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Abstract

The expansion of renewable energies (RE) is essential for
achieving the climate targets set by the European Union
(EU). The fluctuating feed-in from RE poses challenges
for the power grid. Power-to-heat systems and
particularly heat pumps can help to successfully match
demand to generation. However, an appropriate control
system is necessary for this approach.

In this paper, a model predictive control (MPC) approach
is investigated on a simulation basis. It is analyzed how
the operating times of heat pumps in multi-family houses
in the Greater Region (GR) can be shifted to the most
economical times. For this purpose, potential flexible
tariffs for the year 2030 are used. The results show a
potential that can aid the grid and lead to financial savings
for the end user in the GR. By using the MPC, monetary
savings of up to 10 % can be achieved compared to a
classical control. Furthermore, the median of the
effectively used electricity prices could be reduced by up
to 4.3 Cents/kWh in Germany and Belgium.

Key Innovations

o Application of a model predictive controller that
enables a more economical operation of heat
pumps

e Assessement of the load-shifting potential of
heat pumps in multi-family houses in the Greater
Region

e Evaluation of the influence of potential flexible
tariffs for the year 2030 in the Greater Region

Practical Implications

The co-simulation with the Building Controls Virtual Test
Bed (BCVTB) enables a wider range of simulations, since
the assets of several programs can be synergized and
individual limitations can be overcome.

Introduction

Climate change is one of the greatest and continuous
challenges in the 21st century. To address and mitigate it,
the European Union (EU) and its members have set
targets for 2030 and 2050. The key targets for 2030 are
committed to achieve a 32% share of energy from
renewable sources and a 40% reduction of greenhouse gas
emissions in reference to 1990 (European Commission
2018a). These strategies are interdependent considering
that greenhouse gas emissions will decrease with an
increased share of renewable energies. Accordingly, the

EU aims to decrease the use of fossil fuels thereby
reducing greenhouse gas emissions. The implementation
and achievement of these targets is an essential step in
reaching climate neutrality by 2050 (European
Commission 2018b).

Incentives are an important aspect of achieving the
ambitious objectives set by the EU. The European
Commission has presented a set of policy initiatives in the
“European Green Deal” that advances the energy
transition by financially supporting the expansion of RE
(European Commission 2019). Moreover, in 2015, the
Paris Agreement established a global framework to
mitigate climate change. This agreement was adopted by
195 countries obligating them to take corresponding
measures to limit global warming to below 1.5 °C
(European Commission 2015).

The share of renewables in the total energy consumption
must be consistently increased in order to achieve the
mentioned targets and eventually reach climate neutrality.
In the EU, the generation of renewable electricity through
solar and wind energy has gotten a lot of attention in the
last several years because of its abundant availability
(SolarPower Europe; WindEurope 2020). However, the
high fluctuation in power generation is challenging for the
electricity grid (Bayer and Marian 2020).

Conventional power plants have supplied the grid through
centralized power generation for years. Decentralized and
fluctuating power generation requires grid expansion to
distribute electricity from high production to high demand
areas. For this reason, Demand-Side Management (DSM)
is a promising solution to fittingly match the demand to
the generation.

In the context of residential buildings, DSM can be
beneficial to energy producers and consumers. Since
nearly all buildings have a thermal energy storage, the
heating energy must not necessarily be generated
instantly. Instead, it can be generated when the grid has
surplus energy, allowing to shift the generation of heat to
another time. This is especially noteworthy since heating
and cooling energy make up 50% of total energy
consumption in Europe (European Commission 2016).

Heat demand of the buildings and fluctuating share of RE
in the electricity generation can be linked via power-to-
heat devices. Such devices generate heat from electricity.
In this contribution, we examine the operation of heat
pumps (HPs) for the generation of heat in multi-family
houses (MFH). This is a plausible scenario, given that
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HPs are becoming increasingly more popular due to their
efficiency.

In the research-project PtH4GR2ID, a model predictive
control approach was developed to operate heat pumps,
via which the load-shifting potential in domestic buildings
has been evaluated. The project investigates the so-called
Greater Region (GR) and the impact of controlled heat
pumps on regional grid stability. MPCs for fix-speed HPs
have been previously studied by Wimmer and Bianchi to
show the potential of shifting the operation time (Bianchi
2006; Wimmer 2005). This paper presents simulation-
based results for different scenarios in the GR using a
controller for HPs with a variable frequency. This
approach allows control of the operation time as well as
the frequency of the heat pump.

Methods

This section presents the procedure of generating the
results. In the first step, several models were developed,
such as the MPC, the buildings, the storage tanks and the
heating system.

The MPC presented in this paper is suitable for air-water
HPs with a variable frequency. The controller shifts the
operation time of the HP to the most economic times using
the two optimization criteria that are considered in every
internal calculation: the period with low electricity price
and the highest coefficient of performance (COP). It
generates an operational forecast for the next 48 hours and
requires the following inputs:

- Price signal: the controller uses a price signal as
an input. Periods with low prices are detected to
run the HP economically. In this contribution,
we used two potential future tariffs for the year
2030 that are based on different scenarios. The
structure and the assumptions can be seen in
Figure 3 and are explained in the corresponding
section.

- Weather prediction: the controller uses the
prediction of the outside temperature and the
solar radiation for the next 48 hours to estimate
the heating demand of the building and the COP
of the heat pump.

- Simplified building model: the controller uses
information such as the areas, orientation of
external walls, roof and windows to calculate the
transmission losses as well as solar gains based
on the weather prediction. The number of
occupants serves as the input for estimating the
need for domestic hot water (DHW).

The used heat pump model represents an air-water HP
with a COP of 3.46 for A7/W35 (air temperature of 7 °C
and water temperature of 35 °C). The model consists of
mathematical equations based on real measurement data.
The HP can be operated with fix as well as with variable
speed and its power can be adapted to the heating loads of
the different buildings.

A critical parameter in the simulation is the dimensions of
the storage tank. Since this parameter will not change
during the simulation, it is usually assigned as a constant.

The outcome of the MPC-approach should ensure higher
operating efficiency and/or lower electricity costs for
consumers. The power consumption of the HP can be
shifted to the most economic periods by comparing the
heating demand of the building with the stored heating
capacity in the water tank. The controller estimates the
heating demand of the MFHSs using inputs from weather
data and building models discussed above. Moreover, the
desired thermal comfort is also taken into consideration
by the controller. More information about this controller
can be found in (R6hrenbeck, S., Benzarti, A., WellBow,
W. H., Maar, K., Hauffe, P., Maul, J.,, Pahn, M.,
Tersluisen, A. u. Giindra, H. 2016).

Furthermore, different building models are needed to
evaluate the potential of controlling the operation of HPs.
This research focuses on the Greater Region, which
contains parts of Germany, France, Belgium and
Luxembourg. The location of the GR in Europe can be
seen in Figure 1.

Subregions of the Greater Region

The position of the Greater Region in Europe

Figure 1: The Greater Region and its location in Europe
(Karina M Pallagst and Beate Caesar 2014)

The residential buildings in the countries of the Greater
Region are neither constricted to one type nor have
necessarily similar features. Accordingly, different
reference buildings are needed to represent the
characteristics of the single countries. In this contribution,
we have modeled separate reference models for
residential buildings in Belgium and Germany.

The reference buildings have been modelled in 3D using
SketchUp software to integrate the geometry into the
simulation environment (Trimble 2017). Figure 2 shows
the 3D-models of the two buildings. SketchUp contains
an interface to the building simulation software TRNSYS,
so that all details of the geometry (orientations, windows,
etc.) can be directly imported.

1)

2

Figure 2: 3D-Models of the two reference buildings: (1)
Belgium, (2) Germany
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The buildings represent older, real existing buildings from
Belgium and Germany. Both MFHSs include 6 apartments,
each with two thermal zones: a living room with a setpoint
temperature of 21°C and a bedroom with 18 °C.
Consequently, each building model contains 12 heated
zones. The MFH in Germany features a heated area of
490 m? (around 82 m?2 per apartment), whereas in
Belgium, around 293 m2 (~50 m2 per apartment).

HPs are the most efficient with small temperature
differences between the source and the sink, meaning that
good thermal standard of the buildings should be ensured.
Accordingly, for the older buildings in Belgium and
Germany, refurbishment strategies have been developed.
These refurbishments are based on the respective
guidelines in the individual countries.

Table 1 shows the heating demand and the peak heating
load for the two different buildings. The values also
contain the needs for domestic hot water, based on a 12-
person household (two persons per apartment). In 2020,
the average consumption of domestic water during a day
was 129 | per person in Germany (Bundesverband der
Energie- und Wasserwirtschaft e.V. 23.03.21). However,
between 30 and 48 liters per person can be assumed as
needs for hot water according to statistics
(Verbraucherzentrale Rheinland-Pfalz 2018). In this
contribution, we’ve chosen an average value of 40 | per
person. Consequently, 480 liters per day are needed for
domestic hot water in the 12-person household of the
MFH.

For the stastical distribution of the hot water, based on a
probability function, the software DHWocalc was used
(Ulrike Jordan and Klaus Vajen 2017). The software
designs the extraction of DHW per minute for a whole
year.

Table 1: Heating demand and heating load of the
refurbished MFHs

Heating demand Peak

Countr heating load
UNEY [kwih/a and kWhimza] [Lv%/]

Germany 28436 / 58 19.8

Belgium 17891 /61 18.9

The refurbishment for the German building is based on
possible fundings from the Credit Institute for
Reconstruction (“Kreditanstalt fiir Wiederaufbau”; KfW).
In Belgium, refurbishment is ensured through the
minimum requirements set by policy guidelines (Kints).
The refurbishment strategies considered in this paper
include modernization of the external walls, the roof, the
windows and a replacement of the heating system to an
HP. Table 2 shows the u-values of external surfaces after
the refurbishment.

All simulations carried out in this paper refer to the
refurbished buildings presented in Tables 1 and 2.

Table 2: U-Values of the refurbished components

Building Component | Country | U-Value [W/m2K]
German 0.21
Roof - Y
Belgium 0.26
Germany 0.28
External Walls _
Belgium 0.3
German 0.7
Windows - Y
Belgium 1.4

After modeling the buildings, the heating system was
defined since it also has a strong effect on the results. As
previously mentioned, HPs are the most efficient when
the difference between the source and the supply
temperature of the heating system is low. Consequently,
radiant floor heating leads to a high efficiency. By using
a bigger area for distributing the heat, the supply
temperatures can be lower compared to radiators.

However, radiant floor heating is mostly used in new
constructions, where the combination with heat pumps is
becoming increasingly popular. On the other hand,
constructing such a system during the refurbishment of a
building is quite rare as it requires a core refurbishment of
the floor. For this reason, radiators are considered as the
original heating systems in the Belgian and German
building.

Normally, radiators need rather high supply temperatures.
However, in a refurbished building, their power is
automatically oversized since they have been designed
according to the heat load of the original building. This
measure allows radiators to be supplied with lower flow
temperatures.

Another relevant model is the storage tank. Firstly, nearly
all domestic buildings in the GR possess a thermal
storage. Secondly, a storage system is a prerequisite for
the simulations with a controller. Without a storage
system, heat must be generated when needed and a
controller is neither necessary nor reasonable. However,
buildings without a storage system are an exception in the
GR and will not be considered in this contribution.

The majority of all storage systems use water and the
biggest difference is the volume. In single-family houses,
one storage system for the heating and hot water needs
can be used, where volumes between 300 | and 800 | are
common. In MFHs, the heating and the hot water demand
are higher in total as well as per square meter. Therefore,
higher volumes are used in these buildings. However,
storages with a volume bigger than 2000 | are uncommon
and are not offered by most manufacturers. In this
contribution, we modeled a 2000 I tank for the heating of
the building and a 1500 | tank for the needs of DHW.
These volumes are rather high for multi-family houses
with 6 apartments. However, the contribution aims to
analyse the effect of the controller with an available
flexibility on the building side. This flexibility can be
ensured by using large storage volumes and refurbished
buildings.
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The MPC ensures that the maximum temperatures in the
DHW-tank are higher than 60 °C to prevent the possible
production of legionella. The temperatures in the storage
tank are according to the heating curve of the respective
building. As radiators are used as the heating system,
temperatures between 45 °C and 55 °C are mostly needed
during the heating period.

As mentioned previously in the paragraph about the MPC,
the controller is using a direct price signal as an input. For
this purpose, two future electricity tariffs have been
modeled. These tariffs do not represent prices for single
countries, as it currently corresponds to reality. It can be
assumed that in the course of an increasing unification of
the European electricity markets within the framework of
the “Price-Coupling of Regions”, the electricity prices of
the individual neighboring countries will increasingly
level off to an identical level. The two electricity prices
are based on the following assumptions:

- Scenario 1 — National Trends: EU climate policy
has failed. Each state is pursuing its own climate
policy. Moderate growth of RE, climate
protection under economic considerations.

- Scenario 2 — Distributed Energy: Decentralized
energy generation with high penetration of new
and advanced technologies. Meeting the targets
of the Paris agreement of 1.5°C. Full
decarbonisation by 2050. Investments in
environmentally ~ friendly and  socially
responsible plants.

A detailed description of the modeling of the electricity
prices can be found in (Barbara Drdschel and Andreas
Weber 2019). The range of the two tariffs is presented
through boxplots in Figure 3.

70
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Scenario 1 - National Trend Scenario 2 - Distributed Energy

Figure 3: Structure of the two electricity tariffs for the
simulation

The boxplots were chosen specifically to demonstrate the
significance of the price fluctuation in addition to the
maximum and minimum values. The boxes in the figure
display 90% of all values as well as the median (the dash
inside of the box). The whiskers outside show the
distribution of the remaining 10% of the maximum and
minimum prices. However, in case of these specific
prices, there is no whisker for the minimum prices. This
means that the yearly minimum price occurs frequently
enough that it corresponds to lower boundary of the box.

Such flexible tariffs are of key importance for the
developed controller. With constant electricity prices, the
controller will try to improve the COP of the heat pump
by running it at the highest possible outside temperatures.
However, the effect for the end user will be significantly
lower compared to the potential of exploiting periods with
lower prices. It is important to mention that we simulated
this electricity scenarios from 2030 with historical
weather data to evaluate the general potential of the
controller in MFHSs. Due to the climatic change, the trend
in central Europe is towards milder winters. This may
further improve the findings in this paper, as it would
reduce the heating demand of domestic buildings during
the heating period and thereby increasing their flexibility
in heat generation.

Lastly, we describe the simulation setup employed in this
study. We have used TRNSYS, a program that is mostly
used for energy engineering and building simulation, to
model the buildings, the storage tanks and the heating
system in our project. TRNSYS enables the user to
perform thermal simulations of a building and its
technical equipment with reference to the selected
weather data allowing year-round analysis (Transsolar
2019).

MATLAB is a numerical computer software that is
suitable for the implementation of many mathematical
problems and provides numerous possibilities for the
output of the results. It was used to model the MPC and
the air-water HP. Since both are largely based on
mathematical equations, they were best represented in
MATLAB (MathWorks 2019).

The Building Controls Virtual Test Bed (BCVTB)
platform was used to facilitate the exchange of numerous
variables between TRNSYS and MATLAB. It is an open-
source software developed at the Lawrence Berkeley
National Laboratory. BCVTB enables the coupling of
different simulation programs for co-simulation. Co-
simulation combines the assets of several programs while
overcoming individual limitations of a single software.
Furthermore, it is possible to connect simulation
programs with actual hardware through BCVTB
(Lawrence Berkeley National Laboratory).

Figure 4 illustrates the framework of the simulation
environment using TRNSY'S, MATLAB and BCVTB.

Building

Radiator |
L* Storage

BCVTB
| Weather |
 Grid signal MPC Heat Pump

Building model
‘ MATLAB

Figure 4: Structure of the simulation environment
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The simulations adhere to certain predefined boundary
conditions. Firstly, the heating period is defined between
October 1st and April 31st. All results refer exclusively to
this time frame. It is worth mentioning that outside of this
period, there is still a need for energy for the generation
of DHW. However, this demand is too low to support the
grid, hence it is not considered in this contribution. In
Europe, the energy needed to heat the buildings during the
winter months is considerably higher than energy
consumption during the rest of the year. For this reason,
the focus of this paper is the evaluation of the load-
shifting potential during the winter months.

As already noted, this paper only considers MFHSs in
Belgium and Germany. Aside from different building
typologies, the weather data was also selected
individually for each location: St. Hubert for the Belgian
part of the GR and Saarbriicken for the German part
respectively. The weather data represents reference test
years available in TRNSYS. It is also provided as a
MATLAB input to the controller.

Results

In this section, the results of the simulations are
presented. Firstly, the effect of the controller will be
analysed by comparing two fix-speed heat pumps, one
with classical control and one combined with the MPC.
Classical control means that the operation of the heat
pump is only based on the temperatures in the storage but
not on the electricity price. As fix-speed HPs are not state
of the art anymore, the second part of the section will
focus on the potential of controlled heat pumps with a
variable frequency as this is the probable application in
the future.

Table 3 shows the results of two fix-speed heat pumps in
the refurbished Belgian building. The results contain five
different values. The first two of them represent the
electricity consumption of the heat pump during the
heating period and the generated thermal energy to heat
the building and to fulfill the needs for DHW. The ratio
between these two values is the seasonal performance
factor, which gives important information about the
efficiency of the HP. The last two results refer to the used
electricity tariff. It shows the total costs and the average
used price. The two cases are for a HP in classical control
(class) and a HP combined with the MPC. The results are
for the underlying electricity tariff “scenario 1”.

Table 3: Results of the simulation with a fix-speed HP in
Belgium in classical operation (class) and in
combination with MPC

Simulation Case Class | MPC
El. consumption HP (kwWh) 7029 | 7076
Generated th. energy HP (kWh) 20008 | 21553
Seasonal performance factor (SPF) | 2.85 3.05
Electricity costs (€) 1563 | 1404
Average used price (Cents/kWh) 22.23 | 19.84

The electrical consumption and the generated thermal
energy of the heat pump are nearly the same. This is
reasonable as the same building with the same heating
demand was simulated. However, the thermal energy in
combination with the MPC is slighty higher (~7 %). This
can be explained by the different control strategies.
Whereas the classical control is only based on the
temperatures in the storage, the MPC uses a simplified
building model, leading to minor differences.

Despite the minor differences, the effect of the controller
can be seen in the last three results of the table: as the
electricity scenario 1 only offers small fluctuations in the
prices (see figure 3) the MPC also focusses on improving
the SPF of the heat pump, resulting in an increase by 0.2.
Furthermore, the electricity costs can be lowered by 159 €
(or around 10 %) and the average used price by
2.39 Cents/kWh respectively. The results highlight the
potential of the controller, shifting the electricity
consumption of the HP to periods with cheaper prices.
This can be a clear incentive for end users.

Further in this section, heat pumps with a variable
frequency in combination with the MPC will be analysed.
The tables 4 and 5 give an overview of the relevant
outcomes for the building models and the different
electricity tariffs in Germany and Belgium. The four cases
are as follows:

- B_1: Refurbished Belgian building in
combination with the electricity tariff “Scenario
1” and a controlled HP with variable frequency.
- B_2: Refurbished Belgian building in
combination with the electricity tariff “Scenario
2” and a controlled HP with variable frequency.
- G_1: Refurbished German building in
combination with the electricity tariff “Scenario
1” and a controlled HP with variable frequency.
- G_2: Refurbished German building in
combination with the electricity tariff “Scenario
2” and a controlled HP with variable frequency.

The tables contain the same values as those presented in
table 3. Additionally, the average price of the tariff is
added to directly highlight the effect of the MPC. This
effect will also be shown through other figues in this
section.

Table 4: Results of the simulations for the cases G_1 and
G2

Simulation Case G1 G2
El. consumption HP (kWh) 10237 | 10203
Generated th. energy HP (kWh) 32635 | 32629
Seasonal performance factor (SPF) | 3.19 3.20
Electricity costs (€) 2083 | 2287
Average used price (Cents/kWh) 20.34 | 22.41
Average price tariff (Cents/kWh) 21.41 | 25.23
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Table 5: Results of the simulations for the cases B_1 and
B2

Simulation Case B 1 B 2
El. consumption HP (kWh) 5959 | 6013
Generated th. energy HP (kWh) 21322 | 21331
Seasonal performance factor (SPF) | 3.58 | 3.55
Electricity costs (€) 1185 | 1267
Average used price (Cents/kWh) 19.89 | 21.07
Average price tariff (Cents/lkWh) 21.41 | 25.23

The data within one table shows the influence of the
different scenarios on the efficiency of the controller. First
of all, the three values that refer to the HP stay nearly
constant as the same building was simulated. The
electricity tariffs show two effects: scenario 1 has lower
average prices but offers a smaller flexibility compared to
scenario 2. Consequently, the controller can lower the
used prices in both scenarios, but the effect in scenario 2
(up to ~4.2 Cents/kWh in Belgium) is significantly higher
than in scenario 1 (up to ~1.5 Cents/kWh in Belgium).

Besides that, there is also a difference between the two
countries. The efficiency of the controller is more
remarkable in Belgium (lowering the prices by up to
4.2 Cents/lkWh) compared to Germany (up to
2.8 Cents/kWh). This is based on the higher flexibility
supplied by the Belgian building. As it is a significantly
smaller building, it requires approximately 30 % less
thermal energy for heating and DHW. This results in
greater flexibility for the controller in trying to run the
heat pump at the most cost-effective periods. This effect
will also be pointed out in Figures 5 and 6.

Scenario 1

Electricity price [Ct/kWh]
bR N oM W w
o wu o v o w

w

Original Prices Effective Prices (GER) Effective Prices (BEL)

Figure 5: Original and effective prices in scenario 1 for
Germany and Belgium

The two figures represent the original prices and the
effectively used prices in Germany and Belgium for both
scenarios of the electricity tariff.

Scenario 2

N w = v @ ~
=1 =1 o =} =] =]

Electricity price [Ct/kWh)

o

Original Prices Effective Prices (GER) Effective Prices (BEL)

Figure 6: Original and effective prices in scenario 2 for
Germany and Belgium

For scenario 1, it is visible that the boxplots for the
effective prices are not particularly different from the
original prices. For Belgium and Germany, the maximum
effective price could be only lowered approximately by
0.2 Cents/kWh. The median could be reduced by about
0.3 Cents/kWh for both cases. In general, the influence of
the controller is visible, especially through the reduction
in the average prices in Tables 4 and 5, but the potential
is rather small. The combination of MFHs with large
energy demand and an electricity tariff without high
fluctuations limits the effect of the controller.

For scenario 2, the observations are different. Although
the maximum occurring prices cannot be avoided, the
boxes can be reduced remarkably. For the Belgian
example, the upper boundary of the box can be lowered
by around 2 Cents/kWh and the median is improved by
4.3 Cents/kWh. Figure 6 shows that the median is also
very close to the lower boundary of the box, meaning that
at least 50 % of all effective prices nearly correspond to
the minimum prices. This demonstrates the potential of
the controller in Belgium. For Germany, the median can
also be reduced by around 4.3 Cents/kWh, leading to
significant potential savings in combination with the
controller. However, the upper boundary of the box can
only be reduced by around 0.9 Cents/kWh in the scenario
2 for the German MFH. This can also be explained by the
higher flexibility of the smaller Belgian building.

Further in-depth analysis explains why the maximum
prices can not be avoided. The limiting factor in the
consideration of MFHSs is the high energy demand for
space heating and domestic hot water. This high energy
demand requires the heat pump to run at least every few
hours, especially on the coldest days in the winter.
Consequently, short-time peaks in the electricity tariffs
can be avoided. However, when these peaks occur for
several continuous hours, the HP must be operated to
fulfill the thermal comfort. With reference to Figure 6,
this means that the operation of HPs can be very
effectively shifted to more economical periods, although
long-term peaks can not always be avoided.

Besides analyzing the results mainly in terms of potential

monetary savings, the pure load shifting potential of the
heat pump in combination with the controller should be
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examined. For this purpose, the electric power of the heat
pump is plotted against the electricity tariff for three days
in February. Figures 7 and 8 represent the simulation
cases G_2and B_2.

rice [Ct/kWh]

ty p

Energy consumption [kWh]

AM AM I

Electric power HP

Electricity tariff

Figure 7: Operation time of a controlled HP over a the
flexible tariff from scenario 2 for Germany

Electricity tariff

Electric power HP

Figure 8: Operation time of a controlled HP over a the
flexible tariff from scenario 2 for Belgium

When examining the individual figures, the effect of the
controller is visible in both countries. The peaks in the
electricity tariff can be avoided by shifting the operation
time of the HP to times with lower prices. In general, it is
also visible that the HP needs to run many hours to cover
the heat demand in MFHs. Nevertheless, a load-shifting
potential in refurbished buildings can be demonstrated.

On the other hand, the differences between the two figures
express the needed flexibility in regards to the buildings.
The lower heating demand in the smaller Belgian MFH
leads to a slightly higher potential for the controller to
shift the loads. By avoiding short-term peak prices during
the course of a year, the controller can lead to monetary
savings.

Additionally, the advantage of controlling the frequency
of heat pumps can be seen. Both figures demonstrate that
the energy consumption of the HP is higher when the
electricity prices are more favorable and lower in the
opposite case. Based on this, the MPC is trying to run the
heat pump with a higher frequency in times with low
prices. This can potentially lead to a more economical
operation.

The controller cannot completely avoid generating heat
during periods with expensive prices due to the high heat
demand of MFHs. Nevertheless, it is often possible to

reduce the electricity consumption in those times. This
effect cannot be seen in the boxplot diagrams in figures 5
and 6, as it only shows the effectively used prices, but not
the associated electricity consumption. Consequently, this
MPC approach can be implemented as a measure to
support the grid by avoiding and/or reducing the
electricity consumption during peak hours.

Discussion

The results presented in the previous sections demonstrate
the general functionality of the MPC. However, the
performance is strongly dependent on the used grid signal.
For tariffs with a high fluctuation (as in scenario 2
“Distributed Energy”), the effect of the controller is
remarkable, as it substantially lowered the effective
prices. With such a high variation in the prices, even
MFHs that have a rather high heat demand can offer
sufficient flexibility for significant monetary savings. For
electricity tariffs with lower variations (as in scenario 1
“National Trends”) the potential for savings in
combination with MFHs is rather low. The evolution of
the electricity market and the impact of renewable
energies will have a decisive influence on the future
application of the controller. Assuming that the climate
targets are met, the “Distributed Energy” scenario could
well be a realistic trend for the future. In that event, the
controller would be a promising way to benefit from this
development.

On the other hand, the results also demonstrate the
limitations of the controller in MFHs. Overall, the
difference between the original and the effective prices in
scenario 2 is significant. Still, the maximum prices can not
be lowered at all, even if they only occur rarely during the
year. A well-insulated MFH can offer the needed
flexibility to shift the generation of heat for a few hours.
However, this is not sufficient to completely stop the
operation of the HP on cold days for more than 6 hours.
As soon as price peaks occur for a longer period of time,
they cannot be avoided.

This could also be illustrated by figures 7 and 8. In
general, the operation mode of HPs can be effectively
shifted to periods with lower electricity prices. On the
other hand, the figures also demonstrate that the heat
pump has to run every few hours to cover the high heat
demand and it is not always possible to avoid peak hours.
In such cases, the MPC can still operate the HP in
different frequencies. Consequently, even when the heat
pump has to be operated in peak hours, the electricity
consumption can be reduced. As a result, MFHs can offer
a usable flexibility in demand response that can help to
address one of the major challenges for the electricity grid
due to the energy transition.

Conclusion

This paper aimed to analyze whether and to what extent
the operating time of heat pumps in MFHSs can be shifted.
It could be demonstrated that MFHs offer a short-term
flexibility. The load can be effectively shifted within a
few hours but peaks in the tariffs that occur for several
hours cannot be avoided.
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A basic prerequisite for this approach are refurbished
buildings and a relatively large volume of the storage
tanks. The need for refurbished buildings is in line with
policy guidelines. It is essential that funding programs are
expanded in order to increase the rate of renovation and
thereby significantly reduce the heating demand. As part
of this, a higher proportion of new or refurbished
buildings will also have a significant potential for load
shifting in the future. Controlling the generation of heat in
these buildings can aid in the transition from non-
renewable to renewable energy sources as demonstated by
the results in this contribution.
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