IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received 7 May 2025, accepted 21 May 2025, date of publication 26 May 2025, date of current version 2 June 2025.

Digital Object Identifier 10.1109/ACCESS.2025.3573451

== RESEARCH ARTICLE

Demand Response Potential of Detached Houses
in Finnish Building Stock for Integration of
Variable Renewable Power Generation and
Reserve Power Limitation

ILKKA JOKINEN"!, MATTI LEHTONEN", JUHA JOKISALO 2,
JANNE HIRVONEN"3, AND RISTO KOSONEN2*

Department of Electrical Engineering and Automation, Aalto University, 00076 Aalto, Finland
2Department of Mechanical Engineering, Aalto University, 02150 Espoo, Finland

3Department of Civil Engineering, Tampere University, 33720 Tampere, Finland

“#College of Urban Construction, Nanjing Tech University, Nanjing 211899, China

Corresponding author: Ilkka Jokinen (ilkka.a.jokinen @aalto.fi)

This work was supported by the Academy of Finland as part of the Profi7 Project. The work of Ilkka Jokinen was supported by the Walter
Ahlstrom Foundation.

ABSTRACT With a rapid increase in variable renewable electricity generation such as wind power and solar
photovoltaics, a power system must simultaneously incorporate flexible resources to maintain power balance.
Detached houses, covering 34% of the Finnish built floor area, can be considered to include a thermal storage
within their structure and indoor air due to their thermal inertia. In addition, a domestic hot water tank may
be operated such that part of it is utilized as a thermal storage. Moreover, since a large part of the detached
houses utilize electricity as an energy source for their heating, either directly (28%) or indirectly with heat
pumps (15%), these buildings may be utilized as demand response units within the power system. Thus,
this study analyzed how the demand response of detached houses in Finland can increase the utilization of
variable renewable power generation while mitigating the required reserve power capacity and energy in the
power system. Furthermore, the effect of different wind and solar power generation capacities was analyzed
together with several scenarios for the Finnish building stock. It was found that during the analyzed six-year
period, the demand response was able to lower the required additional power source capacity significantly
by 0.44 to 0.62 GW (10.0-13.1%) and the energy reasonably, 1.41 to 2.23 TWh (2.5-11.6%) by increasing
the utilization of renewables. Noting that the high shares of energy reductions were due to very high share
of renewables. These reductions corresponded to emission reductions of 0.51 to 0.80 Mt-CO» (1.1-2.4%).

INDEX TERMS Demand response, detached house, renewable generation, reserve power.

I. INTRODUCTION

To tackle climate change and reduce greenhouse gas emis-
sions on the energy sector, the increase of variable renewable
energy (VRE) generation, mainly wind and solar photo-
voltaics (PV), seems almost certain. Due to their variable
nature of power generation, driven by weather conditions,
obtaining high penetration shares of them, requires energy
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balancing in the form of demand side management, power
supply, or energy storage.

In the European Union (EU), approximately 50% of energy
is consumed for heating and cooling, and close to 80% of
the final energy used in the residential sector is for space,
ventilation, and domestic hot water heating [1]. In Fin-
land, residential buildings cover 62% of the total built floor
area, while detached houses cover 34% [2]. In addition,
from the floor area of detached houses, 28.4% is heated
with direct electric heating, 15.4% with ground source heat
pumps (GSHPs), 9.5% with district heating, 34.2% with
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wood heating, and 12.5% with oil heating [3]. Thus, as a large
part of the detached houses utilize electricity directly or indi-
rectly as their source for heating, these houses can participate
in relatively short-term demand response (DR) operations,
by shifting their electricity-based heating demand from one
moment to another. Moreover, as the International Energy
Agency expects the number of heat pumps to triple by 2030,
from 2021, in the EU [4], their share in detached houses’
heating is likely to increase. However, detached houses with
other heating systems than direct electric or GSHPs offer
very limited electrical demand response. Similarly, 84% of
apartment buildings in Finland are heated with district heat-
ing [5], and thus offer a limited potential for electrical demand
response.

Several existing studies have analyzed how different build-
ings with different measures can operate such demand
response. For example, considering single households, in [6]
the matching of local demand and generation of a build-
ing was maximized by utilizing demand response, including
indoor temperature control, whereas in [7] it was investigated
how demand response can be utilized to lower a households
energy costs. In addition, the aggregated demand response of
several households or a small district has been examined for
example in [8] for a small cluster of buildings.

Although the number of building level studies is large, the
analysis of demand response of detached houses on a large-
scale, or on a national scale, is scarce. Especially from the
point of view that how the large-scale demand response of
detached houses can reduce peak load, peak net load after
VRE, or the need for reserve power generation. However,
some previous larger scale studies do exist. In [9] a 10-
apartment terraced house DR was studied, based on indoor
temperature control, whereas [10] minimized the costs of
a 50-house microgrid where the operation of heating and
water heaters provided DR. In [11] different pricing schemes
affecting 300 buildings’ air conditioning units were proposed.
These pricing schemes also affected the peak load of the
buildings, even though the peak load was not the objective.
In [12] a demand response of 158 households was studied, but
brief 24-hour scaled up results were additionally presented
for 660 000 houses utilizing DR. However, the objective was
to minimize building owner’s costs, and the consideration did
not include indoor temperature control. In addition, [13] ana-
lyzed emission reductions with electrification and demand
response, including household DR, on a city-scale. Although,
the study analyzed the load with and without household DR,
the analysis did not consider the minimization of reserve
power generation, or net peak load. Moreover, in [14] the
thermal storage capabilities of the Danish building stock,
based on indoor temperature control, were examined. How-
ever, the study did not consider how this thermal storage
could be utilized to integrate more renewables or reduce the
power generation or greenhouse gas emission. Furthermore,
in a Finnish context the effect of demand response based on
detached houses and electric vehicles together with coordi-
nated hydro power operation was analyzed in [15]. These
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operations were able to reduce the load and renewable energy
generation curtailments significantly, but the effect of the DR
based on detached houses is not possible to be separated
from the results. In addition, peak generation capacity was
not considered in [15].

Thus, the novelty of this study is to analyze how the
demand response of detached houses in Finland can increase
the utilization of variable renewable power generation and
reduce the reserve power capacity and energy requirements
in the Finnish power system. The analysis increases current
knowledge, as the present literature does not consider how
the DR of detached houses can reduce peak generation, while
increasing the integration of renewable generation sources,
on a national scale. This differentiates this study from pre-
vious research, including [6], [7], [8], [9], [10], [11], [12],
[13], [14], and [15]. This was performed by minimizing the
required reserve power, measured by the additional power
source capacity and energy required to satisfy the electrical
load in addition to the variable renewable generation. The
demand response of detached houses included momentarily
reduced heating demand, allowed by indoor air temperature
decrease, limited by temperature comfort limits. In addition,
domestic hot water (DHW) tank operation allowed further
demand response operation. Included in the analysis were
detached houses heated by direct electric heating or GSHPs,
which currently cover 43.8% of the detached houses’ floor
area in Finland [3]. Detached houses heated with other heat-
ing systems, and apartment buildings, allow very limited
electrical DR operation, and were thus not included. In addi-
tion, in this study, several pathways for the future power
system were analyzed with varying capacities of wind and
solar PV power, with different scenarios for the total building
stock in Finland.

The remainder of this study is organized followingly.
Section II presents the methodology utilized for the demand
response and the optimization to minimize the additional
power source requirement, Section III presents the results,
Section IV the discussion, and Section V conclusions.

Il. MATERIALS AND METHODS

In this section the materials used to describe the building
stock, and the power system are presented. In addition, the
methods for determining the demand response of detached
houses and implementing them as part of the power system,
together with the optimization methodology are presented in
detail.

A. BUILDING SECTOR

Building stock energy demand has been previously ana-
lyzed in [16], where the total electricity demand for the
Finnish building stock was modeled for a Reference sce-
nario for 2020, for a Business-as-usual (BAU) scenario for
2050, and for four retrofit scenarios for 2050. The build-
ing stock was constructed from detached houses, apartment
buildings, elderly care buildings, office buildings, educa-
tional buildings, and retail buildings. The retrofitted building
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TABLE 1. Annual electricity demand of building sector in the four
building stock scenarios [16].

TABLE 2. Total floor area of direct electric and GSHP heated buildings in
each of the building stock scenario by heating system and building age
category [3].

Scenario Demand (TWh)
Reference (2020) 29.58 Scenario and Floor area by age category (10°m?)
BAU (2050) 26.75 Heating system -1975 1976- 2003- 2010-
DH Low (2050) 20.76 2002 2009
HP Low (2050) 21.59 Reference & BAU
Direct electric 16135 21417 4601 3768
GSHP 5358 10346 5312 3820
Wood 32566 18218 2686 1883
. . . . Oil 13431 6075 364 304
stock scejna.rlos considered optlmal retr.ofl't measures for a%l District heat 2601 3030 2693 2012
these building types. A detailed description of the retrofit
measures for each building type can be found in [16]. But DH Low
in brief, the options included measures on the thermal insula- Direct electric 113> allr g0l 3768
) » the op ) . GSHP 12074 13383 5494 3972
tion, ventilation, heat recovery, changes in heating systems,
solar technologies, and changes in lighting. However, not HP Low
s 5 : Direct electric 16135 21417 4601 3768
all measures were utilized for every building, and in every GSHP 20090 20435 7002 5130

retrofit scenario. Furthermore, the building stock scenarios
for 2050 considered building mortality, population changes,
regional characteristics, and decreased heating demand due to
climate change [16], [17], [18]. The Reference scenario for
2020 provided similar energy consumption for the building
stock compared to Finnish statistics. In the Business-as-usual
scenario, the addition of new buildings and building mortality
was considered, but the distribution of the heating systems
in the buildings remained the same as in the Reference sce-
nario. In the retrofit scenarios, additionally the distribution
of heating systems changed, and the other retrofit measures
were applied to the buildings to improve their energy effi-
ciency. For this study, the Reference, BAU, and the two
cost-neutral retrofit scenarios, which did not increase costs
over the examined period in [16], were included for the
building stock, where the heating systems of buildings either
utilized district heating widely (named DH Low) or were
developed more towards individual GSHPs (named HP Low).
The total electricity demand of the building stock by each of
these development scenarios are presented in Table 1, which
includes the demand for all building types.

Detached houses formulate 34% of the total built floor
area in Finland [2], and their energy demand was modeled
in [3] for the Reference and retrofit scenarios, which were
utilized in [16], considering four different age categories
and five main heating system for the buildings. The details
for each age category building can be found in [3], but in
brief, they divided the houses by requirements in the Finnish
building code at the time. These requirements became stricter
with newer buildings, which resulted in more energy-efficient
buildings.

In this study, the demand response of housing included
detached houses which heating relies on electricity, that is,
houses with direct electric heating or a GSHP. The total floor
area of these detached houses by age category and heating
system are presented in Table 2 for each of the building stock
scenarios. For the Reference, floor areas for all heating sys-
tem are presented, but the demand response only considered
electric and GSHP heated houses. Moreover, for the Refer-
ence and BAU scenarios the floor areas were the same. In the
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retrofit scenarios DH Low and HP Low detached houses with
direct electric heating continued with it, presenting 28.4% of
the detached houses’ floor area. In the DH Low scenario 50%
of oil heated detached houses were retrofitted with GSHPs,
whereas in the HP Low scenario 50% of detached houses
with DH and 100% with oil heating were retrofitted with
GSHPs. Hence, the share of GSHP heated detached houses
was, 15.4% in the Reference and BAU, 21.6% in the DH Low
and 32.6% in the HP Low building stock scenarios.

B. TWO-CAPACITY BUILDING MODEL

For determining the properties for the demand response based
on the indoor temperature of detached houses, an existing,
and well established, two-capacity building model was uti-
lized [6], [10], [19], [20], [21], which is presented in Fig. 1.
This model uses two thermal capacities, one for the indoor
air, C?, and one for the building mass, C™. In particular, the
indoor air capacity is important to include when examining
short term indoor air temperature variations. In addition, the
model includes parameters for the conductivity between the
external air and indoor air (H¢), ground and indoor air (H$),
ventilation supply air and indoor air (H*), indoor air and
building mass (H™), and outdoor air and building mass (H”).
Moreover, the model includes the temperatures for outdoor
air (T°°), indoor air (T%), building thermal mass (7"), average
annual ground temperature (7'8), and supply air (7). The
indoor air temperature and building mass temperature can be
described by (1) and (2) [10]. This model has been previously
verified with parameters presented in Table 3 to correspond
to a building built according the building code from 2010
onwards [19]. Thus, in this study, with the parameters in
Table 3, this model was utilized to analyze the indoor tem-
perature of the detached houses in the corresponding age
category (2010-) from Table 2. Furthermore, for the buildings
in the other age categories, the two-capacity model parame-
ters were adjusted such that the annual heating demand of
the building increased by the same ratio as with the buildings
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FIGURE 1. Two-capacity building model [6], [10], [19], [20], [21].

in different age categories [3]. The parameters utilized to
describe each of the direct electrical and GSHP heated build-
ings for all age categories from Table 2 with the two-capacity
model are presented in Table 9 in Appendix A. The detached
houses’ floor area was 180 m? for all age categories and
heating systems.

The two-capacity model was utilized to examine how the
indoor temperature changes in terms of supplied heating for
the buildings (Qh"ac). Furthermore, it was used to determine
the amount the heating demand could be reduced in terms of
power and energy for a certain period of time before a set
minimum indoor temperature limit was reached.

t . 4 C‘t’ Q‘ImT"il+HeTte+Hng+HxTx+Q¢lmC)
1+ AL H™ + He + HS+HY

Tf =

()
A
" — i+ on (H"TL, + HTY) 2
’ + AL (H™ + HY)

In this study a simple version of the two-capacity model
was utilized which did not consider the internal heat gains
from occupants and appliances, which can be relevant for
heating when the outdoor temperature is high. In addition,
it does not consider the heating due to irradiation from
the sun, which affects the heating demand particularly in
the beginning and the end of the heating season. Thus, the
demand response capability was limited, with high outdoor
temperature (>10°C), to the maximum mean heat demand
of the detached houses from [3] by outdoor temperature,
as presented later in Section II-D-I. The usage of this simple
version of the two-capacity model was justified in this study,
as the greatest deficits of electricity generation are prone to
occur during wintertime, i.e. with high heating and electricity
demand, the effect of the occupants and the sun are then
relatively lower on the heating demand. Moreover, during
the greatest deficits of electricity generation, the demand
response is needed the most, as otherwise the demand must be
supplied by reserve power generation. Nevertheless, by utiliz-
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TABLE 3. Parameters for the two-capacity building model which
correspond to a detached house built according to the finnish building
code after 2010 [10], [19].

Parameter  Unit Value
He¢ W/°C/m? 0.29
HY W/°C/m? 0.33
H™ W/°C/m? 5.16
H* W/°C/m? 0.48
HY W/°C/m? 0.05
c* Wh/°C/m?>  3.616
cm Wh/°C/m?>  31.14
T9I °C 10
T* °C 18

ing this simple version of the two-capacity model, the results
may be considered rather slightly pessimistic than optimistic.

C. POWER SYSTEM

For analyzing the benefits of the demand response of housing
for a power system, a realistic power system was formulated
which included generation from hydro, nuclear, combined
heat and power (CHP) for district heating and industry, wind,
and solar photovoltaics (PV). Historical hourly generation
data from six years, 2018-2023, were utilized, for which
there exists adequate generation data for wind and solar
power in Finland [22], [23], [24]. In addition, for wind and
solar power the historical generation was linearly scaled up
to obtain generation corresponding to different generation
capacities, to allow analysis of future power systems, with
various penetration levels of wind and solar PV power. Other
generation than wind and solar PV were the same for each
future scenario, to examine clearly the effect of the DR with
various levels of wind and solar PV.

The total generation from each generation source during
this period is presented in Table 4, including the generation
by different generation capacities for wind and solar power.
Moreover, the difference of electricity generation and total
electricity demand is presented in Table 4, considering the
four building stock scenarios, from Table 1, where the his-
torical load was assumed to include the electricity demand of
the reference building stock scenario. The installed capacities
for wind power were selected to be always at least 7.5 GW,
slightly greater than the beginning of 2024 in Finland with
6.9 GW of installed capacity [25], and at most 10 GW.
Solar PV was analyzed with zero capacity and with increased
capacities up to 7.5 GW, for allowing examination on how
the correlation of wind and solar PV generation can affect
the results together with the DR operation. The capacities
were not increased further as in this study the load was not
increased, rather it decreased with the retrofitted building
stocks, and as presented in Table 4 with the selected installed
capacities the generation already surpassed the load in the
majority of the examined cases.

Furthermore, the duration curves for the generation sources
and electricity demand are presented in Fig. 2 for the six-
year period considered. In addition, the chronological hourly
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TABLE 4. Total power generation, without power source, and load in the considered scenarios including four options for the building stock and eight
future paths for the increase of wind and solar PV power. Values are the sum over six years. Data from [16], [22], [23], [24], [25], and [26].

Parameter Unit Value

Wind (GW) 7.5 7.5 7.5 7.5 10 10 10 10
Solar PV (GW) 0 2.5 5 7.5 0 2.5 5 7.5
Wind (TWh) 1245 1245 1245 1245 166.0 166.0 166.0 166.0
Solar PV (TWh) 0.0 12.7 25.5 38.2 0.0 12.7 25.5 382
Nuclear (TWh) 146.8 146.8 1468 1468 1468 146.8 146.8 146.8
Hydro (TWh)  85.0 85.0 85.0 85.0 85.0 85.0 85.0 85.0
CHP industry (TWh) 512 51.2 51.2 51.2 51.2 51.2 51.2 51.2
CHP DH (TWh) 583 583 583 5832 583 58.3 58.3 58.3
Total generation (TWh) 465.8 4785 4913 5040 5073 520.0 532.8 5455
Gen — Load (Ref) (TWh) -37.2 244 -11.7 1.1 43 17.1 29.8 42.6
Gen — Load (BAU) (TWh) -202 -74 53 18.0 21.3 34.1 46.8 59.5
Gen—Load (DH Low) (TWh) 15.8 28.6 413 54.0 57.3 70.0 82.8 95.5
Gen — Load (HP Low) (TWh) 10.8 23.6 36.3 49.0 52.3 65.1 77.8 90.5

TABLE 5. Electrical load in Finland, the building stock and from the heat
demand of detached houses heated with direct electric heating and
GSHPs. Data for six years [3], [16], [22], [24].

Building Total Building Direct electric and GSHP
stock load stock heated detached
scenario  Finland demand houses’ electricity demand for
heating

(TWh)  (TWh) (%) (TWh) (%)
Ref 503.0 177.5 353 53.4 10.6
BAU 486.0 160.5  33.0 49.7 10.2
DHLow  450.0 1245 277 46.0 10.2
HP Low 455.0 129.5 285 51.0 11.2

generation by each generation source and the power sys-
tem load, used in this study are presented in Fig. 10 in
Appendix B. Moreover, in Table 5 the total electrical load
in Finland during the six-years is presented together with
the building stock’s electricity demand, and the electricity
demand for heating of the detached houses heated with direct
electric heating and GSHPs.

In addition, the wind power and solar power generations
were analyzed separately, from historical generation in Fin-
land from 2018 to 2023 [22], [23], [24], to identify which
type of demand responses would be beneficial for increas-
ing their penetration level by the housing demand response.
During these years the historical mean capacity factors for
wind and solar PV powers in Finland were 31.6% and 9.7%
respectively [22], [23], [24]. Fig. 3 presents that how many
consecutive hours the generation was between a set limit
of the installed capacity and zero. In the figure, for better
readability, the consecutive hours have been divided into
groups. Moreover, on the y-axis the number of instances that
the generation was below the set limit for each consecutive
hours group is presented. For example, from Fig. 3 it can be
noticed that during 2018 to 2023 the wind power generation
was 111 times consecutively 3 to 4 hours below 30% of its
installed capacity. From Fig. 3 it can be noted that there was
a high number of instances for consecutive hours groups from
1 to 6 hours and from 11 to 20 hours, and likewise for solar PV
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FIGURE 2. Duration curves of electricity generation and demand over the
six-year period. Wind and solar are presented in per unit (p.u.) values of
installed capacity, whereas the other are presented as mean hourly
gigawatt values (GWh/h) [16], [22], [23], [24], [25]-

for groups from 9 to 20 hours. Furthermore, due to the north-
ern latitude of Finland, solar PV power generation is low,
compared to installed capacity, for extended periods of time
during winter. In Fig. 3 these long periods are not distinctively
visible as their number of instances is also low. For example,
if the generation would be below 50% of installed capacity
constantly the whole winter period, it would be shown as a
single instance. However, as the DR of detached houses is
capable only for short-term demand response, this analysis
determines the duration for such DR sufficiently.

D. MODELING FRAMEWORK

The framework utilized in this study for analyzing the
demand response of detached houses for the benefit of the
power system is presented in Fig. 4. It was presumed that
all detached houses heated with direct electric heating or
GSHPs participated in the demand response, for allowing to
examine how great their effect could be if their full flexibility
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FIGURE 3. Number of instances that wind power and solar PV
generations were consecutively less than a set limit of installed capacity
by consecutive hour groups. Considering generation from years 2018 to
2023 [22], [23], [24].

potential was utilized, with the set boundaries. Moreover,
later in Fig. 8 we additionally analyzed the effects with
half of the selected buildings participating. The benefit for
the power system was measured by the increase of utilized
renewable power generation and the decrease of the required
additional power source capacity and generation to balance
the hourly electrical energy supply and demand. The power
source generation was thus defined as the generation required
if the other generation sources were inadequate to satisfy the
power demand. Similarly, the generation that exceeded the
demand was represented as the power sink that would have
been required to balance the supply and demand to avoid
curtailment of renewable energy.
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The optimization performed was two-fold; the first objec-
tive function minimized the required maximum power source
capacity and the second one the generated energy, while
applying the maximum capacity as a constraint, similar
to [27]. In addition, without wind and solar power, the power
generation exceeded the electrical load only by 0.006 TWh
during the six-year period, and thus as the optimization
minimized the additional power source energy required,
it simultaneously maximized the utilization of the added wind
and solar generation. Inputs for the optimization were the
power generation, electrical load, considering the possible
effect of building stock retrofits, the outdoor temperature
from climate zone 2 in Finland (Jokioinen) [28], which repre-
sents well the mean temperature of Finland, and the properties
for the thermal storages representing the demand response
of detached houses heated with direct electric heating or
GSHPs, which are presented in the next sections. As the ther-
mal storages were controlled towards a common objective,
this framework represents an aggregator-controlled demand
response of detached houses, where the aggregator controls
the heating demand of these buildings and the heating of the
domestic hot water, with the set limits.

1) DEMAND RESPONSE BASED ON INDOOR TEMPERATURE
The demand response for the detached houses, based
on shifted heating demand limited by indoor temperature
decrease, was determined with the two-capacity model as
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TABLE 6. Parameters for thermal storages representing the demand responses enabled by decreasing the supplied heating. Values present the total stock
of detached houses with direct electric heating and GSHPs, and the four age categories of each building. Moreover, four development scenarios for the

building stock are presented.

Building stock: Reference
Outdoor temperature (°C)

Building stock: BAU
Outdoor temperature (°C)

Building stock: DH Low
Outdoor temperature (°C)

Building stock: HP Low
Outdoor temperature (°C)

Age

aroup DR Unit 20 15 10 <5 20 15 10 <5 20 15 10 <5 20 15 10 <5
Direct electric heating
2010 DR4 (MWh) 0.5 42 147 408 | 04 38 136 398 | 01 19 105 398 | 0.1 1.9 105 398
DR15 (MWh) 1.9 157 565 81.6 | 1.7 136 513 775 | 05 73 387 754 | 05 73 387 754
2003- DR4 (MWh) 13 77 307 511 | 1.2 70 281 498 | 05 41 204 486 | 0.5 41 204 486
2009 DR15 (MWh) 4.6 294 1074 1074 | 41 256 101.0 99.7 | 22 153 754 971 | 22 153 754 971
1976- DR4 (MWh) 8.9 446 2142 2439 | 83 405 1963 238.0 | 18 357 1666 232.0| 83 357 166.6 232.0
2002 DR15 (MWh) 33.9 166.6 529.5 529.5| 309 1487 4878 4878 | 6.9 136.8 481.9 481.9 | 32.1 136.8 4819 481.9
1975 DR4 (MWh) 4.9 471 1972 1972 | 45 426 1838 1838 | 63 260 1255 1793 | 63 260 1255 179.3
DR15 (MWh) 17.9 174.8 461.6 461.6 | 16.1 161.3 4123 4123 | 229 98.6 367.5 3675|229 98.6 367.5 3675
Ground source heat pump heating
2010 DR4 (MWh) 0.1 1.1 38 104 | 01 10 34 101 | 01 11 40 108 | 0.1 14 51 14.0
DRI15 (MWh) 0.5 39 142 207 | 04 36 129 196 | 0.6 41 148 215 | 07 53 191 278
2003- DR4 (MWh) 0.4 25 100 151 | 01 15 74 145 | 02 17 84 150 | 02 21 107 19.1
2009 DR15 (MWh) 1.5 93 319 319 | 06 55 274 297 | 08 63 308 308 | 1.0 80 394 394
1976- DR4 (MWh) 1.4 63 305 305 | 1.1 57 282 290 | 1.5 74 361 372 | 23 114 551 568
2002 DR15 (MWh) 4.9 239 681 681 | 43 21.6 621 621 | 59 286 81.8 81.8 | 9.1 437 1249 1249
1975 DR4 (MWh) 0.4 46 168 168 | 04 42 156 156 | 1.0 50 282 339 | 1.7 84 469 564
DR15 (MWh) 1.8 173 417 417 | 16 156 366 36.6 | 3.7 195 731 731 | 6.1 324 1217 121.7
Total response achievable by direct electric and GSHP heated detached houses
DR4 (MWh) 18.1 118.0 517.8 605.8 | 162 1062 4764 580.5| 11.4 829 399.6 596.5| 19.5 91.0 440.8 645.8
DR15 (MWh) 67.0 440.8 13109 1342.5| 59.8 395.5 1191.5 1225.3| 43.4 316.5 1164.1 1229.1| 74.6 347.4 1268.6 1335.6
DR4 (MW) 45 295 1295 1515 | 41 265 1191 1451 | 29 207 999 149.1 | 49 227 1102 161.5
DRI15 (MW) 45 294 874 895 | 40 264 794 817 | 29 21.1 776 819 | 50 232 846 89.0

presented in Section II-B, which was adjusted to correspond
to the heat losses of detached houses presented in Section II-
A. That s, the detached houses were presented with eight type
buildings, four for each age category for both direct electri-
cally heated and GSHP heated detached houses. Moreover,
four building stock development scenarios were included
(Reference, BAU, DH Low, and HP Low) where the elec-
tricity demand of the buildings reduced (BAU, DH Low,
HP Low) and the share of buildings heated with GSHPs
increased (DH Low, HP Low).

For each examined building type, the two-capacity model
was utilized to determine the power and energy by which
the heating demand could be reduced, before the indoor
temperature reached the set lower thermal comfort limit of
20.5 °C, from the default indoor temperature of 21.5 °C. The
temperature levels were selected similarly as in [6]. However,
as the temperature decrease in terms of reduction in supplied
heat was non-linear, the demand response was applied by
defining two cases, which were defined by demand responses
for four and for 15-hour time periods. These time periods
were chosen based on the short-term consecutive hours that
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wind and solar PV power generation were low, as discussed
in Section II-C and Fig. 3. That is, the two-capacity model
was used to define the amount the heating power of an
examined building type can be reduced for four hours and
for 15 hours, before reaching the set thermal comfort limit
of 20.5 °C. In addition, the reduced heating energies for
these responses were defined. These values were then used
as the parameters, power and energy, for the thermal storages
which represented the demand response of these buildings.
Thus, these storages represented how the DR could shift the
heating load of the detached houses. Moreover, they were set
as maximum limits for the thermal storages, and for example
the storage representing a 15-hour response could be applied
for 30 hours as long as it did not exceed its energy and
power limits, so in this example the storage would operate
on average with 50% of maximum power. The values for
these thermal storages representing the indoor temperature
demand response for each building type (age category and
heating system) are presented in Appendix A Table 10, where
also the share of the heating which could be reduced is
presented.
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After these thermal storages representing the four and
15-hour demand responses were defined for each analyzed
building, they were scaled up linearly such that half of the
total floor area for each building type, from Table 2, was
assumed to utilize the four-hour demand response and half
the 15-hour demand response. Thus, the demand response,
based on the indoor air temperature, for the total stock
of detached houses heated with direct electric heating and
GSHPs, was represented with 16 thermal storages; two heat-
ing systems, four building age categories, and two different
demand responses for each. These storages representing the
total demand response of these detached houses are presented
in Table 6. Storages based on the four-hour response, namely
DR4, had higher power output but lower energy capacity,
whereas the storages based on the 15-hour response, namely
DRI15, had a lower power output but greater energy capacity.
As with storages representing single house DR, for outdoor
temperatures of 10°C and above, the DR was limited as
presented in Section II-B, to adapt the storage values to the
decision of utilizing a simple version of the two-capacity
model which did not include internal heat gains or solar irra-
diation, so that the DR capacity did not exceed the required
heating demand, from [3], during the demand response peri-
ods for four and for 15 hours. Moreover, for the GSHP heated
buildings, a coefficient of performance of four was presumed
for the GSHPs, which limited the electricity required for the
heating of the building to one fourth of the heating demand.
The response times for both heating systems is fast as direct
electric heating can be controlled in seconds and GSHPs from
seconds up to a few minutes depending on the heat pump
technology [29]. As in this study the energy balance was
analyzed with an hourly time interval, both technologies were
presumed to be operated in a similar manner.

2) DEMAND RESPONSE BASED ON DOMESTIC HOT WATER

In addition to the demand response based on indoor tempera-
ture, a demand response obtained by controlling the domestic
hot water storage tank temperature was determined. For this,
it was assumed that the DHW tank of each examined building
type had a volume of 200 liters, as in [6], and that the tank
temperature was at default at 55°C, which is the minimum
required temperature for domestic hot water [30]. Moreover,
the maximum temperature for the DHW tank was set as
65°C [30]. Thus, the demand response energy of a single
DHW tank was 2.33 kWh, and it was modeled as a corre-
sponding thermal storage. Furthermore, the DHW usage data,
in kW, from [3] was utilized as the constraint for discharging
power from this storge, to limit the usage of the DHW demand
response only to the DHW purposes. The maximum charging
power of this thermal storage was the rated power of the
electric water heater, 2 kW, reduced by the DHW usage. Thus,
it was assumed that the remaining capacity of the electric
water heater would be possible to be utilized to heat the water
to a higher temperature than otherwise required in the storage
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TABLE 7. Properties of the storage representing the demand response of
DHW tank temperature variation. For each building stock renovation
scenario.

Building Energy Charging Discharging
develop ment capacity power (max) power (max)
scenario
(MWh) (MW) (MW)

Reference 914 752 787
BAU 914 752 787
DH Low 1044 859 899
HP Low 1274 1048 1096

Ref & BAUCH —DHLowCH ——HP Low CH

- --'Ref& BAUDCH - -- - DH Low DCH - - = -HP Low DCH

0 | . | ,
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time (h)

FIGURE 5. Maximum charging (CH) and discharging (DCH) power of the
domestic hot waterDR storage. Discharging power as descending duration
curve and charging as the corresponding power for each time step.

tank. Moreover, a thermal loss of the DHW was assumed to
be 0.5% as in [21].

As the DHW demand was the same for all examined
building types in [3], the storage representing this demand
response was scaled up by the total floor area of direct
electric and GSHP heated buildings from Table 2, to obtain
the parameters for the total thermal storage for the building
stock. Thus, the DHW demand response of all these detached
houses was represented with a single storage. The properties
of the demand response based on the heating of the DHW tank
and then discharging this additional heat are presented for the
total detached houses heated by electric heating or GSHPs in
Table 7. Note that the charging and discharging powers were
limited to the heating requirement of the DHW for the type
building from [3], and thus the values in Table 7 represent the
maximum powers.

3) OPTIMIZATION

The optimization performed was two-fold; first minimiz-
ing the additional power source capacity required to satisfy
the electricity demand, and secondly minimizing the power
source energy while applying the capacity as a constraint. The
two-fold optimization was used to allow the examination of
how the power source capacity can be reduced in addition to
the energy reduction.

The capacity values can for example be used to analyze the
required peak power generation capacity in a power system.
The optimization was performed with an hourly time interval
and for each year for the six years separately. In the first
objective function the power source capacity was minimized
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as in (3) with constraints in (4)-(21).

Min PP source capacity (3)
8 8 8
Pltoad + Z PE,IZM ch Z PEIZM deh Z Pgllus ch
n=1 n=1 n=1
8
_ Z Pgltus deh PPRDHW ch PDRDHW dch
n=1

< Pl;ixed gen + P;Nind + P?Olar PV + Plt:) source ( 4)
P? source < pp source capacity 5)
SoCEM = SoCDH, 4 PR ppI)

SoCEff“ limitation , 1 6)
SoCpR* < SoCpRd max )
SoCPR4 = SoCPR4 M3 'y = 1.t =T (®)
PE,IIM ch < brlz),ltu PE,IzM ch max (9)
PB][M deh (1 _ br121t24 ) Pgltu dch max (10)
SoCE}t“S _ SOCnD’RiSI +P2§15 ch _ PEI}IS dch

_ SOCE}}] limitation , 1 (11)
SoCR!Y < SoCPR1 mex (12)
SoCPRIS = SoCPRISMax 4 — |t =T (13)
le}]&h < bEIEISPEl}ISCh max (14)
PB][QISdch < (1 _ bﬁlfls) PB][USdch max (15)
SoCPHW — §oCPHW )y  pPHWeh _ pDHWdeh 1 > 1 (16)
SoCPHW — 0 r=1,r=T (17)
SoCPHW < goCPHW max (18)
P][)HWch < bPHW P][DHWch max (19)
P})HW deh (1 _ bPHW) PPHW dch max (20)
SOCE}}“, PEltMch’ Pr]lDlthch’ SOCEl}lS, PEI}ISch’

pORISdch o CDHW pDHWeh pDHW deh _ ppsouree
1)

where t depicts time and n the storages representing demand
response. In addition, (4) ensures that the power supply
from nuclear, hydro, and CHP (Pflxedgen) and the wind
and solar PV generations (PVind, pSolarPVy tooether with the
power source (PF"°""“°) satisfy the load, accounting the charg-
ing (PDRAch  pDRISch = pDHWeh) 3nd discharging (PDR44N,
PPRISdeh - pDHWdch) from the thermal storages representing
the DRs.

Moreover, (6) defines the state of charge (SoC) of the DR4
and (7) constraints it below its maximum, while (8) forces the
SoC to be at its maximum for t = 1 and t = T. Furthermore,
(9) and (10) constraint the charging and discharging of DR4
storage below its maximum and ensures by utilizing a binary
variable (bPR4) that only one of them is used at a time. The
term (SoCEif‘“imitaﬁ"“) in (6) adjusts the SoC of the thermal
storage to comply with the SoC limitation for outdoor temper-
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ature equal or more than 10°C, as presented in Section II-B
and Table 6. The term was positive for increasing temperature
and negative for decreasing temperature and had a value of
the difference of the maximum storage capacities for the
particular temperature interval from Table 6. Furthermore,
equations 11 to 20 repeat the constraints for DR15 and DHW
storages similarly to (6) to (10) for the DR4 storage. It is
good to note that the thermal storages which describe the
indoor temperature control, DR4 and DRI15, start with full
capacity, which corresponds to a situation where the detached
houses they relate to would be heated as normal, that is,
same as without the DR. The discharging of these storages
corresponds to reducing the heating of the buildings momen-
tarily, whereas charging corresponds to heating them back to
the normal level. The optimization algorithm controlled the
operation of these storages, within the set constraints, towards
the objective function.

After the minimum required power source capacity was
solved, the optimization was repeated, by minimizing the
required energy generation from the additional power source,
with the objective function in (22). In addition, the required
power source capacity was set as a constraint, in (23), while
the rest of the constraints, (4)-(21), were kept as previously.

t=T .
Min ZI_I pp souree (22)

pPp souree capacity - g1y tion from(3) (23)

Ill. RESULTS

The first objective of the optimization was to minimize the
power source capacity, which would have been required to
satisfy the load when the other generation sources were not
able to do so. The peak capacities required during the exam-
ined six-year period are presented in Table 8, considering the
four building stock scenarios and different installed capacities
of wind and solar PV power. However, as the installed solar
PV capacity did not affect the required peak power source
capacity over the six years, as the peak was required when the
solar PV generation was zero, its variation is not presented.
From Table 8 it can be noted that the demand response based
on indoor air temperature control and DHW tank operation
of the direct electricity and GSHP heated buildings, was able
to reduce the peak power source capacity by 0.62 GW (12%),
from 5.1 GW without the DR to 4.5 GW with the DR, with
the Reference building stock scenario. The power decrease
with the Reference scenario is comparable to a single existing
nuclear reactor in Loviisa Finland, with a generation capacity
of 507 MW, although the short-term DR could not replace
the generation from such a reactor, with almost constant
generation. In addition, the reduction was also significant
compared to the peak power system load of 14.7 GW, between
2018 and 2023 in Finland, although keeping in mind that the
objective was not to minimize the peak power system load.
In addition, the installed wind capacity had a minor impact
on the results. With the other building stock scenarios, the DR
was able to reduce the required peak power source capacity
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TABLE 8. Required peak power source capacity with and without household DR during the six-year period, considering four scenarios for the building

stock.
Building stock scenario
Reference BAU DH Low HP Low
Parameter Unit 7.5'GW 10 GW 7.5'GW 10 GW 7.5'GW 10 GW 7.5'GW 10 QW
wind wind wind wind wind wind wind wind
Power source peak w/o DR GW 5.12 5.08 4.42 4.37 3.87 3.87 4.27 421
Power source peak with DR~ GW 4.50 4.46 3.98 3.93 343 3.42 3.74 3.63
Reduced Power source peak ~ GW 0.62 0.62 0.44 0.44 0.44 0.44 0.53 0.58
Reduced Power source peak % 12.1 12.2 10.0 10.1 114 11.5 124 13.8
itself, 0.7 GW with BAU, 1.2 GW with DH Low, and 0.8-
- 7= -Refw/oDR = —&=—Refwith DR 0.9 GW with HP Low, before considering the DR. These
- —+=-BAU w/o DR —6— BAU with DR . ..
- - -DH Low w/o DR —6— DH Low with DR reductions were due to the reduced electricity demand of the
- +— -HP Low w/o DR —&— HP Low with DR total building stock in the building stock scenarios for the
future. Moreover, as the share of buildings utilizing the heat-
60 — , Power source , ing systems participating in the DR in the HP Low scenario
was high and the electricity demand low, the resulting share
50 - | of reduction was higher compared to the other scenarios.
The second objective of the optimization was to minimize
g the required generation from the additional power source,
E e ] while setting its capacity as a constraint. The required genera-
o tion is presented in Fig. 6, considering the installed generation
3307 1 capacities of wind and solar PV power and the four building
g stock scenarios. In addition, in Fig. 6, the required power sink
g 201 . energy to prevent the curtailment of generation is presented
o by the same parameters. Thus, to be able to avoid the curtail-
10t - ment completely from excess generation, an electrical load
W75 W75 W75 W75WI0 W10 W10 W10 corresponding to the power sink would be required.
5 o1 S25 S5 87580 S25 S5 S7.5 The required additional power source generation decreased
124 137 150 163 166 179 191 204 as the generation from wind and solar power increased.
Generation from wind and solar PV (TWh) An exception to this was when instead of 7.5 GW of installed
Power sink capacity of both wind and solar PV only 10 GW of wind
[ ' ] ' i power was utilized. Although then the total generation from
100 F . wind and solar PV increased from 163 to 166 TWh, over

A0r 8

Power sink (TWh)
3

20
W7.5

W7.5
S0 525 S5

W75 W75W10 W10 W10 w10

§7.5 S0 S2.5 S5 S7.5

124 137 150 163 166 179 191 204
Generation from wind and solar PV (TWh)
FIGURE 6. Required power source and power sink energy with and
without DR during the investigated six-year period by the generation from
the wind and solar PV with varying installed capacities, which are
presented on top of the x-axis for wind (W) and solar PV (S) in GW. Also
considered are the four scenarios for the total building stock.

by 0.44 to 0.58 GW, 10.0 to 13.8%, compared to without
DR. In addition, retrofitting the building stock resulted in
significant decrease in the peak power source requirement
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the six-year period, also the required additional power source
generation increased. This is visible in Fig. 6 where the
graphs for the power source increase between 163 and 166
TWh of wind and solar PV generation. This highlights the
benefit of the negative correlation between wind and solar
power. Moreover, as the retrofitted building stock scenarios
had a significantly reduced electricity demand, with them the
required power source generation was significantly reduced
compared to the Reference and BAU scenarios. Likewise,
the power sink requirement was increased as the generation
clearly surpassed the load. Furthermore, if the summed power
source and sink generation were to be calculated it was the
lowest with 7.5 GW of wind and 5.0 GW of solar PV for
the Reference and BAU building stock scenarios, whereas for
the two others it was with just 7.5 GW of wind, due to the
significantly reduced electrical load in them.

Nevertheless, the DR decreased the required power source
and power sink energy for all scenarios. The decrease over
the six-year period was between 1.42 and 2.23 TWh for the
power source, which is presented in detail in Fig. 7. The
reduced power source generation was affected by the installed
capacities of wind and solar power, and by the building stock
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FIGURE 7. Reduction of power source and power sink generation during
the six-year period by detached houses’ DR by installed wind and solar

PV scenario. Moreover, four building stock scenarios are presented.
Reduction compared to same scenario without DR.

scenario considered, which was affected mostly by the share
of buildings participating in the DR, as presented in Table 2
in Section II-A. In addition, in Fig. 7 the decrease of power
source and sink generation is presented as a percentage,
compared to without DR. With increased wind and solar
PV generation the percentage the DR operation was able to
reduce the power source requirement increased, but simul-
taneously the percentage reduction of power sink reduced
due to the high amount of excess generation as depicted in
Fig. 6. The reduced power source energy varied between
2.5% and 11.6%, whereas the reduced power sink energy
varied between 1.4% and 7.0%.

In Fig. 8 the reduction of power source capacity and gen-
eration are presented if only one of the demand responses,
indoor air temperature control or DHW, were utilized. It can
be noted that in terms of reduced energy both demand
responses performed equally significantly, except when the
building stock was retrofitted according to the HP Low sce-
nario, where the reduction was greater with the DHW DR.
In terms of reduced power source capacity, for building stock
scenarios Reference and DH Low the DHW DR was capable
of greater reduction, whereas for the others the reduction was
on the same level as for the indoor air temperature-controlled
DR. In addition, in Fig. 8 the same results are presented if only
half of the detached houses participated in the DR, instead
of all, with grey data points. The resulting reductions were
roughly half compared to full stock participating with minor
variation.

The CO, emitting power generation sources utilized in the
analysis were combined heat and power, CHP, for district heat
and industrial heat, and the additional power source required
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FIGURE 8. Reduction of power source capacity and energy by only
utilizing the demand response based on indoor temperature control or
domestic hot water, considering the six-year period. All wind and solar PV
scenarios are presented with separate data points. Full detached house
stock indifferent colors and half stock participating in grey.

to satisfy the load if there was a deficit of power genera-
tion. These CHP productions emitted a total of 25.6 Mt-CO,
from 2018 to 2023, using the benefit allocation method and
for 2023 the same emissions factors, in Mt-CO,/TWh, as in
2022 for lack of newer data [31]. In addition, assuming that
the power source generation required would be generated
with combined cycle gas turbines with a 56% electrical effi-
ciency [32] utilizing natural gas as a fuel with an emission
factor of 200 kg-CO2/MWh [33], the emissions for generated
electricity with the additional power source were 356.9 kg-
CO2/MWh. The total emissions of the power generation are
presented in Fig. 9, considering the installed capacities of
wind and solar PV, and the four building stock scenarios.
As this study neglected power imports from abroad, the addi-
tional power source emissions had a major impact on the total
emissions, which thus deviated from the historical emissions
of the Finnish power generation. In addition, in Fig. 9 the
attainable emission reductions with the DR operations are
presented. They varied from 0.51 to 0.66 Mt-CO; for the
Reference building stock, and between 0.53 to 0.80 Mt-CO,
for the rest of the building stock scenarios, over the six-
year period. These reductions were due to increased use of
wind and solar PV generation by the DR replacing the power
source generation. However, compared to the total emissions
from the power generation, these emission reductions were
moderate; for example, for the Reference building stock
between 1.1% and 1.7%, whereas for the other building stock
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FIGURE 9. Top: Power system emissions during the six-year period with
and without detached houses DR, by installed capacities of wind and
solar PV power, and for four building stock scenarios. Bottom: Emission
reductions with DR for each scenario compared to without DR.

scenarios they varied between 1.3% and 2.4%. Moreover,
as with the power source generation, the building stock sce-
nario had a major impact on the emissions as it affected
significantly on the total electricity demand.

IV. DISCUSSION

This study found out that the DR of detached houses in
the Finnish building stock can have a significant impact
on the peak requirement of reserve power, measured here as
the additional power source capacity required. The capacity
reduced was on the same magnitude of a nuclear reactor.
However, clearly this short-term DR could not replace the
annual generation from a nuclear reactor, which can generate
constantly almost at full capacity. Moreover, the ability of the
DR on reducing the power source energy or power system
emissions, by integrating more renewable generation, was
reasonable.

Several assumptions were made in the analysis presented,
which had an impact on the results, and which may be
improved in future studies. The indoor air temperature was
set to be 21.5°C, which was allowed to be decreased to
20.5°C by the DR operation. In future studies it could be
modeled how the DR operation changes if a wider indoor air
temperature range is allowed. Moreover, a simple version of
the two-capacity building model was utilized in this study,
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TABLE 9. The parameters utilized in the two-capacity model to describe
each of the direct electricity and GSHP heated buildings for all age
categories. Parameters C9, C™, 79, and T* were not altered and thus only
the remainig variables from Table 3 (section 11-B) are displayed here.

Parameter
Heating system e v m x g
(Scenario) Age group H H H H H
2010- 0.29 0.33 5.16 0.48 0.05
Direct Electric 03-09 0380 0.442 5.049 0.646 0.060

(Reference 2020) 76-02 0451 0.535 4956 0.791 0.064

GSHP 03-00 0420 0494 499 0712 0067
(Reference 2020)  76-02 0536 0650 4.841 0946 0.074

Direct Electric 03-09 0.343 0396 5.094 0391 0.113
(BAU 2050) 76-02 0.408 0478 5012 0466 0.134

GSHP 03-09 0380 0.442 5048 0429 0.126
(BAU 2050) 76-02 0.484 0579 4911 0.549 0.160

Direct Electric 03-09 0.295 0336 5.154 0.357 0.090
(Retrofit 2050) 76-02 0374 0.434 5056 0461 0.112
-1975 0.390 0455 5.035 0481 0.117
2010- 0.29 0.33 5.16 0.48 0.05
GSHP 03-09 0375 0.435 5055 0459 0.114
(Retrofit 2050) 76-02 0.493 0591 4899 0.618 0.146

which did not consider internal heat gains and heat from
solar irradiation. Thus, the DR operation in this study can be
considered rather a pessimistic one instead of on optimistic
one, as including these heat gains would somewhat slow the
temperature decreases of the buildings. On the other hand,
every included detached house was presumed to participate
in the DR operation, which can be considered an optimistic
assumption. Estimating customers willingness to participate
in such DR operation was beyond the scope for this study,
however for example [34] has studied these. Furthermore,
in future studies the large-scale cooling of buildings could be
modeled, which demand, even in cold climate regions, may
increase in the future due to climate change. In addition, the
demand response of other units, such as electricity storage
and appliances, could be modeled for a large-scale study,
considering a national building stock.

As the DRs ability to limit the required power source
capacity was significant, these responses would be beneficial
to be utilized as their impact on the occupants of the detached
houses can be considered to be minor. However, the operation
of these DRs would require existing, or likely instalment
of new, home automation systems in the detached houses.
To ease the additional cost for these installments, they should
be conducted during the standard maintenance and renovation
processes of the houses. Moreover, the operation of such DRs
would be beneficial to be performed by an aggregator, for
simplicity for the consumers, and for ability to participate on
several different power system marketplaces. Furthermore,
economics were not included in this study, but for the owners
of the buildings to participate in such a DR operation it would
have to be economically viable. However, as the aggregated
capability of these DRs was significant, their operation in
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TABLE 10. Storages representing demand response for each building type for single buildings. For each building are shown the heating electric energy
which can be reduced before the indoor temperature decreased to 20.5°C, for both demand responses, DR4 (4h) and DR15 (15h), and the share (%) that
the heating power can be reduced for these responses. Moreover, as presented in Section I1-B the response was limited with high outdoor temperature,
based on the building data from [3], as the two-capacity model does not consider internal heat gains, which are relevant with higher temperature.

Direct electric heating. Reference 2020 building.
Age category: 2010- 2003-2009 1976-2002 -1975
e
(°TC) (k‘\‘:/lh) (kl\i/}}ll) 4h () 15 (%) (k‘\‘:/lh) (1(1\75\11;1) 4h(e) 15 (%) (k‘\t{/lh) (leSV};l) 4h () 15 (%) (ki‘:/lh) (klvsvl;l) 4h ) 15 (%)
20 0.05 0.18 100 100 0.1 0.36 100 100 0.2 0.6 100 100 0.1 0.4 100 100
15 0.4 1.5 100 100 0.6 2.3 100 100 0.8 2.8 100 100 1.1 39 100 100
10 1.4 5.4 100 100 2.4 8.4 100 91 3.6 8.9 100 65 4.4 10.3 79 50
5 39 7.8 74.2 39.5 4.0 8.4 53.0 294 4.1 8.9 433 24.9 44 10.3 32.0 20.1
0 39 7.8 43.1 229 4.0 8.4 33.7 18.7 4.1 8.9 29.2 16.8 4.4 10.3 22.0 13.8
-5 39 7.8 30.9 16.4 4.0 8.4 25.2 14.0 4.1 8.9 22.5 12.9 4.4 10.3 16.9 10.6
-10 39 7.8 235 12.5 4.0 8.4 20.2 11.2 4.1 8.9 18.2 10.5 4.4 10.3 13.6 8.6
-15 39 7.8 18.5 9.8 4.0 8.4 16.4 9.1 4.1 8.9 15.4 8.9 4.4 10.3 11.5 7.2
-20 39 7.8 15.2 8.1 4.0 8.4 13.6 7.6 4.1 8.9 13.2 7.6 4.4 10.3 9.7 6.1

GSHP heating. Reference 2020 building.
Age category: 2010- 2003-2009 1976-2002 -1976
e
(°TC) (kéxt;vlh) (13\;};1) 4h (%) 15 (%) (k?;\}/lh) (13\;5&/};1) 4h (%) 15 (%) (kﬁflh) (1(1\;5&/};1) 4h (%) 15 (%) (ki‘xlllh) (13\2/1;1) 4h (%) 15 (%)
20 | 001 005 100 100 | 003 01 100 100 | 01 _ 02 100 100 | 003 0.1 _ 100 100
15 | o1 04 100 100 | 02 06 100 100 | 02 08 100 100 | 03 12 100 100
10 | 04 13 100 100 | 07 22 100 8 | 11 24 98 59 | 1. 28 69 45
5 10 20 742 395 | 10 22 483 274 | 11 24 374 24 | 1 28 278 184
0 10 20 431 229 | 10 22 308 175 | 11 24 252 151 | L 28 192 126
S5 1o 20 309 164 | 10 22 231 130 | L1 24 195 116 | 1. 8 147 97
40 | 10 20 235 125 | 10 22 185 105 | 11 24 158 94 | 1L 28 119 78
11 1.
11 1.

-15 1.0 2.0 18.5 9.8 1.0 22 15.0 8.5 2.4 13.3 8.0 2.8 10.0 6.6
-20 1.0 2.0 15.2 8.1 1.0 2.2 12.5 7.1

_ e
[\S]
oo

2.4 11.4 6.8 2.8 8.5 5.6
Direct electric heating. Business-as-usual 2050 building.
Age category: 2010- 2003-2009 1976-2002 -1975
T® 4h 15h o o 4h 15h o o 4h 15h o o 4h 15h o o
(°C) | (kWh) (kWh) 4h (%) 15 (%) (kWh)  (kWh) 4h (%) 15 (%) (kWh)  (kWh) 4h (%) 15 (%) (kWh)  (kWh) 4h (%) 15 (%)
20 0.04 0.16 100 100 0.09 0.3 100 100 0.1 0.5 100 100 0.1 0.4 100 100
15 0.36 1.3 100 100 0.6 2.0 100 100 0.7 2.5 100 100 1.0 3.6 100 100
10 1.3 4.9 100 100 22 7.9 100 95 33 8.2 100 67 4.1 9.2 82 49

5 3.8 7.4 80.0 41.5 3.9 7.8 56.6 30.5 4.0 8.2 459 25.4 4.1 9.2 332 19.8
0 3.8 7.4 46.4 24.1 39 7.9 36.1 19.4 4.0 8.2 30.9 17.1 4.1 9.2 22.9 13.6
-5 3.8 7.4 333 17.3 39 7.8 26.9 14.5 4.0 8.2 239 132 4.1 9.2 17.5 10.4

-10 3.8 7.4 25.4 13.2 39 7.9 21.5 11.6 4.0 8.2 19.3 10.7 4.1 9.2 14.2 8.5
-15 3.8 7.4 19.9 10.4 39 7.9 17.5 9.4 4.0 8.2 16.3 9.1 4.1 9.2 11.9 7.1
-20 3.8 7.4 16.4 8.5 3.9 7.8 14.5 7.8 4.0 8.2 14.0 7.8 4.1 9.2 10.1 6.0

GSHP heating. Business-as-usual 2050 building.
Age category: 2010- 2003-2009 1976-2002 -1975
Te | 4n  15h ] | 4 15m , | 4 1sm ) ol an 1sm , ,
co) | awh) awhy ) OO gy gewny MO SO gy qewny O SO gy gewny OO 1500)
20 | 001 004 100 100 | 001 004 100 100 | 004 02 100 100 | 003 0.1 100 _ 100
15 | 009 03 100 100 | 01 04 100 100 | 02 08 100 100 | 03 11 100 100

10 0.3 1.2 100 100 0.5 1.9 100 100 1.0 2.2 100 59 1.1 2.5 71 44
5 1.0 1.9 80.0 415 1.0 2.0 58.4 32.0 1.0 22 39.4 22.5 1.1 2.5 28.6 17.8
0 1.0 1.9 46.4 24.1 1.0 2.0 36.6 20.0 1.0 22 26.5 15.2 1.1 2.5 19.7 12.3
-5 1.0 1.9 333 17.3 1.0 2.0 27.0 14.8 1.0 22 20.5 11.7 1.1 2.5 15.1 9.4
-10 1.0 1.9 25.4 132 1.0 2.0 21.6 11.8 1.0 22 16.6 9.5 1.1 2.5 12.2 7.6
-15 1.0 1.9 19.9 10.4 1.0 2.0 17.6 9.6 1.0 22 14.0 8.0 1.1 2.5 10.3 6.4
-20 1.0 1.9 16.4 8.5 1.0 2.0 14.6 8.0 1.0 22 12.0 6.9 1.1 2.5 8.7 5.4

Direct electric heating. Retrofitted 2050 building.
Age category: 2010- 2003-2009 1976-2002 -1975
e

(°TC) (k;‘;/lh) (13\;5&/};1) 4h (%) 15 (%) (k;‘»}/lh) (13\;5v};1) 4h (%) 15 (%) (k‘\%flh) (13\;5&/};1) 4h (%) 15 (%) (ki‘x}/lh) (13\?/111) 4h (%) 15 (%)
20 0.01 0.05 100 100 0.04 0.2 100 100 0.1 0.5 100 100 0.1 0.5 100 100
15 0.18 0.7 100 100 0.3 1.2 100 100 0.6 2.3 100 100 0.6 22 100 100
10 1.0 3.7 100 100 1.6 5.9 100 100 2.8 8.1 100 77 2.8 8.2 100 78
5 3.8 7.2 95.2 48.7 3.8 7.6 67.5 35.6 39 8.1 50.4 27.6 4.0 8.2 50.2 27.7
0 3.8 7.2 54.4 27.8 3.8 7.6 41.3 21.8 39 8.1 335 18.3 39 8.2 335 18.5
-5 3.8 7.2 37.3 19.0 3.8 7.6 30.1 15.9 39 8.1 25.7 14.1 4.0 8.2 24.5 13.5
-10 3.8 7.2 274 14.0 3.8 7.6 239 12.6 39 8.1 20.7 11.3 4.0 8.2 18.7 10.3
-15 3.8 7.2 21.5 11.0 3.8 7.6 19.2 10.1 39 8.1 17.3 9.5 4.0 8.2 15.0 8.3
-20 3.8 7.2 17.6 9.0 3.8 7.6 159 8.4 3.9 8.1 14.8 8.1 4.0 8.2 124 6.8
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TABLE 10. (Continued.) Storages representing demand response for each building type for single buildings. For each building are shown the heating
electric energy which can be reduced before the indoor temperature decreased to 20.5°C, for both demand responses, DR4 (4h) and DR15 (15h), and the
share (%) that the heating power can be reduced for these responses. Moreover, as presented in Section 1I-B the response was limited with high outdoor
temperature, based on the building data from [3], as the two-capacity model does not consider internal heat gains, which are relevant with higher

temperature.
GSHP heating. Retrofitted 2050 building.
Age category: 2010- 2003-2009 1976-2002 -1975

e

(OTC) (ké\g/lh) (13\?1111) 4h (%) 15 (%) (k‘\tlvlh) (13\?/};1) 4h (%) 15 (%) (k‘\‘;/lh) (13\)5\/};1) 4h (%) 15 (%) (k;‘;flh) (13\?1};1) 4h (%) 15 (%)
20 | 001 005 100 100 | 001 005 100 100 | 004 02 100 100 | 00 _ 01 100 _ 100
15 | o1 04 100 100 | 0.0 04 100 100 | 02 08 100 100 | 02 06 100 100
10 | 04 13 100 100 | 0.6 20 100 98 | 10 22 100 60 | 08 22 100 69
5 10 20 742 395 | 1.0 20 530 290 | 10 22 390 226 | 10 22 409 235
0 10 20 431 229 | 1.0 20 332 182 | 10 22 263 152 | 10 22 269 154
5| 10 20 309 164 | 1.0 20 245 134 | 10 22 202 117 | 1.0 22 200 115
q0 | 10 20 235 125 | 10 20 196 107 | 1.0 22 163 94 | 10 22 159 9.1
45 | 10 20 185 98 | 10 20 159 87 | 10 22 138 79 | 10 22 131 75
20 | 10 20 152 81 | 10 20 132 72 | 10 22 118 68 | 10 22 110 63

the day-ahead markets could reduce the peak hour prices,
thus allowing economic benefits, not only for the owners of
the detached houses, but all consumers. Hence, one aspect
of future studies would be to model the economics of such
DR operation and considering how the DR operation could
alter the hourly electricity price, including considering how it
would affect the bidding from different generators. Previous
studies assessing the economics of demand response can
be found in [7], [10], [11], and [12]. In addition, studies
considering short time intervals should consider the response
times for the heating systems. As here an hourly time interval
was utilized, these considerations were outside the scope of
this study.

Although precise comparison to previous studies is diffi-
cult as their objectives were not exactly the same and the
included measures varied, the results presented in this study
present that the DR operation improved the metrics to a
similar direction as previous studies. In [12], the peak system
load was reduced approximately by 5% with the DR operation
of houses, remembering that there the aim was costs reduc-
tions achieved with demand response. In [11] the proposed
pricing schemes affected the peak load between +2.4% and
-4.8%. On the city scale study in [13], the DR operation
of buildings’ indoor temperature and electric vehicles was
able to reduce the curtailment from renewables by 1-3%.
Additionally, the winter peak load, presented in the figures
of the study, was reduced approximately by 10% with the
building DR, although in the discussion a 11-60% reduction
during curtailment evets is mentioned [13]. In this study the
peak power source capacity was reduced by 10-13%.

In addition, in [9] the 10-apartment terraced house DR was
able to reduce emissions by 0.5-3%, whereas in this study the
reduction was between 1.1-2.4%. Moreover, in a Finnish case
study combining hydro power operation, electric vehicle DR
and detached houses DR based on indoor temperature control,
thermal storage, and DHW operation, the renewable energy
curtailment was reduced by 12.5% to 72%, or 4.2-4.7 TWh
yearly and the load curtailment by 1.3-3.2 TWh per year [15].
However, the differentiation of detached houses indoor tem-
perature and DHW based DR operation was not possible

VOLUME 13, 2025

and thus comparison of the results difficult. Nevertheless,
the power sink reduction presented in this study was 1.44 to
2.26 TWh over the six years (0.24 — 0.38 TWh/a) and the
power source reduction 1.42-2.23 TWh (0.24-0.37 TWh/a),
which compared to [15] were realistic results, considering the
lower, and realistic, number of detached houses participating,
based on [3], and that this study did not include hydro opera-
tion, electric vehicles or separate additional thermal storages
in the houses.

Compared to these previous studies, the novelty in this
study was modeling and analyzing how a large-scale demand
response operation of detached houses can affect the power
source and sink requirements of the power system by allow-
ing a greater integration of renewable generation sources.
Additionally, the peak power source requirement was mini-
mized which lacks from the current literature.

As presented for example in studies [13], [15], demand
response operation does not limit to DR capabilities of
detached houses. For instance, electric vehicles are a com-
monly studied DR entity. In [35] it was found that controlled
charging of approximately 1.7 million EVs in Switzerland
could reduce the peak net load after renewables up to 11.6%.
In addition, in a Finnish case study with a fully electrified
passenger transport with 2.9 million EVs, controlled charging
could reduce the peak power source requirement by 1.5-
2.1 GW with unidirectional charging and by 2.2-3.2 GW
with bidirectional charging, compared to uncontrolled charg-
ing [27]. Moreover, the power sink was reduced up to 1.3 and
3.8 TWh/a with unidirectional and bidirectional controlled
charging compared to uncontrolled charging. Thus, with the
assumption in these studies, for Finland electric vehicles offer
a greater potential for DR operation compared to detached
houses.

V. CONCLUSION

This study examined how the demand response based on
indoor air temperature control and domestic hot water thermal
storage tank operation, of the detached houses with direct
electric or GSHP heating, can reduce the power source capac-
ity and energy requirement of a power system. The numerical
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FIGURE 10. Chronological historical generation and total electrical load data in Finland for 2018-2023, used in this study. Wind and solar PV
generation in per unit values of installed capacity. Also, domestic hot water data for the Reference and BAU building stocks is presented [3],

40

[16], [22], [23], [24].

results were obtained with a case study of the Finnish power
system and corresponding building types. In addition, the
effect of different retrofit scenarios for the total building stock
was analyzed.

It was concluded that with detached houses as in the
current building stock this DR operation could reduce the
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required additional peak power source capacity by 0.62 GW
or 12%, whereas with the future building stock scenarios the
reduction varied between 0.44-0.58 GW or 10-13.8%. More-
over, reserve power generated measured by the power source
energy could be reduced, over the examined six-year period,
by 1.4 to 1.9 TWh (2.5-6.1%) with the existing building
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stock and by 1.5 to 2.2 TWh (3.1-11.5%) with the different
retrofit scenarios. The ranges are due to the different installed
capacities of wind and solar PV analyzed. As the power
generation without wind, solar PV, and the power source
only exceeded the load by 0.006 TWh over the six years, the
decrease in power source generation was fully achieved by
the DRs ability to improve the integration of the wind and
solar PV generations.

Thus, the potential of the selected sources of DR can
have a significant impact on the required peak power source
generation in the Finnish power system. However, the ability
to reduce the generated energy by the power source was
relatively low, although percentage wise the reduction was
at most 6.1% for the Reference building stock. However,
this was due to very high generation of wind and solar
PV power which resulted in low reserve power demand
overall, and great amount of excess generation. As the poten-
tial to reduce the power source generation was moderate,
such was the DRs ability to reduce the related emissions.
The emissions reductions attainable were between 0.51 to
0.80 Mt-CO, over the six-year period, which resulted in
1.1 to 2.4% decrease in the total emissions of the power
generation.

The retrofit scenarios had a great impact on the required
power source capacity and energy requirements. This was
foreseeable, from [16], as the retrofit scenarios affected the
total building stock and reduced the electricity demand of
the building stock considerably. However, regardless of the
building stock scenario examined, the DR operation was able
to benefit the power system.

APPENDIX A. PARAMETERS FOR DEMAND RESPONSE
See Tables 9 and 10.

APPENDIX B. POWER SYTEM DATA

In Fig. 10 the chronological time series data for the generation
and load used in this study for each year from 2018 to 2023 is
presented. Wind and solar PV power are presented as per unit,
p-u., values of installed capacity. In addition, the domestic
hot water demand in the Reference and BAU building stock
scenarios is presented for a year and a week in January,
which would equal the DWH demand in the DH Low and HP
Low building stock scenarios, if scaling factors of 1.14 and
1.39 would be utilized.
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