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a b s t r a c t

Renewable power generation will increase and more heat pumps (HP) will be installed in the UK causing
challenges regarding balancing electricity supply and demand. Demand Response (DR) can help overcom-
ing this issue. This paper investigates how DR with HP can be used for efficient grid operation and which
potential exists in the UK. A model has been developed. It allows estimating the impact of introducing
HP on the half-hourly load profile on both single dwelling and UK grid level. In the base case scenario it
has been shown that grid peak loads would increase by about 6 GW in the winter. On household level,
peak loads would approximately triple. DR has the potential to avoid the new peak loads on grid level. On
emand response
mart grid
emand side management

household level, new peak loads can only be reduced. In an ideal case, in the winter peak loads would rise
by 2 GW on grid level. In single dwellings peak loads would increase by one quarter. In both cases DR can
avoid the new peak loads. The findings confirm results of previous studies regarding future challenges
for grid operators. DR can be one of several solutions that help overcoming these obstacles and it should
thus be promoted.

© 2015 Elsevier Ltd. All rights reserved.
. Introduction

In the UK, the aim is reducing greenhouse gas emissions by 80%
rom 1990 levels by 2050 (CCCFCBR, 2014). One element that helps
chieving these climate targets is producing power from renew-
ble energy carriers. However, this causes challenges regarding the
atching of electricity supply and demand leading to an increased

eed for flexibility (Holttinen et al., 2013).
Another trend that can help reducing greenhouse gas emissions

s the electrification of heating homes by utilising heat pumps. It is
redicted that 2.5 to 4 million HP might be in operation in the UK in
030 (CCCFCBR, 2014). This development can be used for balancing
emand and supply by utilising DR. Through shifting loads away
rom times of insufficient supply or high grid load to times where
surplus of electricity exists or grid load is low DR has the effect of
virtual electricity storage on the electricity grid. Since around 27
illion households exist in the UK (DECC, 2014a) a huge potential

or shifting electrical heat loads might arise. This paper investigates
he use of residential DR with HP for efficient grid operation and its

otentials in the UK.

The literature review revealed that several studies (REDPOINT,
014; Prüggler, 2013; Buber, von Roon, Gruber, & Conrad, 2013;

∗ Corresponding author.
E-mail address: lukas.kreuder.13@ucl.ac.uk (L. Kreuder).

ttp://dx.doi.org/10.1016/j.scs.2015.07.011
210-6707/© 2015 Elsevier Ltd. All rights reserved.
Brunner, Tenbohlen, & Braun, 2013; Pudjianto et al., 2013; Barton
et al., 2013) identified vast potentials for utilising DR with HP.
However, there is still a general need for quantification of costs
and benefits of DR (USDE, 2014; Strbac, 2008) and business cases
for DR with HP should be investigated further (Prüggler, 2013). In
the UK, Department of Energy and Climate Change (DECC) (DECC,
2014b) recognised that more research is required in the context of
electrification of heat and transport.

The paper reviews the literature in Section 2 and presents the
modelling methodology in Section 3. Afterwards, the results are
summarised in Section 4. Following the discussion in Section 5,
conclusions will be made in Section 6.

2. Theory

2.1. The case for demand response

Demand Side Management (DSM) is a measure that aims at
affecting a consumer’s electricity demand (Evans & Meagher, 1993).
DSM can be subdivided into three categories. Energy efficiency
targets on reducing the overall demand for electricity. On-site gen-
eration is used to flatten load curves. DR focuses on changing the

electricity demand during peak times in order to balance supply
and demand (Warren, 2014).

Fig. 1 shows the effects that DSM has on load curves. The load
shapes depicted in curves 1–3 are DR measures. The effect of

dx.doi.org/10.1016/j.scs.2015.07.011
http://www.sciencedirect.com/science/journal/22106707
http://www.elsevier.com/locate/scs
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scs.2015.07.011&domain=pdf
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Fig. 1. Load shaping opp

nergy efficiency is visualised in curve 4. Electrification results from
ncreasing electricity consumption. The effect is shown in curve 5
World Bank, 2014).

Utilising DR has multiple benefits. It lowers the need for
nvestments in peak load power plants and grid reinforcements.
mplementing DR helps increasing the security of supply. More-
ver, transmission losses can be lowered since congestions are
eing reduced (Strbac, 2008; Bradley, Leach, & Torriti, 2013; Ofgem,
014). DR can decrease the costs of electricity. This results from
he investments avoided (DECC, 2014b) and the fact that whole-
ale electricity prices can be reduced through DR (Bradley et al.,
013; Ofgem, 2014). Also, it helps balancing the fluctuating feed-

n of renewable power generators (Bradley et al., 2013) which is
articularly important to systems with low-flexibility generation
Strbac, 2008).

Several barriers to the diffusion of DR exist. Missing Information
nd Communication Technology (ICT) is reported in Strbac (2008).
he planned roll-out of smart appliances and home automation is
ncertain (ENAE, 2014). A lack of understanding of the business
ase for DR is observed since the benefits of DR are not quanti-
ed (Strbac, 2008). This also results from the absence of incentives
nd the general market structure (Strbac, 2008; ENAE, 2014). Since
R depends on user behaviour, social barriers to the diffusion of
R exist. Consumers have to be motivated to conduct DR. This

s threatened by a lack of awareness of and consumer interest in
R (ENAE, 2014). Thus, the DR potential is uncertain from a socio-
emographic perspective (Jochem et al., 2014).

.2. Eligible residential consumers

In the domestic sector, loads that have a high elasticity like heat-
ng, wet and cold appliances are eligible for DR. This is because
ustomer satisfaction is less affected when shifting these loads
Hamidi, Li, & Robinson, 2009). Using appliances like computers
r audio devices for DR would have a higher impact on customer
atisfaction. Thus, these consumers are less suitable for DR (Timpe,
014).

Wet and cold appliances were investigated in Timpe (2014)
egarding their DR opportunities. Potentials in terms of shifting
r interrupting appliances operation were found (Timpe, 2014).
hese potentials are questioned by Prüggler (2013). She investi-
ates the DR business model in European electricity spot markets
nd concludes that DR with household appliances like refrigerators

r washing machines is not economically feasible. Economically,
nly DR with HP is found to be viable (Prüggler, 2013).

Arteconi, Hewitt, and Polonara (2013) have investigated the DR
otential of HP in Northern Ireland. They state that HP are suit-
ties (World Bank, 2014).

able for DR and that they can be turned off for 3 h. However, if the
household has a heating system with a low thermal inertia such
as radiator systems it might become necessary to retrofit a ther-
mal energy storage. This is not the case if the household uses an
underfloor heating system (Arteconi et al., 2013). Buber et al. (2013)
assessed the potential of HP in Germany. They found high load shift-
ing potentials and highlight that these are dependent on external
temperature (Buber et al., 2013). Moreover, HP DR potentials are
constrained by building type and the building’s thermal character-
istics in terms of insulation and heat capacity (Prüggler, 2013).

2.3. The market for HP in the UK

In the UK, domestic heating is dominated by gas boilers (IEA,
2014). A market for HP did not exist before 2005. However, since
then a steady market growth could be observed (Staffell, Brett,
Brandon, & Hawkes, 2012). In 2012, around 86,000 HP were in
operation (EurObserver, 2014).

HP have several opportunities. Since electrical energy is being
used HP are theoretically suitable for delivering zero-carbon heat-
ing energy (Hawkes et al., 2014). The market potential in the UK is
vast and depends on the new-built housing and boiler-replacement
rates. In the UK yearly 200,000 to 300,000 new dwellings are
being built and about 1.4 million boilers are being replaced (Singh,
Muetze, & Eames, 2010).

Nevertheless, HP uptake is slow due to barriers to growth. The
net present value of HP is currently often lower than the one
of conventional heating alternatives (FEEEP, 2014). Poor building
insulation is an obstacle (National Grid, 2014a). Also, grid chal-
lenges will arise as a consequence of potential high HP installation
rates (Ecuity, 2014). Moreover, an uncertainty regarding future pol-
icy developments in the field of HP exists (Kreuder, 2014). Other
barriers cover behavioural aspects like a lack of awareness (FEEEP,
2014; Ecuity, 2014).

Different HP diffusion scenarios until 2030 in the UK exist. Fig. 2
summarises them.

National Grid’s scenarios vary almost by factor 10 from each
other. Within gone green 5.7 million HP will be in use in 2030
whereas slow progression assumes only 0.6 million HP. Committee
on Climate Change (CCC) have a base case scenario with 4 mil-
lion HP in 2030 and a bad case scenario estimating the diffusion of
2.5 million HP. Kreuder (2014) has derived a scenario for the UK

from historic growth rates in Switzerland and Sweden. By apply-
ing these growth rates to the UK a diffusion of 1 million HP has
been projected. The high spread of these scenarios represents the
uncertainty connected with forecasting HP diffusion.
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ig. 2. HP diffusion scenarios (CCCFCBR, 2014; National Grid, 2014a; Kreuder, 2014).

.4. DR potentials in the UK

Publications (REDPOINT, 2014; Pudjianto et al., 2013; Barton
t al., 2013) quantify potentials of DR in the UK. All studies take a
ong-term perspective. A future electrification of residential heat-
ng by using HP as well as an electrification of passenger transport
hrough electric vehicles (EV) is assumed in all investigations. A

arket-oriented approach taking into account the effects of dif-
erent DR tariffs is discussed in REDPOINT (2014). Modelling the
ffects of DR on distribution grid level and the impact on the elec-
ricity system is investigated in Pudjianto et al. (2013); Barton et al.
2013).

All publications state high potentials for DR in the UK. Redpoint
Element Energy (REDPOINT, 2014) claim that the domestic sector

as a peak demand reduction potential of 0.5 to 2.5 GW in 2030.
udjianto et al. (2013) conclude that peak loads in the distribu-
ion grid increase by factor 2 to 3 and DR can save £ 10 bn across
0 years. Barton et al. (2013) state that net peak demand can be
educed by 10 GW through DR. Moreover, maximum surplus power
an be reduced by 10 to 16 GW. The results are dependent on the
odelling assumptions as well as on the diffusion of HP and EV.
oreover, the development of the entire electricity system in the

ext decades is unclear and thus causes uncertainty.

. Methodology

.1. Modelling approach

A model has been developed to quantify the impact of installing
ir source heat pumps (in the following called HP) on the electrical

oad curves on dwelling and UK grid level. Fig. 3 summarises the
pproach.

For the dwelling heating need the variables building heat loss
oefficient (H), balance temperature (Tbal) and ambient tempera-

Fig. 4. Modelling dwell

Fig. 5. Modelling hea
Fig. 3. Methodology.

ture (Tam) have been considered. An average daily dwelling heating
need Q̇ in kWth was derived by multiplying H with the delta of Tbal
and daily mean Tam as shown in Fig. 4.

The electrical HP power PHP has been estimated by the method
shown in Fig. 5. The dwelling heating need was multiplied by (1 + l)
whereas l takes into account losses in the heat distribution system.
Afterwards, the product was divided by the COP.

Regarding DR, the methodology presented in Hawkes et al.
(2014) was developed further. They suggest fitting the HP load
curve to the underlying load curve in a way that peak load is
being minimised (Hawkes et al., 2014). Two cases were investi-
gated. The first case assumed a constant HP operation over the day.
The second case assumed perfect DR. Subject to the underlying load
curve (either household or system load curve), PHP was increased
or reduced. The following logic was applied to calculate the second
case PHP values for every half-hour of the day:

if
current value of underlying load curve < daily mean of underly-

ing load curve
then
constant heat pump operation PHP + (daily mean of underlying

load curve − current value of underlying load curve)

else
constant heat pump operation PHP − | current value of underly-

ing load curve − daily mean of underlying load curve |

ing heating need.

t pump power.
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illustrate the underlying household load curves as black areas. The
dashed curve represents the household load curve that would result
from operating a HP constantly. After shifting HP load from peak to
off-peak hours the grey area results.
L. Kreuder, C. Spataru / Sustainabl

This logic can produce a load curve that has negative values.
ince PHP can never be negative, the optimum was assumed to be a
ix of the values of the load of the constant operation and the theo-

etical best case DR scenario. This mix was estimated by generating
9 cases. In each case the optimal DR load curve and the constant
P operation load curve were weighted with a value between 1
nd 99%. For instance, the values of the constant HP operation load
urve were multiplied by 0.99 whereas the values of the optimal DR
oad curve were multiplied by 0.01. Afterwards, the values of the
onstant HP operation load curve were multiplied by 0.98 whereas
he values of the optimal DR load curve were multiplied by 0.02.
his has been done until the resulting load curve only contained
ositive values.

It was assumed that HP are centrally controlled by a third party
uch as a DR aggregator or a grid operator. Moreover, Dwellings
re equipped with a hot water storage tank and the ICT that is
equired for DR. Occupant behaviour, technological aspects of HP
peration, economic constraints and the interplay with other tech-
ologies or renewable electricity feed-in were neglected. Lastly, it
as assumed that the HP modelled cover the building heating need
hereas hot water supply was not considered.

.2. Data

COP data were derived from equations in Energie (2014) sub-
ect to Tam and flow temperature. The source was verified against
function that is based on measured values for a UK dwelling by
oss (2014). Results were found to be in a similar range.

Household load curve data from English Housing Survey (EHS)
easurements provided by a tool developed in Palmer et al. (2014)
ere used. These are available as monthly average values in 10 min

ntervals. The data were summarised to half-hourly values by tak-
ng the mean. Only load profiles for households with a ground floor
rea between 99 and 149 m2 and without electrical heating were
sed. For the UK’s grid load curves, half-hourly National Grid data
eferred to as i014 TGSD were used (National Grid, 2014b). This
ross system demand is calculated from Elexon generation data and
ontains station load, pump storage pumping and interconnector
xports.

Data from another EHS dataset containing physical building
haracteristics of dwellings in England have been used for H. For
mbient temperature, daily mean values from Weather Under-
round for London have been utilised (Weather Underground,
014).

.3. Scenario definition

First, a base case scenario was developed. Table 1 summarises
ts inputs. The value for H represents the median of the 2.5 million
wellings with the lowest H in the EHS dataset. A sensitivity anal-
sis of the base case has been conducted varying the parameters H

nd COP. The effect on the load curves has been assessed on both
ousehold and system level. Moreover, the impact of different HP
iffusion scenarios has been investigated on UK grid level. Finally,
n ideal case has been modelled. This case assumed the highest

able 1
ase and ideal case parameters.

Parameter Base case value Ideal case value Unit

Building heat loss coefficient 250 100 W/K
Building balance temperature 15.5 11 ◦C
HP flow temperature 55 35 ◦C
Losses of heat distribution system 10 5 %
HP COP Variable Variable –
Heat pump market diffusion 2.5 5.7 Million
s and Society 19 (2015) 136–143 139

HP diffusion stated in the literature. Furthermore, the dwellings in
which the HP are being operated are assumed to be highly energy
efficient. The parameters of the ideal case are also shown in Table 1.

The scenarios were applied to workdays and holidays on both
household and UK grid level. The following coldest days of 2012 as
well as average autumn days were selected:

� Coldest winter workday: Friday 03/02/2012, −2 ◦C London mean
Tam.

� Coldest winter holiday: Saturday 11/02/2012, −3 ◦C London
mean Tam.

� Average autumn workday: Thursday 15/11/2012, +8 ◦C London
mean Tam.

� Average autumn holiday: Saturday 24/11/2012, +6 ◦C London
mean Tam.

On household level, for the autumn days load profiles for
November and for the winter days load profiles for January were
used. January profiles were preferred over February profiles since
data is consistent with the autumn profiles. On UK grid level, for
each day the specific grid load curve was taken from the National
Grid dataset.

4. Results

4.1. Base case

4.1.1. Household level
Fig. 6 depicts the results of the base case scenario for the two

winter days on household level. The top chart shows the coldest
holiday and the bottom one the coldest workday 2012. Both charts
Fig. 6. Base case result—Household Winter.
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and HP diffusion. Regarding H, the impact on peak loads of both
Fig. 7. Base case result—Household Autumn.

Both graphs show that using HP increases the need for electrical
ower of a household. During constant operation on the coldest
oliday peak load increases by the HP load of about 2500 W. This

eads to an increase of daily peak load from circa 1500 W to 4000 W.
n the coldest workday, peak load increases from around 1300 W

o circa 3600 W. HP load is 200 W lower in that case in comparison
o the coldest holiday due to the higher daily mean temperature.
ummarising, in both cases peak load on household level rises by
round factor 2.70 through HP utilisation.

Through applying the load shift logic described, peak load can
e reduced by 675 W on the coldest holiday and by 604 W on the
oldest workday. This is marked by an arrow. In both charts a
orizontal load curve is the result of shifting HP loads. Peak load

ncrease can be lowered through DR from factor 2.70 to 2.30 and
herefore by 17% in both cases.

Fig. 7 depicts the results for the two autumn days. The new peak
oads resulting from constant HP operation are clearly lower when
eing compared to the winter.

On the autumn holiday (top chart) peak load through constantly
perated HP is increased by circa 700 W from 1350 W to a bit more
han 2000 W. Due to colder mean temperature, 950 W are added to
he domestic load curve on the autumn workday. Peak load rises
rom 1400 W to 2350 W. Therefore, it increases by factor 1.50 on
he holiday and factor 1.70 on the workday. DR reduces peak loads
y 591 W on the holiday and by 670 W on the workday. Therefore,
he absolute DR potential is in a similar range as the one estimated
or the winter days. DR brings down the peak load increase factors
.09 on the holiday and 1.20 on the workday.

Summarising, the base case results on household level indi-
ate that electrical load would increase drastically if HP were
ntroduced. Due to the dependency of the COP of HP on ambient

emperature, this effect is stronger the colder it gets. Load shifting
an contribute to lowering peak loads but especially in the winter
rid operators still have to deal with higher loads.
Fig. 8. Base case result—Grid Winter.

4.1.2. UK electricity grid level
Fig. 8 depicts the base case results on grid level. The top chart

represents the results for the coldest holiday and the bottom one
refers to the coldest workday 2012.

Without DR, the 2.5 million HP would increase peak load by circa
6.3 GW on the holiday and 5.7 GW on the workday. The deviation,
again, results from the temperature difference (−3 ◦C on the holiday
versus −2 ◦C on the workday). Through constant HP operation peak
load would increase by factor 1.12 on the holiday and 1.10 on the
workday.

Through DR this new peak can be avoided. This results from
the fact that the valleys in the underlying grid load profiles can
be ‘filled’ with the electrical energy needed by the HP. The load is
mainly being shifted away from the peaks in the morning and the
evening to the valleys at night-time.

The results for the base case for the autumn are summarised in
Fig. 9. Due to milder temperatures a constant HP operation rises
peak loads by circa 2.3 GW on the workday and 1.7 GW on the holi-
day. In comparison to the winter days peak loads through constant
HP operation are around three times lower in the autumn. As in the
winter, through DR the new peaks can be avoided by shifting HP
load to hours of lower system load.

Concluding, as well as on household level UK grid peak loads
would increase significantly through constant HP operation. How-
ever, in contrast to the situation for households new peaks can be
avoided by load shifting HP load.

4.2. Sensitivity analysis

The sensitivity analysis was conducted with the variables H, COP
household and grid load curves was strong during the winter due
to low temperatures. Increasing H from 100 to 350 W/K leads to
doubling peak loads in the winter on household level. On grid level,
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Fig. 9. Base case result—Grid Autumn.

he same increase of H leads to a peak load rise by factor 1.10 in the
inter. In the autumn, peak load increase was less strong on both
ousehold and grid level.

The impact of reducing or increasing the HP COP was also
bserved to be stronger in the winter than in the autumn. House-
old peak load without DR in the winter varies by 1350 W between
25 and +25% COP. On grid level, the same COP variation leads

o around 3 GW difference in peak loads in the winter. During the
utumn, these values go down to 350–500 W on household and
.9–1.3 GW on grid level.

Analysing different cases of HP diffusion revealed that even for
.6 million HP DR can reduce peak loads on a winter day by a bit

ess than 1.5 GW on grid level. If 5.7 million HP are used, winter
eak loads could be reduced by 8.6 GW through DR. Therefore, the

mpact of the number of HP on DR potential is high.

.3. Ideal case

The ideal case assumes 5.7 million HP in operation in highly
nsulated dwellings. In the winter, peak loads would increase by
GW on grid level. In single dwellings peak loads would increase by
ne quarter. The new peak loads can be completely avoided through
R in both cases. This shows that even in the ideal case it makes

ense to utilise DR.

. Discussion

.1. Interpretation and context

The fact that HP load is higher in the winter than in the rest
f the year is a drawback because renewable feed-in also occurs

n milder seasons. Since HP load is low or does not exist during
hat time, it cannot be used to balance supply and demand. How-
ver, it still makes sense to utilise DR in order to reduce peak loads
hrough HP operation. Nevertheless, the idea of a virtual electricity
s and Society 19 (2015) 136–143 141

storage is only feasible if further technologies are added. Integrat-
ing additional electricity consumers such as EV would increase the
reliability and usability of this storage.

The modelling reveals future challenges for Distribution Grid
Operators (DNO). Through HP electrical load in the distribution
grid increases. This can be derived from the strong impact of HP on
household load curves that was observed. It could be shown that
DR has the capability of reducing new peaks on household level but
the remaining peak load increase is still significant in most cases.
Therefore, DNO should consider using additional concepts that help
dealing with peak loads such as direct consumption of electricity
from solar photovoltaic generation. Also, using conventional back-
up generation like gas boilers to support the HP during the coldest
days of the year would be helpful.

On the other hand, the situation is less critical for Transmis-
sion Grid Operators (TSO). The load curve on system level has a
high capability regarding the integration of new electrical heat-
ing loads. However, DR concepts should be implemented since a
constant HP operation would increase peak load by around 10%.
Moreover, EV were excluded from the analysis. It is likely that these
in combination with HP will intensify the challenges for both DNO
and TSO.

The literature review showed that DR with HP can be economi-
cally feasible in contrast to appliances (Prüggler, 2013). Moreover,
Hamidi et al. (2009) and Timpe (2014) state that utilising DR with
heat loads makes sense since customer satisfaction is not being
affected. These findings support the recommendation that grid
operators should foster the use of DR with heat loads.

The peak load increases and DR potentials found are higher than
the results in REDPOINT (2014). Here, the authors conclude that the
domestic sector has a peak load reduction potential of 0.5–2.5 GW.
The potentials stated in the base case of this paper showed that
peak load reduction potential amounts for circa 6 GW. The authors
in REDPOINT (2014) take into account economic and technological
aspects as well as future load curve development and EV diffusion
that were neglected within this paper. These points might cause
the different results.

Pudjianto et al. (2013) conclude that distribution grid peak load
increases by factor 2 to 3. This fits to the effect of constant HP oper-
ation on the load curve on household level which was also found
to be within this range. However, it has to be mentioned that the
authors of Pudjianto et al. (2013) also included EV as well as future
load growth modelling in their investigations.

5.2. Limitations and future work

The results have limitations and uncertainties which can be sub-
divided into the categories data, modelling and other.

The sensitivity analysis has shown the importance of valid input
data. The modelling conducted has uncertainties regarding COP,
weather data and the household load curves. The COP data used
were not taken from a peer-reviewed journal and did not specif-
ically state performance under UK climate conditions. However,
the data were verified against a dataset for the UK which pro-
vided values in the same range. Nevertheless, the COP dataset
still contains uncertainty and should therefore be improved in the
future. Regarding weather data the daily mean temperature for
London was used. Since London is not representative for the UK this
approach also adds uncertainty to the analysis. In future analyses,
more representative weather data for the UK should be used. The
household load curves were based on measurements for 14 to 19

households. If these load curves represent UK dwellings adequately,
has to be validated in the future. This could be done by using the
Dynamic Energy Agents Model (DEAM) developed by Barrett and
Spataru (Barrett, 2012).
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The modelling itself underlies simplifications. The dwelling
eating need is being calculated with mean H and Tbal and daily
ean Tam. This approach neglects the variety of physical building

haracteristics of the housing stock. Thus, real world heat load pro-
les have to be integrated into the model. Moreover, the variation of
am during the day is being neglected. These aspects should be con-
idered in the future for improving the modelling validity. The same
pplies for the HP model. Technological aspects of the HP in terms
f the ability to shift load or efficiency losses in part-load operation
ere not considered and should be subject of future investigations.
R with HP can help integrating renewable power generators into

he grid. However, this has not been respected in the model. Future
esearch should thus take into account half-hourly feed-in data of
enewable power plants.

Other limitations result from the fact that economic, political
nd behavioural aspects addressed in the literature review were not
espected. HP diffusion scenarios range from 0.6 to 5.7 million HP
n the UK in 2030 (CCCFCBR, 2014; National Grid, 2014a; Kreuder,
014) which shows the uncertainty in terms of future HP use. Fur-
hermore, it has been assumed that the necessary ICT for shifting
P loads is available in the dwellings. As seen in ENAE (2014), the

equired ICT is not yet available in most dwellings. This leads to a
ack of planning reliability for grid operators that would invest in
nfrastructure for DR with HP.

Only air source heat pumps were considered. However, other
P technologies will also be used in the future. Future work-

hould integrate a mix of different HP technologies. Lastly, the
nterplay with other technologies was not taken into account. Espe-
ially, the relation between EV charging and HP operation is worth
ooking at.

. Conclusion

The paper investigated the research question how residential DR
ith HP can be used for efficient grid operation and which poten-

ials exist in the UK. The literature review revealed that HP are
ligible for DR and that high potentials exist in the UK. The base
ase modelled showed that peak loads on grid level would increase
y around 6 GW in the winter. Through DR, these new peak loads
an be avoided. On household level, peak loads would increase by
actor 2.70 in the winter. Here, DR cannot avoid peak loads but
t can reduce the factor to 2.30. In the ideal case, grid peak load
n the coldest winter days would increase by 2 GW which could
e avoided by DR. Therefore, DR with HP has a high potential on
rid level and a lower impact on single household level. Uncer-
ainties are caused by data quality, modelling approach and the
ensitivities H, COP and HP diffusion. Moreover, limitations result
rom the neglected economic, political and behavioural framework
onditions.

The modelling conducted confirms that grid operators face
he challenge of increasing peak loads. DR can provide one part
f a solution of dealing with this issue. However, especially on
ousehold level DR alone does not solve the problem. There-

ore, grid operators should consider additional concepts like
elf-consumption or back-up generation. Concluding, DR can help
educing peak loads through HP in the future. This will reduce the
eed for grid reinforcements. Nevertheless, investments in new
rid infrastructure are likely to become necessary since electricity

emand will grow and balancing demand and supply will become
ore complex.
Future research should address the research needs in terms of

ata and modelling approach mentioned in the discussion sec-
ion. Also, the interplay with other heating technologies, renewable
eed-in and EV should be respected in futures studies.
s and Society 19 (2015) 136–143
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