heating cate-
gories contribute the largest shares.

3.2. 3.2 power generation and investments

The modelled power generation mix for the Nordic countries
differs in the composition of generation between the analysed
scenarios (Table 3). In 2030, with DR, generation from baseload
technologies such as nuclear and coal is increased. This effect is
observed because less hours with very low prices occur in the DR
scenario, increasing operating hours of baseload technologies. In



Fig. 6. Up-and Downshift in relation to the Peak Load on an average Winter and Summer Monday and Tuesday in 2050.

Table 2
Overview of impact of DR categories in 2030 and 2050.

Total shift
(GWh)

Net
downshift in
peak hour
(relative to
peak load)

Sector DR Category DR Type 2030 2050 2030 2050

Industry Aluminium Shed 4 e 0.2% 0.0%
Silicon Shed 2 2 0.2% 0.0%
Pulp and paper Shed 4 4 0.7% 0.6%
Pulp and paper Shift 123 92 1.3% 0.8%
Other Shed 0 e 0.0% 0.0%

Households Wet appliances Shift 864 899 0.5% 0.8%
Cold appliances Shift 312 136 0.1% 0.0%
Water heating Shift 1099 4048 0.4% 4.5%
Space heating Shift 1327 5706 1.3% 7.0%

Tertiary Ventilation Shift 183 954 0.3% 0.7%
Cold appliances Shift 89 529 0.1% 0.1%
Water heating Shift 120 653 0.1% 0.2%
Space heating Shift 910 3925 0.4% 3.9%

Total 5036 16 949 5.3% 18.6%

Table 3
Power generation in the Nordic countries (TWh).

2030 2040 2050

Fuel DR NODR DR NODR DR NODR
Biogas 0.2 0.2 1.2 2.1 5.1 6.1
Biomass 32.6 33.1 34.2 34.8 29.6 30.3
Municipal Waste 8.1 8.1 9 9 9.7 9.7
Wind 112.2 117.5 133.9 136.8 161.1 158.2
Solar PV 0.8 0.8 0.8 0.8
Hydro 228.7 228.7 228.7 228.7 228.7 228.7
Nuclear 72 69.5 46.2 43.9 15.1 14.8
Fossil Fuels 2.2 2 0.4 0.6
Battery Storage 0.3 0.3

J.G. Kirkerud, N.O. Nagel and T.F. Bolkesjø Energy 235 (2021) 121336
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2040, generation from coal phases out and the DR scenario uses less
generation from flexible gas power plants, decreasing the total
fossil fuel generation. The use of battery storage can only be
observed in the NODR scenario, as more flexibility is required. In
2050 there is no fossil fuel generation in either scenario but the
NODR scenario relies more on flexible power plants and storage.

Differences in new capacity investments between 2030 and
2050 can be observed (Table 4). For both scenarios, onshore wind
power represents the major share of total new investments. Other
technologies that are invested in are offshore wind (far and near),
subcritical steam turbines, internal combustion engines (ICE), gas
turbines, and in the NODR scenario battery storage. In light of the
European energy transition, the effects of DR on investments can be
viewed as having a small positive impact since the DR scenario
shows higher investment into renewable energies from onshore
wind and less investment into fossil fuel based backup generation
(gas turbine, ICE, and steam turbine subcritical). Additionally, high
cost battery storage is not invested in the DR scenario, as sufficient
flexibility is provided by DR.
Table 4
Investments in new generation capacity (GW) in the nordic countries between 2030
and 2050.

Scenario

Technology DR NODR

Battery storage 0 0.2
Gas turbine 0 0.4
ICE 3.9 5
Steam turbine subcritical 6.4 6.6
Offshore wind (far) 2.3 2.3
Offshore wind (near) 1.1 1.1
Onshore wind 44.9 44.1



Table 5
DR revenue per unit 2030 (V/MWh).

DK FI NO SE

Industry Aluminium 0.3 0.4
Silicon 0.4
Pulp and paper (Shed) 0.5 0.6 0.7
Pulp and paper (Shift) 2.2 2.7 3.2
Other 1.0

Households Wet appliances 8.1 2.6 3.1 3.6
Cold appliances 2.8 1.2
Water heating 8.3 2.6 2.8 3.5
Space heating 7.5 2.3 2.7 3.2

Tertiary Ventilation 4.1 1.2 1.3 1.5
Cold appliances 5.1 1.6 1.7 2.0
Water heating 4.6 5.0 6.1
Space heating 5.2 5.4 6.8

Table 6
CO2 emissions in nordic countries (kilotons of CO2).

DR NODR

2030 2040 2030 2040

Combined cycle 300 282
Internal combustion engines 17 9
Gas turbines 35 51 98
Steam turbines 979 237 894 263
Total 1331 237 1236 361
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3.3. Revenue and value of flexibility from DR

The DR contribution to revenue is defined as the profits from
downshifts minus the costs of upshifts in load at the corresponding
electricity price over the analysed timespan. For the Nordic coun-
tries, revenues by sector are presented in Fig. 7. In all countries the
overall revenues from DR rise from 2030 to 2050, even though the
industries contribution stays equal or declines. There are, however,
large variations between the countries. While Denmark only in-
crease its revenues moderately from 2030 to 2050, Finland, Norway,
and Sweden see a large increase in revenues based on the use of DR
in households and tertiary sector. These countries have high shares
of electric space heating as well as electric water heating offering
cost efficient untapped DR potential. In Finland, total revenues from
DR increase during the timespan 2030 to 2050 from 17 to 64 million
EUR and the increase in households and tertiary sector is 38 and 12
million EUR respectively. Norway has the largest total increase in
revenue from 34 to 113 million EUR. Contributions from DR in
households rise by 56 and from the tertiary sector by 29million EUR
in Norway. Sweden increases its total revenue from 36 to 93 million
EUR from 2030 to 2050. The household sector's increase is 44 and
the tertiary sector's increase amounts to 20 million EUR.

The estimated revenue per unit shows how much the cost of
electricity per process can be reduced by actively utilizing DR
(Table 5). The value of DR for different technologies differs largely
between the regions. The highest values are in the household cat-
egories space heat, water heating, and wet appliances in Denmark
with savings of above 8 V/MWh in 2030. However, in Northern
Scandinavia the savings per unit is lower. This can be attributed to
more supply of flexibility in this area e.g. from hydropower. Results
also differ between household and tertiary sector for the same
technologies e.g. water heating. This is largely explained by the
different demand profiles but also the costs for realizing the tech-
nical potentials differ. Towards 2050 the uncertainty of the results
increases but model outcomes show revenue per unit to be
continuously highest from household hot water heating.
3.4. CO2 emissions

DR affects capacity investments and power generation and
consequently also influences CO2 emissions of the power system.
Table 6 shows the CO2 emissions for 2030 and 2040 for the DR and
NODR scenarios. In 2050 the emissions are zero in both scenarios as
the model is set to find a carbon neutral system.

In 2030, the total CO2 emission are higher in the DR scenario
driven by steam turbines mainly involved in industrial activity. It
should be noted that the emissions per generated electricity is low
in both scenarios (~4 g/kWh). Towards 2040, emissions fall for all
Fig. 7. Revenue from dr by sector and country.
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technologies and DR is seen to reduce emission from gas turbines,
which usually covers the peak load in the power system. The
negative influence of DR on emission reductions in 2030 can be
explained by the fact that there is lower investment in additional
wind generation capacities and a higher utilization rate of coal
power plants since the number of hours with very low prices are
reduced in this year. However, until 2040 this situation changes as
more wind capacities are installed in the DR scenario and subse-
quently the emissions fall below the NODR scenario.
3.5. Sensitivity analysis

Model runs have been conducted testing the sensitivity of re-
sults to changes in assumptions as described in Table 7.

The sensitivity scenarios are analysed for investments and rev-
enues, giving an indication of the robustness of the overall results
to these uncertain inputs. The modelled investments for all sce-
narios are shown in Fig. 8.

In 2030 the investment results are not very sensitive to changes
in the adoption rates or costs. In 2040 and 2050 faster adoption
rates have a very small impact on investments compared to the DR
scenario. Lower adoption rates, on the other hand, will moderately
increase investments in onshore wind in 2040 and decrease in-
vestments in 2050. New capacity investments are not sensitive to
changes in adoption costs. In 2040 and 2050 the maximum dif-
ference in capacity investments between the Cost þ scenario and
Table 7
Sensitivity scenarios.

Scenario Description

Adoption þ High adoption rates are assumed for all DR technologies
Adoption e Low adoption rates are assumed for all DR technologies
Cost þ Adoption costs are increased by 50%
Cost e Adoption costs are reduced by 50%



Fig. 8. New capacity investments (sensitivity analysis).

Fig. 9. Revenues in the nordics (sensitivity analysis).
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the DR scenario is 162 MW, and in the Cost e scenario 400 MW.
Revenues for the analysed countries differ substantially among

the sensitivity scenarios. Fig. 9 represents the revenues for the DR-
and sensitivity scenarios in 2030, 2040, 2050 for the Nordic coun-
tries. The individual countries are not represented in Fig. 9 as the
effect of the analysed sensitivities on revenues follows a similar
pattern across the analysed countries.

Revenues are affected positively by higher adoption rates. The
results are sensitive to higher and lower adoption rates as this will
particularly increase or decrease revenues. Somewhat surprisingly,
also lower adoption rates will lead to higher revenues in 2040
compared to the DR scenario (utilization of DR in the industry
sector increases) but in total (2030 and 2050) to lower revenues.
Lower adoption costs, counterintuitively, affect revenues negatively
in 2040 making the revenue sensitive to changes in adoption costs.
This is explained by the fact that associated with lower adoption
costs high peak prices are decreased, leading to a lower revenue
overall. The volume of demand response shifts, however, is greater.
For higher adoption costs the results are the opposite of the lower
adoption costs. This also indicates that DR revenues will be sensi-
tive to overall system flexibility and can be affected by other flex-
ibility measures, as these could compete directly with the analysed
DR categories or decrease price volatility. It should be noted,
however, that the current model setup already includes the largest
forms of readily available flexibility from hydroelectric generation
and PtH in the district heating system. Further flexibility from
sector coupling as discussed in a Smart Energy Approach by e.g. [14]
would likely increase competition for DR by integrating the
9

transport and gas sector and could affect revenues negatively.
4. Conclusion

This study confirms that DR holds the potential, technically and
economically, to provide substantial amounts of flexibility in the
future energy system. Based on a detailed assessment of the DR
potentials in different sectors and regions the study shows that
space heating in households and tertiary sector as well as heated
water in households will be major sources of DR flexibility in the
Nordics. Somewhat surprisingly, the model results show that the
activation of DR will be largest in the hydro power dominated
countries Norway and Sweden since these countries have large DR
potentials from electric heating appliances. The use of DR in the
analysed regions reduces the need for battery storage and other
storage technologies as well as flexible natural gas fired generation
capacity, but the impacts of DR on optimal power generation in-
vestments and GHG emissions are minor. DRmay play a vital role in
terms of security of power supply and the efficiency of the energy
system since the need for costly back up power as well as battery
storage is reduced. Sensitivity studies show the optimal generation
capacity investment levels are relatively robust to the assumptions
regarding DR technologies, but the total revenues for DR activation
is affected by the assumed adoption rates and adoption costs of the
DR technology. DR may contribute to significant savings, particu-
larly in space and water heating in household and tertiary sector. In
Denmark, the region with the highest share of VRE and lowest
share of hydropower, revenues per unit fromDR are estimated to be



Table 8
Abbreviations.

Abbreviation Description

RE Renewable Energy
VRE Variable Renewable Energy
DR Demand Response

Table 9
Parameter and variable description.

Variable/
Parameter

Description

C Load shifting categories
Dt Time frame of load management (h)
R(t) Realized load after load shifting (MW)
L(t) Scheduled load (MW)
P(t) Charge rate of storage equivalent energy buffer (MW)
E(t) Energy content of storage equivalent energy buffer (MWh)
L(t) Maximum load (MW)
b Market penetration rate (%/yr)
V* Total potential for DR (%)
f(t) Market share of DR potential realized (%)
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in the order of several EUR per MWh of consumed electricity.
Although DR will play a role in providing flexibility in the future
northern European energy system, other flexibility options, like e.g.
power to heat in flexible district heating and increased trans-
mission line capacities, seem to have a larger economic potential.
Finally, it should be noted that this study does not assess DR at
distribution grid level and the benefits of DR could potentially be
higher in lower grid levels than at the level analysed here.
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(a). Techno-economic assumptions for demand response in households

DR-application Wet appliances

Type: Shift/Shed Shift
Cost for realizing technical potential, EUR/MW 5000
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MWh/MW installed capacity
Buffer size negative,
MWh/MW installed capacity
Limit to up and down regulation, % of installed capacity

(b). Techno-economic assumptions for demand response in industry

DR-application Ferrous metal Aluminium

Type: Shift/Shed Shed Shed
Cost for down regulation, EUR/MWh 2000 1000
Shifting time, h
Time of interfere, h 3 3
Minimum load, % of installed capacity 33% 75%

(c). Techno-economic assumptions for demand response in tertiary sector

DR-application Ventilation

Type: Shift/Shed Shift
Shifting time, h 1
Storage loss per hour
Buffer size positive, MWh/MW installed capacity
Buffer size negative, MWh/MW installed capacity
Limit to up and down regulation, % of installed capacity
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Nomenclature
APPENDIX
Cold appliances Water heating Space heat

Shift Shift Shift
50 000 5000 33 333
1 6

3%
0.97

0.97

50%

Silicon Other Mechanical pulp Mechanical pulp

Shed Shed Shed Shift
200 2000 200 10

2
4 4 4 3
75%

Cold appliances Water heating Space heat

Shift Shift Shift
1 6

3%
0.97
0.97
50%
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