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Abstract—With the increasing uptake of heat pumps and
photovoltaics within the European building stock, demand-
side management becomes an increasingly discussed option to
balance the volatile share of renewable electricity generation.
But what is the potential short-term flexibility of electricity
loads in residential buildings within EU countries? And if this
potential is used, how would it affect the overall electricity
consumption profiles? To answer these questions, we look at so-
called "prosumagers”. In this work, prosumagers are considered
to be households that use a heat pump and minimize their
energy costs through optimization using an hourly electricity
price signal (day-ahead wholesale electricity price plus grid
fees), keeping the indoor temperature in a specific bandwidth.
Results show that prosumaging households can support the
grid and decrease electricity demand at high electricity prices.
At the same time, electricity peak demand could rise up to
12% in some EU countries in the future, if all households react
to the same hourly electricity price.

Index Terms—demand response, heat pumps, building stock,
optimization

I. Introduction

Decarbonization efforts and declining renewable elec-
tricity generation costs have been driving up the amount
of fluctuating, renewable electricity generation in the grid.
To deal with the fluctuation increase, demand response
(DR) can make an important contribution to the energy
transition. DR from the residential building stock using
heat pumps (HPs) is considered to have a large flexibility
potential. In this work, we investigate the future potential
of the building stock in the EU member states to shift
electricity demand using real-time pricing. In doing so, we
ask the question of how large the actual potential of the
residential building stock for short term flexibility is and
how the electricity consumption profiles will be affected
if all HP-heated buildings shift their demand based on
the same price profile on a country level for EU member
states. To do so we analyze two price profiles in this study
also showing how the end-consumer prices going down to
zero in some hours intensify or weaken possible effects
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on the consumption profiles? To answer these questions
the remainder of this paper is structured as follows. First,
in section II, an overview of the state of the art on DR
in buildings and grid interaction is provided. Section III
describes the used methodology, and in section IV, results
are discussed, finishing with section V summarizing the
findings.

II. Literature Review

DR of residential buildings with HPs has been widely
studied, and the potential of the thermal mass as short
term storage highlighted [8], [11], [13]-[19]. Other studies
have focused on how the flexibility of buildings can be
defined [7], [12], [22] and some investigated how this
flexibility could affect the electricity grid [2], [8], [10], [20],
[21].

The term "flexibility” is defined and expressed in many
different ways in literature, some of which are compared in
[9]. Yu et al. [2] give a comprehensive overview of building-
related flexibility indicators and distinguish them into key
performance indicators describing the interaction with the
grid and the independence of a building. In this study we
focus on the impact of flexibility on the overall electricity
system. Therefore we look at indicators introduced in
[10] and [8]. Klein et. al. [10] introduced a so called grid
support coefficient (GSC). They carried out an analysis
for Germany using the day-ahead price, the residual load,
the non-renewable cumulative energy consumption and
the fraction of fluctuating renewable energy in the mix
to show their approach on a single building. They analyze
the impact of all HPs in 2023 and 2030 on the residual
load if they are operated ’grid friendly’. Their results show
that the residual peak loads are affected in a limited way.
At the same time, no undesirable overcompensation of
the residual load fluctuations occurred. At times with a
low residual load in winter, demand can be significantly
improved. Sperber et al. [1] show in their study that large-



scale DR to a single electricity price signal can lead to a
so-called avalanche effect. An avalanche effect means that
through the simultaneous DR action of many buildings,
new electricity price- or new demand peaks occur. Fur-
thermore, the DR on a large scale could influence the
electricity market significantly, which is not captured by
most studies. They did so through an iterative process
where the day ahead electricity price is updated based
on the flexibility provided by HPs trying to avoid any
avalanche effects. Results show that DR of buildings by a
unified price incentive (day ahead price from 2019) does
not reduce peaks in the residual load.

The above-mentioned studies focusing on the national
demand only focus on Germany [1], [10]. Similar to these
studies we analyze how prosumaging households change
the overall grid demand on a national level for the EU
member states. By doing so, we take different building
stock typologies, amount of heating systems, and climatic
conditions into account.

III. Method

In this study, we combine 3 different models to predict
the impact of prosumagers on the national electricity grid
demand. The first model is a bottom-up building stock
model called Invert EE-Lab [6] which was used in the
ECEMF! project to generate building stock scenarios up
to 2050 for all EU member states. The properties of all
building archetypes for each country calculated by the
Invert model are used as input in this work. In the scenario
used for this study the building stock is modeled under
the assumption of a strong future electrification and high
efficiency which translates into high annual renovation
rates (average 3.1% from 2019 to 2050). The average
final energy demand for heating in the residential building
sector will decrease by 56% by 2050.

The second model is the Balmorel model [3], [4],
an energy system model that was used to calculate
the electricity prices on an hourly level for the years
2030, 2040, and 2050 in every EU member state. In the
Balmorel model a high share of renewable generation
was assumed for the future scenarios which results
in spot prices close to and equal to zero at times of
high renewable generation. The underlying COs price
is 69 €/toCO4, 212 €/toCOy and 529 €/toCO4y for the
years 2030, 2040 and 2050. In times of low renewable
generation and high load on the other side, flexibility
options at higher costs like dispatchable generation units,
storage discharge, or import set the marginal price, which
results in relatively high spot prices. For the base-year
we use the day ahead price from the ENTSO-E platform
in 2019. With these prices we created two price scenarios.
The first scenario has no grid fees, showing negative
prices in 2019 and zero prices in the other years. In the
second scenario 20 cent/kWh grid fees were added. This
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Fig. 1: Overview of the model combination and input data

way we can observe the effects of zero end-consumer
prices on the load shifting behavior.

The first two models provide the input data for the
third model (FLEX) (visualized in Figure 1) which calcu-
lates the electricity demand of the HP heated residential
building stock. The FLEX model is a bottom-up, oper-
ation optimization and simulation model for residential
buildings which calculates the hourly energy demand of a
building for two cases:

1) the building is a consumer or prosumer and energy
demand (heating, hot water and electricity) is sat-
isfied independently of the hourly electricity price.
The indoor temperature is kept above a certain set
point. Storages (thermal water tanks), are charged
with local PV generation if installed.

2) the building is a so-called prosumager and the oper-
ation of the HP is optimized to minimize electricity
costs based on an hourly real-time price. Indoor
temperature is kept above a certain set point but
can be increased by 3°C to pre-heat the building.
Storages are operated to minimize costs as well.

The resulting electricity grid demand profiles of each
building can then be compared for these two cases, giving
insight into the possible load-shifting behavior of HP-
operated buildings. The simulation and optimization are
carried out for every building archetype and multiplied by
the number of buildings this archetype represents. This
way, the electricity demand profiles are upscaled to the
building stock level.

The FLEX model uses a linear optimization approach to
calculate the optimal operation of the HP in each building
with the objective of minimizing energy costs:

t=8760
min Z Pyrid, ¢ * Pt (1)
t=1

with p representing the hourly electricity price and Pyr;q
being the electricity demand drawn from the grid. The grid
demand is the sum of the electricity demand of appliances,
the HP and the air conditioning (AC) (if installed), minus
the PV generation if a rooftop PV is installed.

Pyrid, t = Pappliances, t + Pup, t + Pac,+ — Pev, ¢ (2)

The electricity demand for the HP (Pyp) is calculated
through the fraction of the heating demand and hot water



and their respective coefficient of performance (COP) with
the subscript k indicating the different heating needs
which include: room heating, heating the buffer tank,
DHW usage and heating the DHW tank.

Qheatlng k, t (3)

P
e e Z COPheatmg, k, t

The source temperature is the outside temperature for
air source HPs and a static 10°C for ground source HPs.
The sink temperature of each building is dependent on
the buildings heating system (radiators or floor heating)
and the insulation level. To charge the buffer or hot water
tank the sink temperature is raised by 10°C to include
losses in the heat exchangers. Hot water is provided at a
temperature of 55°C.

Tsink
cor 1 Tsink - TSO'LLTCC (4)
HPs are sized to be able to provide the necessary
heating power in the coldest hour of the day to keep the
indoor temperature above the set point. Buffer tanks are
sized with 30 1 per kW thermal power of the HP. Tanks
for domestic hot water are sized with 100 1 per person.
Battery storages are ignored within this work as the
roll out of stationary batteries would include multiple
assumptions for each country.

The FLEX model provides two electricity grid demand
profiles for the residential building stock which uses HPs.
The first profile is the consumer/prosumer profile where
households do not react to the electricity price (reference
profile) and the second profile is the prosumager profile,
where the HPs react to the hourly electricity price in
each country. We are using these profiles to calculate the
change in demand at low and high electricity times and
check what the change in demand through prosumaging
can have on the national electricity demand. We do that
for all EU member states except Malta and Cyprus due
to insufficient data for these two countries.

Le Dreau [8] introduced a flexibility factor for the
heating demand based on the hourly price using the first
and fourth price quartiles (low and high price time).
A higher flexibility factor means that more energy is
consumed at low prices. We use the same definition of this
factor just for the electricity grid demand (P) instead of
the heating demand.

Pt t— fhigh price Pt dt

Pt dt + fhigh price Pt dt
(5)
Klein et. al. [10] introduced an abolute GSC (GSCups)
and a relative GSC (GSCye). The GSCgyps describes
the grid friendliness of a certain consumption profile
while the GSC,.; is a rescaled version (between -100
and 100) of the GSCyps to make it comparable between
different profiles. GSCyps is calculated by weighting the

Flexibility factor = flOW price

flow price

electricity consumption with the price and dividing it by
the consumption times the average price (p). The "best
case” for GSCyps would be if the total consumption within
the time frame would only be consumed during the hours
with the lowest price and the "worst case” is calculated by
assuming consumption during the hours with the highest
price. The electricity price and the residual load are
strongly correlated [10], [11] thus a low GSC, is seen
as grid friendly. In this study, we calculated the GSC)
for the electricity demand of the residential building stock
with and without prosumagers.

>oit) Parid, P
t=1 4 grid, t * Mt
GSCabs = T =

t=1 Pgrid,t P

GSCyps(worst case) — GSClyps
GSCaps(worst case) — GISCyps(best case)
(7)

At last, we investigate the peak electricity demand on a
national level and show how the peak demand can increase
through prosumaging like in [1]. While [1] focused on
the residual load peak we are considering the national
electricity demand peak in this study:

GSCre =200 -

P= max(Poational, t) with t€(1,2,..,8760)  (8)

IV. Results and discussion

In Figure 2 the flexibility factors for all EU countries
are shown as boxplots. The reference case refers to the
case where prosumagers do not exist and no load is
shifted. Through prosumaging, the flexibility factor can
be increased, more so if zero prices (Price 1) are passed
on to the prosumagers. In Figure 3), we see the change in
the total EU electricity demand at high and low prices.
The demand at high prices (4" quartile) is reduced more
than it is increasing at low prices if the electricity price
does not go to zero (price scenario 2). With zero prices
the demand at high prices can be reduced slightly more,
at the same time the increase at prices in the 1% quartile
can more than triple compared to price scenario 2. While
the change in electricity demand on average national level
is below 2%, it is increased around 20-30% in the first
quartile and reduced up to 10% in the 4*" price quartile
for the buildings which perform the DR. The reduction of
the overall electricity demand at high prices could indicate
a potential to reduce CO2 emissions. At the same time,
the increase in low prices would likely contribute to a
higher share of renewable generation in the electricity mix
or reduced curtailment of renewable generation. However,
the question remains if this additional demand can be
completely covered by renewables. To answer this question
a spatial analysis of the demand coupled with a grid model
would be required.

The GSC,.; shown in Figure 4 is lowered in every coun-
try by prosumagers meaning that DR can be beneficial
for the electricity grid. For price scenario 2 the GSC,.¢
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Fig. 3: Average change in the total grid demand in the
EU in the 1st and 4" price quartile.

drops even more than in price scenario 1. This means
that even though more demand is shifted, negative pricing
for prosumagers is less system-friendly than if prices stay
positive. With zero prices, very inefficient DR actions are
taken which becomes evident when analysing the change in
total grid demand. Through prosumagers the grid demand
rises by an average of 3% in the first price scenario while
it decreases by around 1% in the second. The high losses
occurring when electricity can be bought for zero prices
have a dampening effect on the GSC,..;. Another reason
why the end consumer price should not go to zero is
given in Figure 5. We can see that in most countries,
the national peak demand will rise, especially in Price
Scenario 1. The national demand can rise up to more
than 14% in 2040 in some countries. Countries with many
HPs compared to their overall total electricity demand and
with a high electricity price standard deviation experience

the highest peak demand increase. In 2050, the rise in
national demand is not as extreme as in 2040 due to better
insulated buildings and an increase in electricity demand
in other sectors. In some countries, the peak demand can
also be reduced through prosumaging, however only by a
small percentage (<1%).
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Fig. 5: Increase in national peak demand in the EU.

At the same time, new high peaks could be avoided
by introducing different hourly grid tariffs in the regions,
better reflecting electricity scarcity and preventing the
simultaneous reaction of too many prosumagers to the
same price signal. A more effective way to use the
building stocks flexibility could be by directly controlling
the individual HPs [23], [24]. At the same time, direct
control has been identified as a possible barrier to
user acceptance [11]. The results presented above vary
relatively high within the different countries. A detailed
analysis on country level with a spatial distribution of
the loads to investigate the possibility of prosumagers to



reduce grid congestion through different electricity tariffs
will be subject to further research.

A clear limitation of the approach presented is ignoring
grid capacities and the spatial distribution of loads. The
Flexibility Factor and GSC are supposed to show “grid-
friendliness”, however without knowing the spatial distri-
bution of the loads, possible grid congestion is not taken
into account. Therefore, the authors would describe the
meaning of these factors as system friendliness because,
regarding the grid, no well-founded statement can be
made. Also, with this approach, the active DR is not
factored into the electricity price. In [1] it was shown that
DR of residential heat pumps can have an impact on the
price.

V. Conclusion

In this work we investigated the impact of prosumaging
on national electricity grid demand using hourly day-
ahead prices. The increase in peak demand could lead
to higher needed investments into the electricity grid
infrastructure if prosumagers react to the same price
profile. Flexibility indicators like the Flexibility Factor
and GSC,¢ suggest that prosumagers are behaving in
a system-friendly way. The electricity consumption could
be reduced by 0.8% in 2040 and 2050 on EU level at
high price periods, which would most likely also reduce
CO4 emissions in the power sector. Simultaneously, the
grid demand increases by at least 0.4% at times with
low electricity prices, which could indicate a possible
reduction of renewable electricity curtailment. The day
ahead prices for prosumagers should not go to zero because
the excessive demand increase in these hours could lead
to higher electricity peak demand on a national level and
due to higher losses might be less system friendly than
using positive prices.
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