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Abstract

Transforming our energy system towards 100% renewable energy sources requires
radical changes across all energy sectors.

Heat pumps as efficient heat generation technology link the electricity and heat
sector. From 2010 to 2015 between 750,000 and 800,000 heat pumps have been
sold every year across Europe. Those heat pumps, when connected to thermal
storage or using the buildings’ thermal inertia, have the potential to offer demand
flexibility to the power system. In a renewable, interconnected and to a large
extend decentralised energy system - the smart grid - heat pumps can be operated
according to the need of the electric power system. This might impact heat pump
system design, controls and operation, which is investigated in this thesis.

The main objective of this thesis is to add knowledge and suggest methods to
facilitate the transition towards a renewable and smart energy system, in which
heat pump systems and their flexibility are used and designed in an optimal way.
Therefore this thesis investigates the integration of heat pumps in a smart grid on
three different system boundary levels. On each boundary level the focus is on
different aspects and different methods are used.

On the highest boundary level, the integration of heat pumps into a smart grid
and the resulting requirements for heat pump system design are studied. Results
of a literature study show, that currently discussed applications of heat pumps in a
smart grid focus on the provision of ancillary services, the integration of renewable
energy sources, and the operation under time variable electricity prices. Integrating
heat pumps into the power system can be achieved by direct, indirect and agent
based control strategies.

The next level of investigation covers the aggregation of heat pumps into pools.
For this purpose a stochastic bottom-up model for heat pump pools has been de-
veloped. This model accounts for the diversity of buildings, heat pump systems
and occupants. Results of a simulation study of a heat pump pool highlight the
fact that flexibility of heat pumps is not constant and is changing during the course
of the day and year. A characteristic response of a heat pump pool towards direct
load control signals is identified and shows three characteristic phases 1) charg-
ing/activation phase, 2) steady state phase, 3) discharging/regeneration phase. It
is found that the duration of the control signal and the load shift strategy imple-
mented in the heat pump systems are decisive for flexibility. Further it is shown
that flexibility might come at the cost of efficiency of the local heat pump systems.

On the level of individual buildings this thesis explores to which extent the siz-
ing of heat pumps, storage and back-up heater as well as system controls have to
be adjusted when integrating heat pumps into a smart grid. Results of a struc-
tural optimisation study, targeting to minimise total cost of ownership, show that
sizing of the heat pump unit and the electric back-up heater remain almost un-
changed when PV and time variable electricity prices are introduced. However an
increase in storage capacity is beneficial to profit from time variable prices or on-
site photovoltaic (PV). It showed that the ways heat pumps and storages are sized



in Germany today provided sufficient storage capacity for most of the investigated
scenarios. Furthermore increasing storage leads to diminishing returns as invest-
ment costs and system losses increase with increasing storage size. This leads to the
conclusion that local heat pump system efficiency as well as flexibility requirements
of the power system should be considered, when designing heat pump systems.

Improving the controls shows great potential for increasing heat pump system
efficiency, reducing operation cost and scheduling heat pump operation along to
match the requirements from the power system. A dynamic building simulation
study, where rule-based, predictive rule-based and model predictive control ap-
proaches were compared, reveals that the use of model predictive controls can reduce
annual electricity cost and increase PV self-consumption significantly, compared to
tailored rule-based and predictive rule-based control approaches. When deciding
upon a control strategy the following should be taken into account: complexity
of design, robustness against changes in external conditions and computational re-
sources.

It is shown that operating heat pumps in a smart grid changes operating hours,
temperatures, on/off cycles and seasonal performance compared to today’s heat-
driven operation. It is shown that the goals to reduce operating cost, maximise
system efficiency or increase PV self-consumption can be conflicting and are often
impossible to achieve simultaneously. Not necessarily will operation in a smart
grid increase the efficiency of individual systems, rather it offers the possibility to
increase efficiency of the overall energy system.

It is found that sizing, controls and use-case are interconnected and should be
considered simultaneously in the design process of heat pump systems. A goal
for future research should be the design of optimum flexible heat pump systems,
where the heat pump unit, the building, the hydraulic system, heat distribution,
storage and controls are designed optimally for the flexibility requirements of both
the end-users and the power system.

Keywords
Heat pump, smart grid, thermal energy storage, flexibility, pooling, demand side
management, time variable electricity prices, PV self-consumption, model predic-
tive controls, structural optimisation, heat pump system design





"We choose to go to the Moon! ... We choose to go to the Moon in this decade
and do the other things, not because they are easy, but because they are hard - because
that goal will serve to organize and measure the best of our energies and skills,
because that challenge is one that we are willing to accept, one we are unwilling to
postpone, and one we intend to win ..."

September 12, 1962, J.F. Kennedy



Let us take the same mentality and change the energy system towards 100%
renewables!



Preface

Changing our energy system towards 100% renewables is one of the main challenges
of this century. In this challenge the building sector has to contribute its share.
Buildings should not only be a static part of the built environment merely serving
our needs for shelter and comfort. They should be used as an active component in
the energy system, dynamically adjusting their electric demand to what is needed.
To me heat pumps are one of the key technologies that will enable this role of
buildings. This is why I dedicated the last years to heat pumps.

In November 2012, I started at Fraunhofer Institute for Solar Energy Systems
(ISE), Freiburg, Germany, I was hired to lead our part of the European research
project Green Heat Pump. The task was to "design and test a model predictive
controller for smart grid integration of heat pumps" - Thrilling! - But what is a
smart grid? The word was used extensively all over the place, yet I could not get
hold of it. Today in 2017 I still think this was a challenging task, but a task that
got me hooked. As a scientist I was not content using the rather blurry term "smart
grid" but I decided to go with it. First as everybody had at least an approximately
similar idea of it in their minds, and second I could use my work to refine the
vision of a smart grid for heat pumps. - Why model predictive controls? - Was this
how a heat pump would be controlled in a smart grid? A lot of open questions,
so I decided to investigate the topic heat pumps in smart grids in more detail.
A vast task, challenging to solve in a single Ph.D. thesis, but also too interesting
and important not to be investigated. I was lucky to meet Björn Palm and Hatef
Madani from the Royal Institute of Technology KTH, Stockholm, who thought the
same way and supported my thrive for a Ph.D., which started in March 2013.

I grew up in a family where almost everybody was and is either installing or
planning heating systems. Hence I am delighted to be able to contribute with this
thesis to the future of heat supply: Smart heat pumps, designed and operated to
serve the requirements of a renewable energy system!

This thesis targets energy system researchers, heat pump system engineers and
decision makers in industry and politics. They will hopefully find new ideas in
this work and use it to improve their understanding, guide their research, improve
their engineering processes and make better decisions on the way to a smarter and
greener energy system.

Freiburg, September 2017
David Fischer
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Chapter 1

Introduction

Reducing carbon emissions while preserving the quality of the energy supply is the
principle challenge in the energy sector today. The use of renewable sources for
electricity generation seems a natural way to reach a decarbonised electric sector.

Electricity generation needs to be changed in order to lower total carbon emis-
sions, and also emissions for heating, cooling and mobility have to be reduced. In
2014, 25% of the final energy in the European Union (EU) was consumed by the
residential sector [8], with approximately 70% being used for space heating and
10% for the preparation of domestic hot water [9]. Efficiency measures to reduce
heat demand, alongside a more efficient generation of heat, is seen as key for a
successful transformation of the residential sector. Heat pumps can contribute as -
with the current electricity generation structure in most European countries - they
provide heat with less use of primary energy compared to fossil fired boilers. A
decarbonisation of electricity generation will give heat pumps a further advantage
in terms of emission reduction over fossil technologies.

This is why heat pumps are seen as one of the key technologies for future
heat supply [10–14]. Today between 750,000 and 800,000 heat pumps for space
heating and domestic hot water are installed every year in the European countries
(EU20) [15]. Heat pumps could do more than just provide heat as they represent
a bridging technology between the heating and the electric sector.

In the EU, the installed capacity of wind and PV has seen a tremendous increase
from 2.5 GW in 1990 to 115 GW in 2010 and 218 GW in 2014. The share of
renewable sources of the EU-28 gross electricity generation has increased from 12.6%
in 1990 to 29.2% in 2014 [8]. As electricity generation from wind and photovoltaic
(PV) is changing over time, often rapidly and unpredictably, flexibility in the system
is needed to react to these fluctuations and guarantee that supply meets demand.
Electric heat pumps, which convert electricity to heat, are seen as a possibility to
provide flexibility on the demand side. When connected to thermal storage or by
actively using a building’s thermal mass, heat pumps can decouple the electricity
consumption required for heat generation from the heat demand of the building.

1
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Figure 1.1: The vision of a smart, renewable, decentralised and interconnected power
system [21].

This flexibility can be used to ease the challenges in the electric sector, as discussed
in [16–18].

Using heat pumps for the benefit of electric systems is not a new idea. In
Germany most heat pumps can be blocked by the grid operator up to two hours
and in return, grid fees can be reduced [19]. However, recent developments in
computation, communication technologies and algorithms allow for more innovative
concepts in the energy system. The interconnection of devices of all kinds, known
as the internet of things, provides the technical basis to built an interconnected,
decentralised energy system, often referred to as a smart grid [20]. In this context
distributed electric devices, such as individual heat pumps, could participate to
provide services to the power system. Figure 1.1 illustrates the vision of such a
smart energy system. The potential role that heat pumps will play in such an
energy system is not yet fully defined.

When integrated into a smart grid, heat pump operation will move away from
merely serving the thermal demand of the building towards serving the thermal
demand with respect to boundary conditions given by the electric system. A core
question is: Are today’s heat pump systems ready to be used in a smart grid
context?

This thesis investigates selected aspects of the use of residential heat pumps
in a smart grid context. The analysis is conducted on three boundary levels: 1)
the designated role of heat pumps in the future energy system and the resulting
requirements for system design and controls; 2) focuses on heat pump pools, which
are seen as a key to enable using heat pumps in different energy markets; 3) covers
the building of energy systems and investigates the controlling and sizing of heat
pump systems in the presence of time variable electricity prices and on-site PV.
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1.1 Research context and background

The main concepts and ideas around heat pumps in smart grids are briefly intro-
duced in the following sections.

1.1.1 Heat pump basics
1Electrical driven heat pumps raise low temperature heat, taken from the air,
ground or water, to a higher temperature usable for space heating or domestic
hot water (DHW) preparation. For this process a compressor, driven by an electric
motor is used. For one unit of generated heat, approximately 0.2 to 0.4 units of
electricity are needed [22] which makes heat pumps an energy efficient heat gen-
eration technology. The efficiency of heat pumps is described by the coefficient of
performance (COP). This is the ratio of usable heat flow Q̇use and the required
electricity Pel for its preparation.

COP = Q̇use

Pel
(1.1)

Depending on the system boundaries this definition includes different components,
such as compressor, fans, auxiliary systems and the thermal storage [23]. A simple
Carnot model for the COP, as found in thermodynamic textbooks like [24], is used
to briefly explain the main characteristics of heat pumps.

COP = η · Tc

Tc − Te
(1.2)

In this simplified model, all losses and deviations from the ideal Carnot process
are summarised in the efficiency η. Increasing the temperature difference between
the evaporator (Te) and then condenser (Tc) decreases the COP non-linearly. The
individual temperatures are influenced by factors such as heat exchanger charac-
teristics, compressor and fan speeds, and the temperatures of the heat source and
sink. The needed sink temperatures depend on the choice of the heating system.

To store the generated heat, three possibilities are frequently mentioned in sci-
entific literature:

1. Use of the ground (e.g. bore-holes) to store heat;

2. Use of the building as a storage by changing the temperature of the indoor
air and/or the thermal mass of the building; and

3. Use of thermal energy storage tanks.

Frequently heat pump systems are connected to a hydronic heating system and
a thermal storage tank filled with water. This is the case in Germany, where

1This subsection quotes in parts from Paper 1
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approximately 90% of the existing and 50% - 80% of the newly built buildings are
equipped with thermal storage tanks when using a heat pump [22, 25]. Thermal
storage tanks are used for DHW and as a buffer for space heating. Buffer storage
tanks are not always necessary in newer buildings, as those buildings are often well
insulated and equipped with floor heating that provides thermal inertia.

The annual performance of a heat pump system is influenced by how the heat
pump capacity is regulated depending on the variable heat demand. Fixed speed
heat pump units are operated in an on-off manner, whereas variable speed heat
pumps allow a continuous regulation of the compressor speed over large parts of
the operation range. This allows a control of the thermal output or the electric
demand. This reduces the need for thermal storage compared to on-off heat pumps,
where storage is required to allow for minimum run-times.

Often heat pumps are combined with a second heat source to reduce investment
costs, while still providing sufficient thermal capacity to cover the heat demand
during all days of the year. Where heat is entirely supplied by the heat pump, the
system is referred to as only mono-valent system. If an additional heat source such
as an electric heater - having a low efficiency, but also low investment costs - is
installed, the system is called mono-energetic. If a fossil fired boiler is used as a
secondary heat source, the system is called bi-valent or hybrid.

1.1.2 The vision of a smart grid
2The term "smart grid" found in academic literature is used in many ways and
differently by different authors. The German Grid Agency defines smart grid in
a way that considers only parts of the actual power grid. The target of a smart
grid is to optimally use the existing line capacity, manage congestions and improve
security of supply. The benefits of a smart grid following this definition are mainly
for the grid operator. Savings are achieved by decreasing the need for additional
line and transformer capacity. A clear distinction is made between capacity and
energy. Devices used to match generation and demand with the target of optimal
power plant use and dispatch are seen in the context of energy and are not part of
the core smart grid [26].

A similar but less strict line of argumentation is followed by the United States’
Department of Energy [27], which excludes devices such as wind turbines, plug-in
hybrid electric vehicles and solar arrays from the smart grid. With this definition
only control and communication devices that provide the possibility to integrate
and intelligently control distributed generation and consumption devices are seen
as smart grid components.

A wider perspective is adopted [20] when a smart grid is defined as: "... an
electric grid able to deliver electricity in a controlled, smart way from points of
generation to consumers that are considered as an integral part of the SG since
they can modify their purchasing patterns and behaviour according to the received

2 This subsection quoted in parts from Paper 1
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information, incentives and disincentives...". The focus on consumer flexibility is
a central point of demand response and demand side management [28–35] as well
as decentralized energy management [36,37] approaches.

A wider, more holistic argument is stated in reference [38], where it is suggested
to extend the focus of a smart electric grid towards a whole energy system ap-
proach including not only electric demand and generation, but as well the heat and
transportation sector.

Recent literature has a common challenge which is integrating fluctuating re-
newable energy generation with a set of distributed controllable devices. This
reaches from pure power line components as stated in reference [26] over heat gen-
eration units [38] all the way to demand side measures where operation of individ-
ual household appliances [39, 40] or even persons’ electric consumption behaviour
is changed [41–43].

The main motivations for a smart grid, as stated in academic literature, are:

1. Minimum cost for installation and operation of the electric grid.

2. Stable operation of the electric grid within the allowed boundaries for fre-
quency, voltage and transmission capacity.

3. Optimal use of the generation resources mostly targeting minimum CO2 emis-
sions or minimum cost.

In this thesis the vision of a smart grid is defined as an interconnected, decentralised
power system that is designed and operated to minimise cost, environmental im-
pact and use of natural resources. In such a system even small generation and
consumption units are operated in a way to achieve these goals.

In this context heat pumps are seen as part of the electric demand side that
can be actively managed to support the realisation of a smart grid. Coupling heat
pumps to thermal storage or actively using buildings’ thermal inertia offers the
possibility to decouple electricity consumption from heat demand, which brings
flexibility in operation that can be used in a smart grid. Heat pump systems are
seen as an alternative to conventional electricity storage options such as pumped
hydro power [44].

1.1.3 Heat pumps in the energy system
The transformation of the residential heat sector away from fossil boilers is a key
for the successful transition towards a renewable energy system. The technolo-
gies to play a key role in the transformation of the heat sector are: micro CHP
and fuel cells, biomass boilers, heat pumps and boilers fired with gas based on
hydrogen generated with renewable electricity. The use of district heating is in
competition with individual heat generation in each building. Comparing district
heating and individual heat pumps for Denmark [11] found that from a cost per-
spective the solutions are approximately equal, however in a scenario with 100%
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renewable electricity heat pumps are the favoured technology in terms of cost and
emissions. Using CHP fired with hydrogen generated from wind is found to be an
unattractive option due to the low conversion efficiency of the total process chain.
An exploratory study on transformation of the European energy system towards
100% renewables [10] concludes that on an individual level heat pumps will be the
favoured heating option. On an urban level heat networks, fed by geothermal, solar
or large scale heat pumps are favourable. To reach a decarbonised German energy
sector, [13] concludes that heat supply in the residential sector can only be provided
by heat pumps combined with energy efficiency measures for buildings. Technolo-
gies that rely on combustion will lead to additional carbon emissions. Power to
gas in combination with gas boilers would lead to an annual increase in electricity
demand by 770 TWh compared to 150 TWh using heat pumps and efficiency mea-
sures. In [45, 46] structural optimisation is used to evaluate the future technology
mix in the German energy system. It is shown that heat pumps are becoming the
most important technology for residential heat supply.

The previous studies take a general look on the heat supply structure of the
future, where heat pumps are seen as one part of the total energy system. In
the following studies the role of heat pumps is investigated in more detail. [16, 44]
investigate the potential of heat pumps for demand side management for different
scenarios of electricity generation from renewables. This is done using dynamic
building simulation to parametrise and validate an optimal power plant dispatch
model. The diversity of different systems is accounted for to some extent by using
7 different buildings for model parametrisation. The authors conclude that by an
optimised operation a reduction of curtailment of wind power and reduced system
costs in the conventional plants can be achieved. Thus they see heat pumps as
an alternative to conventional storage plants [16]. Seasonal aspects are mentioned
but not particularly investigated. Furthermore the authors highlight the need to
investigate system design and control options on building level.

[47] focuses on using heat pumps and electric vehicles as a flexibility option to
integrate large quantities of wind in the Danish system. The authors conclude that
individual heat pumps are favourable over boilers and offer socio-economic benefits,
due to higher efficiency and a high correlation of heat demand with wind power
availability in Denmark. It is highlighted that individual heat pumps, connected
to thermal storage or using building thermal inertia, offer flexibility mainly on an
intra-day time scale. It is concluded that the potential for wind power integration is
limited by the limited storage capacity. When heat pumps are installed in a district
heating network, the specific storage capacity is increased and thus the potential to
integrate wind power. The benefit of individual heat pumps is seen in peak shaving
and the integration of heat pumps in the spot market. Investment cost in control
equipment and heat storage are seen as critical parameters that will influence the
design of individual heat pump systems in a scenario where heat pump flexibility
is used for different applications in the power system.
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1.1.4 Heat pumps in pools

Individual heat pumps used in single family houses have an installed electric ca-
pacity of mostly below 10 kWel. To achieve a significant effect in the power system
pooling of heat pumps is required. Using heat pump flexibility on the spot or bal-
ancing markets e.g. by providing operating reserve, requires a minimum capacity
for market participation. In Germany (01/2017) those are 1 MWel for primary
and 5 MWel for secondary and tertiary reserve [48, 49]. For an aggregator pooling
heat pump’s flexibility offers the possibility to profit from economies of scales. An
aggregator is typically a company having a contractual agreement with the heat
pump owner (or operator) to use the flexibility of individual heat pumps to generate
additional profit.

In [50–52] a pool of heat pumps is used to counteract voltage problems in electric
distribution grids. [52,53] highlight that if not controlled properly, heat pumps can
cause problems in the distribution grid themselves. [50–52,54] discuss seasonal lim-
itations of using heat pumps to counteract grid problems caused by PV. [50,55–65]
discuss the use of a pool of heat pumps to participate in the markets for operat-
ing reserve. For this purpose [57, 61, 63, 66, 67] present algorithms that dispatch
the individual heat pumps based on the demand for reserve power and the current
operating condition of the individual heat pump systems.

A heat pump pool consists of a variety of heat pump systems located in different
buildings. Those buildings differ in architecture and building physics. Each building
is inhabited by different type of occupants showing different comfort requirements
(represented by the indoor temperature set-points) and domestic hot water and
electricity consumption habits. To model residential energy consumption [68–70]
presented an approach that is based on using information about human behaviour.
This approach is used in [68,69] to model electricity and in [70] for DHW.

Space heating demand is of importance for heat pump sizing and operation.
Hence it is to be included in an energy demand model that targets the simulation
heat pump pools. The diversity of buildings and their energy demand, depending
on the building physics is investigated in [71].

Furthermore diversity resulting from heating system components and their siz-
ing should be considered in a pool model. Individual buildings are equipped with
different types of heat pumps, which differ in efficiency, heat source and sink, and
the way heat pump storage and electric back-up are sized with respect to the ther-
mal demand. The diversity in configurations and sizing of heat pump systems leads
to a diversity in the characteristics of heat pump operation over time. Among those
are annual operation hours, number of heat pump starts and average run-time per
start.

1.1.5 Heat pumps in individual buildings

When integrated in a smart grid individual heat pump systems might be designed
and operated in a different way from what is seen today. The rise of cheap compu-
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tation and communication devices enables new control regimes and an integration
of heat pumps into the surrounding energy system. With respect to integrating
heat pumps in a smart grid, different streams of studies have been published in the
recent years, all based on some assumptions about the heat pumps in individual
buildings.

1. Electrical engineering: Here heat pumps are seen as part of the electric grid
and simplified models are used for the purpose of analysing the impact of
heat pump operation on the grid. In [51, 52, 72] heat pumps are controlled
to reduce load peaks and hereby contribute to a stable operation of the elec-
tric distribution grid. Rule-based controls, based on the current state of the
grid, are used to align heat pump operation accordingly. Planning algorithms
as presented in [73, 74] using weather and price forecasts are often used to
schedule heat pump operation towards hours with low grid loads.
In the studies focussing on the electric grid the impact of the "smart" oper-
ation on efficiency of the heat pump system is mostly neglected. The use of
simplified models of HP, storage and building could lead to HP operation that
is not possible with a real heat pump, thereby leading to a wrong evaluation
of the potential benefits of heat pumps in a grid context.

2. Building engineering: Within this field detailed models are used mostly in
order to investigate controls, sizing and efficiency questions. In such a case,
most of the used control strategies are simplified and rule-based. In [75, 76]
rule-based controls are used to trigger heat pump operation depending on
the excess of renewable electricity in the power system. The possibility to
improve PV self-consumption by simple rule-based controls has been shown
in [77–79]. [76] highlights that changing operation in a way that heat pump
operation is shifted to hours of low residual loads by using rule-based controls,
increases heat pump’s electricity consumption up to 19%. In [80] evolution-
ary optimisation algorithms are used in direct combination with the building
model, to derive an optimal building operation. Using simplified algorithms
might lead to suboptimal results, whereas directly using the detailed building
model in an optimisation framework leads to overly optimistic results as there
is no mismatch between the control model and the plant.

3. Control engineering: Here the focus is mostly on optimal control applica-
tions. A series of studies focussing on control and operation of heat pump
systems under time variable prices have been published in the recent years
(see [1]). On the control side model predictive controls have been shown to
improve efficiency and reduce operating costs for heat pumps in the presence
of time variable electricity prices [78, 81–84]. In many cases the difference
between plant and the model used in optimisation is ignored. Consequently,
this might lead to overly optimistic evaluations of model predictive control
algorithms. Moreover, in control engineering the benchmark controllers cho-
sen are often simple and not properly tuned to the problem. Predictions
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are mostly assumed perfect. This leads to very positive results for model
predictive controllers.

The implication of the optimised controls on the heat pump systems are frequently
studied (if done so) by using a limited number of performance indicators such as
annual operating costs or PV self-consumption rate. Thereby missing informa-
tion important for heat pump operation, the design of controllers and heat pump
systems.
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In brief:

• Heat pumps lift low temperature heat to a higher temperature
making it usable for space heating or DHW. The efficiency of heat
pump decreases with increasing compressor speed and increasing
temperature difference between the hot and the cold side of the
heat pump. The capacity of heat pump decreases with increasing
temperature difference between the hot and the cold side of the
heat pump.

• Heat pumps will play a major role in the future heat supply.

• Electrically driven heat pumps use electricity for compression and
thus link the electric and thermal sector.

• Heat can be stored (among other options) in a thermal storage
tank or using the building’s thermal mass. This leads to flexibil-
ity in heat pump operation, which can be used in a smart grid
context.

• In this thesis the vision of a smart grid is defined as an inter-
connected, decentralised power system that is designed and op-
erated to minimise cost, environmental impact and use of natural
resources. In such a system even small generation and consump-
tion units are operated in a way to achieve these goals.

• Pooling many heat pump units will be needed for certain appli-
cations of heat pumps in a smart grid. Pooling offers economies
of scale.

• Integration of heat pumps in a smart grid might require modi-
fied controls compared to what is seen in individual heat pump
systems today.
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1.2 Identified gaps and research goals

On three different boundary levels a set of research gaps and goals have been iden-
tified. Those are:

1.2.1 Energy system level
Identified gaps:

I) Studies on energy system level show the potential benefits of a pool of heat
pumps in the future energy system. Yet a clear picture of where and how
heat pumps will be used is missing.

II) Studies on energy system level directly or implicitly assume that heat pump
systems can simply be used for smart grid applications. System design, con-
trols, operation and efficiency aspects are hardly investigated.

III) Although "smart" heat pumps have been heavily discussed in the scientific
community, little practical examples of such "smart" applications can be
found.

Research goals:

I) Provide a structured overview of the role of heat pumps in a smart grid and
the way they will be integrated.

II) Identify important aspects in heat pump system design that enable a success-
ful integration of heat pumps in a smart grid.

III) Identify fields for future research and help decision makers in industry and
politics to understand important aspects and ideas currently discussed when
talking about the integration of heat pumps in a smart grid.

1.2.2 Pool level
Identified gaps:

I) Understanding the response of a pool towards direct control signals is limited
but essential for designing control strategies, business models and regulations.

II) The available flexibility of heat pump pools over the course of the day and year
has not been investigated satisfactory. However this information is essential
for evaluating the usability of heat pumps for different applications in a smart
grid.

III) Diversity of buildings, occupants and heat pump systems in a pool is not
explicitly addressed in the studies and models.
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Research goals:

I) Develop a model for a heat pump pool that reflects the diversity of individual
heat pump systems.

II) Improve the understanding about the characteristics of heat pump pools, with
a focus on using them in a smart grid context.

III) Quantify and characterise the flexibility of heat pump pools and operational
parameters that influence it.

1.2.3 Building level
Identified gaps:

I) Previous studies focus either on control aspects using simplified models of
the building and the heat pump, or on system and efficiency aspects using
simplified controls.

II) The influence of smart grid integration of heat pumps on system design and
current sizing procedures is not studied satisfactory.

III) Controller benchmarking is frequently done under idealised conditions, such
as assuming perfect forecasts for predictive controllers, using the same model
for optimal control and simulation and using poorly designed controls as a
benchmark.

Research goals:

I) Evaluate to what extent smart grid integration influences sizing decisions of
heat pump, electric back-up heater and storage.

II) Provide a comparison of controls using a broad range of KPIs and adequately
complex models for the heat pump and the building energy system.

III) Evaluate the impact of smart grid integration of heat pumps on their annual
performance.



1.3. RESEARCH QUESTIONS | 13

1.3 Research questions

The main objective of this thesis is to facilitate the transition towards a renewable
and smart energy system. Providing knowledge, methods and models so that heat
pump systems and their flexibility can be designed and controlled in an optimal
way. Therefore the following research questions are investigated:

1. Which design parameters enable a successful integration of heat pump systems
into a smart grid?

2. Which operational parameters influence the flexibility of heat pump pools?

3. How will the integration of heat pumps into a smart grid influence:

3.1. Sizing of the heat pump and the storage?
3.2. The choice of control strategy?
3.3. The way heat pumps are operated?

The work puts a focus on residential heat pumps. Residential heat pumps are often
connected to thermal storage tanks, which allow for flexible heat pump operation.
Hence heat pumps connected to thermal storage play a central role in this thesis.

The analysis in this thesis is divided into three system boundary levels:

1. Energy system level: This level comprises the general ideas, concepts and
system design aspects to be considered when integrating heat pumps into the
energy system.

2. Pool level: This level comprises multiple buildings aggregated to a pool. This
pool could be distributed over different locations acting as a virtual power
plant or as part of an urban energy system (smart city). The heat pumps in
the pool could be connected to the same electric distribution grid or even the
same feeder.

3. Building level: This level comprises the building energy system, where the
heat pump unit, thermal storage, heat pump controls, the heating system, a
PV plant or solar thermal collectors, battery storage, the energy management
and other components are located.

Each level reflects one system boundary. The relationship between the research
questions and the different levels of investigation is illustrated in Figure 1.2.

1.4 Structure of thesis

The remainder of this thesis is structured as follows:
Chapter 2 explains and justifies the main methods used. The presented simula-

tion models are of different complexity and level of detail depending on the scope
of the study.
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Figure 1.2: Overview of research questions on each system level answered in this thesis.

Chapter 3 presents the main results. Section 3.1 covers the general role of heat
pumps in a smart grid, based on a review of current literature as well as the expe-
rience gained during the process of this Ph.D.. This section clarifies applications
and approaches to integrate heat pumps in a smart grid and identifies parameters
needed for this. Section 3.2 elaborates the integration of heat pumps into pools. A
focus is on improving the understanding of the characteristics of heat pump pools
with respect to using them for smart grid applications. Section 3.3 presents the
integration on a building level. Detailed models of the heat pump and the build-
ing energy system are used to evaluate rule-based, predictive and model predictive
control options. The question of whether integration into a smart grid requires a
change in system sizing decisions is answered with the help of sensitivity analysis
using the models presented in Chapter 2.

Chapter 4 puts the results back in the research context, answers the research
questions presented in Section 1.3, and presents the main conclusions of this thesis.
Finally, the limitations of the study are discussed in Section 4.4 and recommenda-
tion for future research are provided in Section 4.5.

1.5 List of publications

Six journal papers and one conference publication build the foundation of this Ph.D.
work. Each paper tackles one or several different aspects of integrating residential
heat pumps into a smart grid, or introduces and validates the used models. The
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structure of publications is visualised in Figure 1.3. The included articles are listed
in the following:

Figure 1.3: Overview over the publications included in this thesis.
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Chapter 2

Methods and models used

This chapter presents the methods and models used in this thesis. An overview for
each system boundary level is shown in Figure 2.1.

A literature review is used to investigate the integration of heat pumps on the
energy system boundary level. Modelling and simulation are used to test different
control approaches, evaluate sizing decisions and explore the characteristics of heat
pump pools. The complexity and level of detail of the used computer models are
adjusted to the scope of the individual study. Table 2.1 provides an overview of the
different models presented in this chapter.

Figure 2.1: Main methods and models used on each system level.
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Table 2.1: Comparison of different models used for simulation and optimisation in this
thesis.

Pool level Building Level
Pool model Dynamic build-

ing simulation
model

Structural opti-
misation model

SH demand time series time series time series
DHW demand time series time series time series
Building dy-
namics

included in SH
load calculation

dynamic energy
balance

included in SH
load calculation

Heating sys-
tem

heating curve, no
inertia

heating curve
and heat transfer
model, inertia
included

heating curve, no
inertia

Pipes & valves neglected energy and mass
balance

neglected

Circulation
pumps

neglected efficiency curve neglected

Heat pump equation-fit semi-empirical
model

precalculated
COP using
equation-fit model
and demand

Storage mixed tank model
for DHW and SH

stratified tank
model

energy balance

Controls rule-based rule-based and
model predictive
controls

optimal controls

2.1 Energy system level (Paper 1)

The investigation on this level targets to understand, summarise and classify exist-
ing concepts of integrating heat pumps in a smart grid, identify heat pump system
design parameters needed for a successful integration and determine aspects to be
investigated in simulation. A literature review has been chosen as method on this
level.

2.2 Pool level (Paper 2, Paper 3, Paper 6, Paper 7)

On this level the target is to study the flexibility and the response towards different
control signals of a heat pump pool. For this purpose modelling and simulation are
used.
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A heat pump pool consists of a large number of heat pump units of different
kind, installed in different buildings, located at different areas, inhabited by different
people and also designed and sized differently. This leads to different thermal load
profiles and different operational characteristics of the heat pump unit, such as on-
off cycles, efficiency and annual operation hours. The pool model is developed to
represent this diversity. Simulating a large number of individual systems requires
efficient computing, simple parametrisation of the models and sets limits to model
complexity. The pool model consist of three main parts: a stochastic energy demand
model, a building unit model and a randomised sizing procedure. The energy
demand models are presented and validated in Paper 6 and Paper 7. The pool
model is introduced, validated and demonstrated in Paper 2, Paper 3 and [105].

2.2.1 Energy demand models

The energy demand models are the content of Paper 6 and Paper 7 and build the
foundation of the pool model and all simulation studies performed in this thesis.

For the generation of energy demand profiles for electricity, DHW and space
heating demand, a stochastic bottom-up model for households has been developed
within this thesis. The model is called synPRO1, which stands for synthetic load
profiles. The model is a combination of a behavioural model with physical models.
It extends the existing ideas by accounting for different socio-economic factors of
the household, correlating duration of use with the start time and linking it to a
dynamic building model. The output of the model are time series for electricity,
DHW and space heating demand of individual households. Those time series are
used as an input in all simulation studies presented in this work. The synPRO
model is depicted in Figure 2.2.

The core of the synPRO approach is to model human activity and link it to
appliance use. Activity data from the Harmonised European Time of Use Sur-
vey (HETUS) for Germany [109] was used to build up probability curves for the
frequency, start times and durations of certain activities like taking a shower or
watching TV. The survey consists of over 40,000 diary entries, where people wrote
down what they were doing on a ten minutes base. The resulting probability dis-
tributions are used to sample individual activity schedules. Individual activity is
linked to the use of specific devices such as the shower or the television. The de-
vices are represented either by physical models or measured load traces. From this
information a load profile for electricity, DHW and occupancy is generated.

The electric and DHW load profiles and the information about occupancy are
an input to the heat load calculation. A building model based on the simplified
hourly method (DIN13790 [110]) is used to calculate the heat load. The heat load
depends on the building physics, the orientation of the building, the local weather,

1Example results and further explanation of the synPRO model are presented on
www.elink.tools.

www.elink.tools
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Figure 2.2: Illustration of the stochastic bottom-up model synPRO, used to generate
energy demand profiles for different user groups and building units.

internal gains and the set-points of the heating system. The internal gains and the
heating set-points are dependent on the activity of the persons in the house.

Using a stochastic bottom-up approach enables to model the energy demand
(space heating, electricity and DHW) for a large number of individual living units
as found in large scale buildings, neighbourhoods or pools. The model accounts for
diversity of the individual load profiles as well as smoothing effects. This makes it
suitable to model multi family houses or a large number of individual buildings, as
required for the study of heat pump pools.

2.2.2 Building unit model
A pool of heat pumps consists of single building units, each of which consists of
the physical building, the heat pump unit, an electric back-up heater, two thermal
storage tanks (one for domestic hot water and one space heating buffer) and the
heat distribution system. For each component simplified models representing the
main characteristics are used. Those are briefly listed in Table 2.1. The models are
designed to capture the main system characteristics, while allowing to parametrise
and simulate a large number (>200) of heat pump systems.

The heat pump is modelled using an equation-fit model based on sink and
source temperatures. The required temperature in the heat distribution system
is determined using an outdoor temperature dependent heating curve, which is
different for different heat distribution systems and building types. The electric
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back-up heater is modelled using a fixed efficiency. Storage tanks for DHW and SH
are modelled using a mixed tank approach assuming a homogeneous temperature in
the tank. The temperatures in the storage are controlled using a hysteresis (dead
band) controller. If the storage is below the set-point temperature then the HP
is switched on and runs until the storage reaches the set-point plus the hysteresis
temperature. DHW preparation is the priority. When the storage is 5K below the
minimum temperature and the heat pump is already 10 minutes in operation then
the electric back-up heater is activated to support the heat pump.

2.2.3 Pool model
To populate a pool consisting of a few hundred heat pumps the individual build-
ing unit models have to be parametrised. The heat distribution system and the
heat pump type have to be selected. The heat pump unit and the storage have
to be sized. For this purpose an automated sizing and randomisation procedure is
implemented. The steps to obtain a pool and the corresponding sizing and ran-
domisation parameters are listed in Figure 2.3. The randomisation starts with the
generation of a heat load profile, where different building types listed in [71] can be
selected. Even for the same building type the heat load profile will differ as building
occupancy, internal load, heating set-points and building orientation is randomised
using the procedure shown in Figure 2.3. The generated heat load profiles are taken
and a heat distribution system is assigned. Depending on the building efficiency,
characterised by kWh/(m2a), a suitable heat distribution system is assigned rep-
resented by a set of seven different heating curves. In the following step a heat
pump (GSHP or ASHP) is assigned to the building. To account for different effi-
ciencies of the heat pump the COP of the heat pump is varied with a multiplication
factor. For the given annual heat demand profile, the heat pump and the storage
are sized using the bi-valence temperature according to manufacturers recommen-
dations [111, 112]. The bi-valence temperature is used to size the heat pump. To
represent the diversity in sizing the bi-valence temperature is randomised. In a fol-
lowing step the chosen heat pump and storage sizes, which are selected with respect
to the used heat load profile, are scaled randomly to account for over and under
dimensioning.

2.2.4 Validation of energy demand and pool model
All parts of the pool model have been validated against measured data. The electric
load profiles have been compared to hourly measured data of over 400 households
taken from a field test [113]. The DHW and space heating demand models have
been compared to 15-minutely measured data of 10 households using field test
data from [22]. Further DHW and space heating have been compared to currently
applied procedures and simulation tools. The validation results for electric demand
are the content of Paper 7. Paper 6 presents the model for SH and DHW and its
validation.
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Figure 2.3: Steps to parametrise a heat pump pool (in bold) and parameters that are
randomised for the individual buildings and heat pump systems (dotted list).

To validate the pool model, and the sizing and randomisation procedure, the
resulting operational characteristics of the heat pumps have been compared to
results from a field test [22] using data from over 100 heat pump units. The pool
model and its validation are presented in Paper 2.

2.3 Building level (Paper 4 and Paper 5 )

On the building level the impact of time variable electricity prices and on-site PV
control and sizing decisions is investigated.

Dynamic building simulation is used to investigate different control concepts
with respect to storage sizing. Models of the main components of the building heat-
ing system are required to compare different control strategies. Dynamic building
simulation and a semi-empirical heat pump model are used. When a heat pump is
integrated in a building, different control decisions are made by the energy manage-
ment system of the building that directly or indirectly affect the heat pump. Those
include changes in compressor speed, changes in water mass flow and the required
water outlet temperature and indirectly the water inlet temperature. Changes in
outdoor air temperature influence the conditions on the evaporator side of the heat
pump. The heat pump and building heating system model should account for these
points.

Structural optimisation in combination with a sensitivity analysis is used to
investigate the impact of time variable electricity prices and on-site PV on system
sizing. Finding the cost optimal size for heat pump, electric back-up heater and
storage requires testing numerous combinations and optimisation is used to solve
this task. The choice of the optimisation solver determines the possible degree of
detail and complexity of the model.
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Figure 2.4: Sketch of the building energy system model used for comparing different
HP controllers Paper 5. It is a multi family house located in Germany using
a stratified storage for DHW and SH. An external heat exchanger (fresh
water station) is used for the preparation of DHW.

2.3.1 Building energy system model

The modelled energy system is shown Figure 2.4. It comprises of a dynamic building
model, PV, a stratified storage tank, external preparation for domestic hot water,
pumps, valves, an electric back-up heater, the variable speed air source heat pump
unit, and a system controller.

PV electricity generation is obtained using a PV model based on [114, 115]. It
is a linear regression model with logarithmic and squared predictor variables, such
as ambient temperature and in-plane global irradiation. Electricity losses due to
high module temperatures are accounted for. PV generation is calculated once and
provided as a time-series.

The dynamic building simulation software ColSim is used for simulating the HP,
building and its heating system. The software, written in C, has been developed at
Fraunhofer ISE as part of [116]. It includes models for storage, pipes and building.

In this thesis different control approaches for variable speed heat pump systems
were developed and implemented in ColSim. Furthermore the heat pump model,
developed during the course of this thesis was added to ColSim. The heat pump
model and controls are presented in Paper 5.

www.colsim.de
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2.3.2 Heat pump model
2The modelled heat pump unit is a variable speed air sourced heat pump, used
for the preparation of DHW and for hot water used in the radiator system. A
semi-empirical model for the heat pump is used. The main components of the
heat pump are modelled individually based on equations for efficiency, heat trans-
fer and dynamic energy balance equations. To represent thermal inertia, thermal
mass nodes are located in the condenser and the evaporator. The model scheme
is shown in Figure 2.5. A basic refrigerant cycle is chosen. A moving surface ap-
proach is taken to determine the heat exchanger surface areas for desuperheating
and condensation in the condenser unit. Subcooling is modelled assuming a fixed
heat exchanger efficiency. The thermodynamic library CoolProp [118] is used to de-
termine the refrigerant properties at different temperature and pressure conditions.
The evaporator and condenser are modelled using semi empirical models for heat
transfer, a dynamic energy balance equation and thermophysical properties of the
refrigerant. Frosting of the evaporator is neglected and should be part of future
work. The compressor is modelled using a variable isentropic efficiency dependent
on compression ratio [119]. Inverter efficiency and drive losses are accounted for by
using a characteristic curve.

A detailed description of the individual submodels is provided in [117], the
supplementary material of Paper 5.

Figure 2.5: Schematic drawing of the modelled heat pump components (see Paper 5).
Thermal inertia nodes are marked with a black dot.

2The explanation in the following subsection is a direct quote from the supplementary material
of Paper 5 [117].
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2.3.3 Validation of the heat pump model
The heat pump model is validated using previously measured data from a test rig
located at the Department of Energy Technology, KTH Stockholm. The tested
unit is a prototype of a variable speed, R407c, water-to-water heat pump. The
data collection is described in [119].

The validation procedure is done as follows:

1. The model is calibrated using data sheet data and one reference point from
the measured data for the calculation of the needed model parameters.

2. The calibrated simulation model is used to calculate the heat pump at differ-
ent steady-state points. Each point is simulated for ten minutes. During these
times the inputs to the model are kept constant. Mass flow rates and their
inlet temperatures as well as compressor speed are set as in the measurements.

3. The calculated values using the simulation model are compared to the mea-
sured data.

Figure 2.6 shows the validation results, where compressor speed was modulated
from 30 to 90 hertz and constant inlet temperatures of 30◦C and 5◦C to the con-
denser and evaporator respectively. The graphs show that the simulation results
correlate well with the measured data. Relative errors are in most cases within 5%
and always below 15%.
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Figure 2.6: Validation of the heat pump model. Comparison of measured and simulated
data.
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2.3.4 Controls
The control approaches used in Paper 5 in combination with the detailed models
presented above differ in complexity, the use of computational resources and pre-
dictions. The target of each controller is to keep the storage temperatures at the
desired level at the lowest cost of operation. This is achieved differently by the dif-
ferent control approaches, briefly described in the following (for more information
see Paper 5 and [117].):

• Rule-based controls (RBC):

– Thermal controls (RBC-T): The deviation of the current storage temper-
ature and the wanted temperature is used as a signal for a PID controller
regulating the compressor speed.

– PV adjusted controls (RBC-PV): The thermal controls are active. Stor-
age set-point temperature is increased during times when excess PV
electricity is available. Excess PV electricity is used as a signal for a
PID controller regulating the compressor speed.

– Timer (RBC-Timer): The thermal controls are active. Storage set-point
temperature is increased during times of low electricity prices or high PV
generation. The time slots with increased temperatures remain static
during the course of the year.

• Predictive rule-based (PRBC): The thermal controls are active. Storage set-
point temperature is increased during time slots of low electricity prices or
high PV generation. The time slots and set-temperatures are dynamically
adjusted based on the predicted thermal demand, the predicted electricity
price or the predicted availability of PV electricity.

• Model predictive controls (MPC): The thermal controls are active. Storage
set-point temperature is increased dynamically by the controller. Set-point
temperatures, operation mode (DHW or SH) and compressor speed are com-
municated from the MPC to the thermal controller. A quadratic optimisation
model of the system in combination with the current storage temperatures,
predictions of thermal demand, electricity prices and availability of PV elec-
tricity is used to compute an optimal control signal for the prediction horizon.
The first part control sequence is applied to the system and the optimisation
is repeated for the following horizon.

2.3.5 Structural optimisation model (Paper 4)
Amixed integer optimisation model is used to study the impact of changing external
conditions on system sizing decisions. Different size of installed on-site PV capacity,
time variability of the electricity prices and different thermal demand profiles are
used to conduct a sensitivity analysis. Structural optimisation is used to determine
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the optimum component sizes and operation. The target of optimisation is to
minimise the total costs over a lifetime of 20 years (interest rate 4%). The total
costs are the sum of total investment costs and discounted operation costs. Those
depend on the chosen size xinv,i for technology i and its operation xop,i,t on each
time step of the year t. Figure 2.7 shows the optimisation model and decision
variables x for investment and operation.

Figure 2.7: Schematic drawing of the structural optimisation model used in Paper 4.
x are the decision variables for investment (inv) and operation (op). e
denotes the external data (time series) used in the model.

To guarantee a physically feasible operation, the optimisation problem is con-
strained. At all times the thermal energy balance of the storage and the electric
balance at the grid connection point of the household has to be held. The thermal
capacity of the heat pump, which is changing with changing outdoor temperature
has to be within allowed limits. The thermal capacity of the electric back-up heater
is limited. Both heat pump and back-up heater (EB) are free to modulate from
zero up to their maximum capacity.

The COP of the heat pump is dependent on outdoor and sink temperature.
An average energy weighted COP is used accounting for DHW and space heating
operation. The COP is calculated before the optimisation is solved, using ambient
temperature and the demand of SH and DHW. This is done to keep the optimisation
problem linear. The COP for each set temperature (DHW and SH) is weighted by
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the respective heat demands Q̇. The set temperature for space heating is calculated
using an outdoor temperature dependent heating curve. To avoid non-linearity
COP is modelled independent of the compressor speed. Hence the effect of changing
compressor speed on COP is neglected. When switched on compressor speed is
limited between 30% and 100%, of the maximum speed. This leads to mixed integer
characteristics of the optimisation problem.

The core of the structural optimisation model is presented in [87,88,120]. To use
it in this thesis it was extended by the heat pump model, the energy demand and
PV generation profiles and the investment figures for Germany. The investment
figures where obtained from heat pump manufacturers.





Chapter 3

Results

This chapter summarises the key results presented in Paper 1 to Paper 5. Section
3.1 covers application and implementation on the level of the energy system as
well as system design aspects that influence flexibility of heat pump systems. The
content is covered to a large extent in Paper 1. Section 3.2 presents the simulation
results of Paper 2 and Paper 3. The pool model is based on Paper 7, Paper 6 and
presented in Paper 2 is used to analyse the response and flexibility of heat pump
pools for different direct control signals and load shift strategies. Section 3.3 shows
the results of Paper 4 and Paper 5 investigating the impact of variable prices and
PV on heat pump sizing and controls.

3.1 Energy system level (Paper 1)

The use of residential heat pumps in a smart grid context has been the content of
over 120 publications presented from 2007 to 2015 [1], highlighting the relevance of
the topic. Those studies have been analysed, summarised and enriched with own
research experience. The results are the content of Paper 1. Important aspects
of this study comprise potential applications of heat pumps in a smart grid, the
way heat pumps are integrated into the power system, consequences for system
controllers and system design.

3.1.1 Applications of heat pumps in a smart grid

Heat pumps link the thermal and the electric sector and are seen as part of a flexible
electricity demand. The possibility to store heat in the building, a storage tank or a
bore-hole makes it possible to decouple in time electricity demand of the heat pump
from the heat demand of the building. This enables shifting the electric demand
(load shifting) and enables using heat pumps for different applications in the power
system.

37
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Three main categories of applications for heat pumps in a smart grid context
have been identified from literature:

• Grid focussed operation of heat pumps

• Renewable energy focussed operation of heat pumps

• Price focussed operation of heat pumps

Clearly these categories overlap and are interconnected. Each field of application
shown in Figure 3.1 is explained in the following.

Figure 3.1: Main fields of applications for heat pumps in a smart grid context identified
during the literature review in Paper 1.

Grid focussed
Grid focussed heat pump operation aims to provide services to distribution sys-
tem operators (DSO) and transmission system operators (TSO). Heat pumps can
contribute to:

• Voltage control
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• Congestion management

• Provision of operating reserve

In [50–52] heat pumps are used to support voltage control on a distribution grid
level. Heat pumps’ power consumption is adjusted in times of critical voltage levels
by switching on (or ramping up) heat pumps when voltage is high and switching
them off (or ramping down) when voltage is low. Switching is mostly done instan-
taneously based on the current state of the distribution grid. If critical hours are
known beforehand, heat pump operation can be scheduled to avoid load peaks.

In [72, 74] and [51, 72, 74, 121] switching or planning strategies are applied to
reduce congestions. Congestions in this sense are line or transformer overload-
ing. Operating heat pumps for congestion and voltage management helps reducing
investments in the grid infrastructure and enables a cost efficient electricity sup-
ply [53,74,122]. However operating heat pumps without appropriate controls could
lead to grid problems and load peaks as shown in [52,53].

The third field that is counted to grid focussed applications is providing oper-
ating reserve. In this case heat pumps are used to support the TSO keeping the
frequency in the power grid within the wanted range.

Operating reserve is called into action on a time scale of a few seconds up
to 15 minutes to balance supply and demand and stabilise the frequency in the
electric grid. Examples for such applications are described in [50,55,56,61–64]. To
participate in the reserve markets a minimum power of several MWel is required
[48,49,123]. As a result heat pumps can only participate when aggregated in a pool
consisting of several hundred units. The organisation of operating reserve is done
in markets where capacity and work are auctioned for certain time intervals (up to
one week). Unit dispatch is done by the grid operator when needed. Challenges
when operating heat pumps in a pool to provide operating reserve are:

1. Predicting the available power and shiftable energy of the heat pump pool to
be traded in the reserve markets.

2. Choosing the right bidding strategy.

3. Controlling the heat pump pool in such a way that the promised power in-
crease or decrease can be delivered.

This is why flexibility of heat pump pools and their reaction to direct control signals
is investigated in this thesis (see Section 3.2).

Renewable energy focussed
The possibility to influence heat pumps’ electricity demand can increase the poten-
tial of the power system to absorb large amounts of renewable generated electricity
and decrease carbon emissions for heating. In this context heat pump systems are
seen as an alternative to conventional storage options [44].
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Smoothing the residual load curve and reducing feed-in peaks is a further benefit
that can be achieved by altering heat pump operation. The integration of renew-
able electricity takes place on different levels. Using heat pumps for the integration
of larger power plants such as wind power plants and PV arrays requires different
strategies as for maximising the use of on-site PV generation. To integrate large
amounts of wind and PV, numerous individual heat pump units have to be coordi-
nated according to their availability and the current production situation. On the
level of individual buildings, coordination of the heat pump with other technologies
such as battery systems is required in case of on-site PV electricity generation.

The correlation between renewable electricity generation and heat demand in-
fluences the ability of heat pumps to support the integration of renewable electricity
in the power system. [18,52] mention limitations of heat pumps to integrate PV. A
reason for this is that for central and northern European climates the times with
highest thermal demand is during winter season whereas PV generation is highest
during summer time, when thermal demand is low. It is shown in [17, 124] that
HPs’ electric demand matches the availability of wind and the fluctuations induced
by wind power in the Danish system.

Price focussed

Time variable electricity prices are a way to convey information about the needs of
the power system to the end customer. Time variable prices are used to incentivise
or penalise electricity consumption at certain times. The time scales when prices
change depends on the tariff scheme. In the case of critical peak pricing, high prices
are used at critical time periods for mostly few hours per year, often announced be-
forehand. Time of use pricing with quasi static price intervals are used to influence
demand during the day. Dynamic pricing or real time pricing is used to influence
electricity demand on shorter time scales. Price information is sent real time or up
to several hours ahead of time. When prices are known ahead of time heat pump
operation can be planned to achieve the wanted thermal comfort at lowest cost.

3.1.2 Embedding and controlling heat pumps in a smart grid

The way how heat pumps will be integrated and controlled in a smart grid will
depend on their targeted application in the smart grid. The approaches to control
or at least influence heat pumps operation can be summarised to:

1. Direct control: In this case the heat pump is a passive device that reacts on
a control signal sent by a third party (e.g. the utility).

2. Indirect control: In this case the heat pump is passive but with some kind of
local intelligence. It plans its operation according to an incentive signal like
time variable electricity prices.
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3. Agent based control: In this case individual heat pumps are "quasi" au-
tonomous acting as intelligent units collaboratively interacting with other
units. Those units plan and negotiate their actions trying to maximise a com-
mon and an individual utility function and satisfying individual and common
constraints.

Today mainly direct and indirect controls are used. The resulting control hierarchy
for this case is depicted in Figure 3.2. In Paper 2, Paper 3 and Paper 5 selected
aspects of direct and indirect approaches are investigated.

Figure 3.2: Control cascade when using direct and indirect controls to integrate heat
pumps into a smart grid (see Paper 1).

3.1.3 Requirements for heat pump controls
System controls need to be adjusted to enable heat pumps to operate in the pre-
sented applications. Today heat pump controls are optimised1 to serve the thermal
demand at best efficiency, which leads in the case of constant electricity prices also
to the lowest operation costs. The focus of controls is to keep the temperatures
within the building and at the storage tank at the wanted temperature level. These
targets will be extended in a smart grid embedded heat pump towards fulfilling the
thermal needs at:

1This is an optimistic assumption.
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1. Optimising operation with respect to on-site renewable electricity generation,
e.g. on-site PV electricity.

2. Optimising operation with respect to an indirect control signal, e.g. time
variable electricity prices.

3. Compliance to a direct control signal, e.g. a switching signal sent by an
aggregator.

Over the recent years control algorithms, communication and computation possi-
bilities have been advanced. Weather, electricity price and energy forecasts are
now available via internet based services. This enables new control strategies for
building energy systems and heat pumps.

With respect to the discussed applications two control skills are required to
enable a smart grid integration of heat pumps:

1. Controllers should be able to react to a real-time signal (direct controls).

2. Controllers should be able to plan and schedule heat pump operation ahead
of time (indirect controls). E.g. as a reaction to day-ahead prices.

Communication interfaces and protocols are required on different layers to ensure
communication between power system controls (e.g. utilities, aggregators or grid
operators) and the building energy management system (or the heat pump) and to
enable communication between the building energy management system and the
heat pump units.

3.1.4 Influence of system design on flexibility
The flexibility that can be provided by heat pumps is determined by different fac-
tors, shown in Figure 3.3. The most important factors influencing heat pump flexi-
bility are thermal demand, heat pump size, storage size and the dynamic properties
of the heat pump unit.

Operation of the heat pump and the storage is determined by the thermal
demand of the building and its occupants and the flexibility requirements from the
power system. The flexibility requirements from the power system differ depending
on the type of application of heat pumps in a smart grid context. For example
providing primary operating reserve requires flexibility on shorter time scales than
increasing the utilisation of wind power. For both cases the use of heat pump and
storage will be different. In the first case the dynamics of the heat pump unit is
the limiting factor. In the second case the available storage capacity limits the
flexibility of the heat pump system.

The thermal demand profile for DHW and space heating and the system COP
determine the maximum amount of electricity that can be shifted within a given
time period. The thermal demand profile depends on the climate, building physics
and the inhabitants.
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Figure 3.3: Factors that influence the flexibility of heat pumps systems. The green
fields can be influenced during the design phase of the building and heat
pump system.

The building inhabitants directly influence the thermal energy demand from
a building by the way they use hot water, their comfort requirements and their
attitude towards changing the set-temperatures during presence, absence and night
time. A flexible operation of heat pumps is only possible if the occupants accept
this. If the building should be actively used for load shifting, indoor temperature
will change. The extend to which changing indoor temperatures are tolerated by
the inhabitants influences the potential flexibility that can be acquired from actively
using the building. In this context the building thermal inertia and the way it is
activated by the heat distribution system influence the energy that can be stored
by changing indoor temperature.

The type, capacity and the actual state of charge (SOC) of the thermal storage
determine how much energy can be shifted. Insulation, temperature level in the
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storage, storage type (e.g. combined DHW and SH storage or split storage) and
heat storage material (e.g. water, PCM) influence the losses that occur when heat
is stored in the storage.

The hydraulic layout influences system efficiency and the general ability to shift
load. The presence of mixing valves and room thermostats determine to what ex-
tent the storage and the building can be used for load shifting. Without mixing
valves and/or thermostats a change in the water temperature of the tank changes
the supply temperature in the space heating system and consequently indoor tem-
perature and thermal comfort. The way the thermal storage is integrated into the
heating system (i.e. in series, in parallel or using a bypass) influences the efficiency
of load shifting.

The "free" heat pump capacity limits the possibility to increase or decrease HP’s
electric consumption by switching or ramping the heat pump unit. In times of high
thermal demand the potential of the heat pump to increase power consumption
and to charge the storage is lower than in times with low demand. The possibility
to continuously adjust heat pump capacity, as it is the case for variable speed heat
pumps can be beneficial in some applications, as shown in [77,79] for PV or [52] for
grid applications. In mono-energetic systems the use of an electric back-up heater
offers the possibility to increase electric power consumption. In bi-valent systems,
an alternative heat source can be used. This enables the heat pump unit to be
switched off for longer time periods without compromising the thermal comfort in
the building.

Outdoor temperature, heat demand and supply temperatures for space heating
are changing during the course of the year. This influences heat pump efficiency,
the maximum capacity and hence heat pump flexibility.

The dynamic properties of the heat pump unit influence flexibility. Minimum
run- and pause times limit flexibility particularly for the use-cases that require fast
response and frequent ramping or switching. In case of variable speed heat pumps
the maximum allowed change rate of compressor speed also limits flexibility.

Among the main factors that can be influenced during the design process of the
building and the heat pump system are: Building physics, choice of heat distribution
system, type of storage, sizing of storage, hydraulic layout, sizing of the heat pump
unit, choice and operation strategy of auxiliary heat sources, controls.
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3.2 Pool level (Paper 2 and Paper 3)

To participate in the electric spot market or for the provision of reserve power a
capacity of up to 5 MWel (German case) is required [48, 49, 123]. Using residen-
tial heat pumps, this capacity can only be achieved by pooling a large number of
individual units. Furthermore pooling leads to economies of scales, which are ben-
eficial for using the flexibility of individual heat pumps. Hence pooling will play
an important role for the integration of heat pumps into a smart grid. The actor
who is able and allowed by contractual agreement to control and thereby use the
flexibility of a large number of individual heat pumps is referred to as aggregator.

Direct controls are one way for an aggregator to influence the operation of heat
pumps according to its needs. In such a case the following questions are of high
relevance:

• What control signal should be send to the heat pumps?

• For how long should the signal be sent?

• How long should be waited until a signal can be sent again?

• How much power can be activated or deactivated when sending a signal?

• How much energy can be shifted?

• What are the implications on heat pump system efficiency?

Summing up: How is the reaction of a heat pump pool towards direct load control
signals? To answer these questions a simulation model for heat pump pools was
developed in Paper 7, Paper 6, Paper 2, and is used to study selected aspects relevant
for the characterisation and operation of heat pump pools. Paper 2 explains the pool
model and puts a focus on the definition and evaluation of flexibility parameters of
heat pump pools. Paper 3 puts a focus on duration and repetition of direct control
signals and the resulting load shift efficiency.

3.2.1 Use of direct controls
When reacting to a direct control signal, different load shift strategies can be de-
ployed locally. To enable an aggregator to directly control heat pumps the "Smart
Grid Ready" (SG-Ready) interface [125] has been developed by the German Heat
Pump Association (BWP) and heat pump manufacturers. The interface is now
available for over 1000 heat pump models in Germany [126]. SG-Ready offers the
possibility to trigger four different operation states of the heat pump unit. Those
are named: "off", "normal operation", "recommended on", "forced on". The "forced
on" includes the possibility of using the back-up heater. A positive aspect of using
SG-Ready for direct controls is its simplicity. Furthermore it is standardised and
market available.
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The different SG-Ready options represent a set of different load shifting strate-
gies possible with heat pumps. Examples of those strategies are activating (starting)
or deactivating (stopping) the heat pump, overheating of the storage and/or the
building and using the electric back-up heater or other auxiliary heat sources. The
way how individual heat pumps should react to each of the four SG-Ready sig-
nals is not fully specified in [125]. This leads to different load shifting strategies,
that are implemented by heat pump manufacturers. In Table 3.1 the load shifting
strategies implemented in the pool model used in Paper 2 and Paper 3 are listed.
Those strategies are in accordance to the SG-Ready specification.

Table 3.1: Implementation of different load shifting strategies for direct load control
signals based on the SG-Ready recommendations [125] as done in Paper 2
and Paper 3. The "forced on" (SG-Ready option 4) is implemented as su-
perheat with two different strategies.

Direct control signal Load shift strategy [125]
Off HP is switched off, until storage reaches its lower

allowed temperature level.
Normal Operation HP operates with normal set-points (hysteresis con-

troller).
Recommended On HP is switched on, hysteresis is increased.
Superheat (HP) HP is switched on, storage temperatures increased

to the maximum temperature allowed by the HP.
Superheat (BH+HP) HP and back-up heater are switched on, storage

temperatures increased to the maximum tempera-
ture of the HP.

Besides the different load shift strategies, two different ways to react to a direct
control signal have been investigated in Paper 2 and Paper 3:

1. Activate and forget: After receiving a direct control signal the heat pump
starts and operates until the upper set-point temperature is reached. After
that the unit returns to normal operation. One full load shifting cycle is
performed after activation.

Deactivation follows the same logic but using the minimum allowed tempera-
ture in the storage to start the heat pump after it was stopped by the control
signal. This approach is used in Paper 2.

2. Activate and hold: In this approach the heat pump operates a certain program
as long as receiving a direct control signal. The activation (or deactivation)
time is linked to the signal duration. From an aggregator’s view point this
approach offers better controllability. For this approach the influence of signal
duration and repetition is analysed in Paper 3.
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3.2.2 Characteristic response of a pool towards direct control signals

An important information to be known when operating a heat pump pool is the
response of the pool towards a control signal. The response is defined as the change
in electricity consumption of the pool when a signal is sent compared to the power
demand of an undisturbed, normal operation. A typical reaction pattern, the char-
acteristic response, could be identified by observing the reaction of the pool towards
different control signals. An exemplary response for a pool of 284 heat pumps is
shown in Figure 3.4.

The set-up of the pool is based on the idea that only heat pumps sold today and
tomorrow are equipped with SG-Ready and could thus be used. Table 3.2 shows
the types and quantities of the selected buildings used in the analysed pool. The
division into categories is based on [25, 71, 127] and explained in Paper 2. All heat
pumps (ASHP/GSHP) are used for space heating and DHW preparation. Potsdam
is chosen as location of the pool and test reference year (TRY2010) weather data
is used. System sizing is applied for German recommendations including blocking
hours. ASHP are sized to a certain bi-valence temperature and an electric back-up
is added based on the maximum thermal load (12h) of the year. GSHP systems are
mono-valent. All systems are randomised to represent the diversity in sizing (e.g.
over-/undersizing) as explained in Section 2.2.3.

Table 3.2: Composition of the heat pump pool used for flexibility assessment as pre-
sented in Paper 2.

Building definition Number of Systems
Class Age Th. Demand ASHP GSHP
[-] [-] [kW h

m2·a ] [-] [-]
SFH before 1978 233 19 6
SFH 1978 - 2002 144 19 6
SFH after 2002 81 75 25
SFH advanced 55 75 25
TH before 1978 166 3 2
TH 1978 - 2002 108 3 2
TH after 2002 74 9 3
TH advanced 51 9 3

Figure 3.4 shows difference in electricity consumption, for the different load
shift strategies (colour of lines) and ways to react to a signal (Figure 3.4a and
Figure 3.4b). The time the signal is sent is clearly visible by a sudden change in
power consumption. The shape of the individual curves depends on the load shift
strategy and the reaction towards the signal. The difference between the "activate
and forget" and the "activate and hold" approach is clearly visible about one hour
after the signal is sent. The transition between an activation phase (curve above
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zero) and the regeneration phase (curve below zero) is more pronounced in the
"activate and hold" case. For this case Figure 3.5 shows the characteristic response,
which is divided into three phases that occur after a control signal is sent:

1. Charging phase: Directly after an activation, the number of active units is
increased. The operating units now charge the available storage capacity. As
storage temperature increases; efficiency decreases and electricity consump-
tion of the individual units increases.

2. Steady state phase: When the individual storages are heated up to the tem-
perature predefined by the load shift strategy and the signal is still active,
then the systems operate with an increased storage temperature set-point.
This leads to a positive offset in electricity consumption as observable in Fig-
ure 3.4b. Electricity consumption is increased as systems operate at higher
temperatures.

3. Discharging/regeneration phase: When the signal is released heat is supplied
solely from the heat storages to the buildings. The pool is regenerating and
electricity consumption is lower than during normal operation.

The different phases that describe the typical response may differ in length and
magnitude depending on the time of the day and year. The characteristic response
for an "Off" signal follows a similar pattern as the activation signal but with inverse
signs. The steady state phase in this case is almost negligible.

3.2.3 Suggested parameters to characterise flexibility
"Easily changed to suit new conditions" this is how flexibility is described in the
Oxford Dictionary. In the power system context, the ability to modify electricity
generation or consumption in response to an external signal is described as flexibility
[128,129]. A set of parameters used to quantify and discuss flexibility is motivated
in Paper 2 and refined in Paper 3. The characteristic response shown in Figure 3.5
is used to motivate the following parameters:

• Pmax (maximum power, kWel): The maximum power that can be activated
(or deactivated), compared to normal operation.

• Echarge (shiftable energy, kWhel): Integrated difference of electricity demand
during the charging phase and the demand during normal operation over a
specific period of time. It is used to charge the storages and keep them at
temperature defined by the load shift strategy.

• Edischarge (saved energy, kWhel): Integrated difference of electricity demand
between the end of a signal and the beginning of a new signal, compared to
the demand during normal operation. It is the "saved" electricity during the
regeneration period of the pool.
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(a) Exemplary pool response for "activate and forget" as in Paper 2.
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(b) Exemplary pool response for "activate and hold" for 360 Minutes as in Paper 3.

Figure 3.4: Difference in electric consumption of the pool for different load shift strate-
gies (coloured lines). The ways to react to a direct control signal (subfig-
ures) are explained in Section 3.2.1. The different load shift strategies are
explained in Table 3.1.
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Figure 3.5: Characteristic response of a heat pump pool towards an activation signal
and the derived flexibility parameters as introduced in Paper 2 and refined
in Paper 3.

• Eloss (lost energy, kWhel): The difference between shiftable (invested) energy
(Echarge) and saved energy (Edischarge).

• Load shifting efficiency: The absolute ratio of Edischarge to Echarge.

• Duration: The time after an activation during which the pool consumes more
(or equal) electricity than during normal operation. In the case of "Activate
and hold" this time equals the duration of the signal.

• Regeneration time: The time during which the pool regenerates, i.e. consumes
less energy than during normal operation. This indicator can be used to
evaluate how much pause should be in between two signals.

Those parameters are used to analyse the flexibility of heat pump pools.
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3.2.4 Operational parameters that influence the flexibility of heat pump
pools

The flexibility of heat pump pools depends besides system design parameters on
operational decisions and external conditions. Selected aspects that influence the
flexibility of heat pump pools are presented in the following.

Influence of load shift strategy
In Paper 2 a pool of 284 HPs received a control signal which triggered one of the
four load shift strategies listed in Table 3.1 using the "active and forget" approach.
To evaluate the flexibility of the pool for different times of the day and year, the
signal was sent each single hour of a day (only one signal per day) for all days in
the year. The procedure was repeated until all 24 hours were covered, leading to a
total of 27,548 simulations2.

Table 3.3 lists average values for the flexibility parameters for the entire pool.
The influence of load shift strategy on flexibility is clearly visible. Switching off
corresponds to a blocking of the heat pumps as applied in many systems today.
Switching off the heat pumps leads to the lowest flexibility values. Shiftable energy
is approx. 12 times and maximum power is around 6 times lower switching off
the HP than switching it on. Some explanation for this is: The off strategy only
works with heat pumps that are currently running. The temperature settings of the
storage remain unchanged. Charging of the storage tanks takes for most systems
between 20-40 minutes, depending on the thermal demand. This is why switching
off leads to comparably short shifting changes in the electric power consumption in
of the pool.

Compared to the "On" strategy overheating the storage using the heat pump
increases the shiftable energy by factor three. Using the back-up heater approxi-
mately doubles the available maximum power compared to merely using the heat
pump for load shifting. In this case shiftable energy is further increased by factor
1.7. The increase in flexiblity using the electric back-up heater is mainly due to
lower conversion efficiency and additional available power of the electric back-up
heater.

The results clearly show the increase in flexibility that can be gained by moving
from a simple blocking signal towards a control signal that allows for different load
shift strategies (e.g. SG-Ready).

Results also show that using the back-up heater significantly improves flexibil-
ity. However flexibility is bought at the expense of efficiency as it can be seen in
Figure 3.8b. For this study presented in Paper 3 the load shifting signals have been
applied for different durations. Long shifting durations, overheating the storage
and particularly using the back-up heater can reduce the shifting efficiency in the
worst case down to approximately 30%, meaning that the increase in electricity

2284 systems · 24 hours · 4 load shift strategies + 284 systems for the reference case = 27,548
simulations
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consumption during the time the signal is sent exceeds the decrease when storages
are discharged by factor three. The main reason for this is the low efficiency of the
electric back-up heater compared to the heat pump. Furthermore high tempera-
tures in the storage reduce heat pump COP and increase storage losses. For long
signal durations the system is operated at this suboptimal point during the entire
time the signal is present. This means that also the occurring heat load during this
time is covered with the lower efficiency than compared to normal operation, which
leads to a low load shifting efficiency.

Table 3.3: Flexibility parameters of the pool of 284 HPs for the different load shift
strategies. Average values per shifting cycle as presented in Paper 2.

Load shift strategy Echarge Pmax Duration Regeneration
time

[kWh] [kW] [min] [min]

Off -13.5 -103.4 13.4 27.0
On 167.1 605.1 35.8 134.3
Superheat (HP) 510.4 624.0 94.6 207.1
Superheat (HP+BH) 855.6 1274.4 68.9 209.3

Influence of outdoor temperature
Outdoor temperature affects all flexibility parameters as presented in Paper 2. Fig-
ure 3.6 shows the shiftable energy for the different load shift strategies over the
course of the year. The seasonal and daily characteristics are clearly visible. For
the "Off" strategy most potential is during cold season and during morning and
evening when DHW demand is high. In the case of the "On" strategy shiftable en-
ergy remains constant during most time of the year. However an intra-day pattern
can be observed. For the "Superheat (HP)" strategy a daily and seasonal pattern is
observed, which is mainly determined by the space heating demand. The influence
of DHW is not as visible as for the "On" signal and the daily pattern is mainly de-
pendent on the space heating demand. The "Superheat (HP+BH)" strategy, where
the back-up heater is used, leads to less variation of the values for shiftable energy
over the course of the days during heating season.

As can be seen in Figure 3.6 thermal demand plays a key role for flexibility.
As thermal demand is closely linked to ambient temperature this is investigated in
more detail.

Figure 3.7 shows the mean values and 25/75 percentiles for selected flexibility
parameters sorted over outdoor temperature. The effect of outdoor temperature
and load shift strategy on the maximum power is depicted in Figure 3.7a. Decreas-
ing outdoor temperature leads to increasing number of active heat pumps. Hence
when a control signal is sent those units are already operating and can not be ac-
tivated. This results in a decrease in maximum power for the case of an activation
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(a) Off signal
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(b) On signal
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(c) Superheat (HP) signal
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(d) Superheat (HP+BH) signal

Figure 3.6: Shiftable energy during the course of the year for the different load shift
strategies. The plot shows simulation results for a heat pump pool of 284
systems investigated in Paper 2.

signal. With decreasing outdoor temperatures the units that can be deactivated
increases.

The effect of outdoor temperature and load shift strategy on the shiftable energy
is depicted in Figure 3.7b. Falling outdoor temperature leads to lower COP values
for ASHP and an increase in electricity needed to heat up the storage. The heating
set-point and the storage temperature is increased. At outdoor temperatures be-
low -5◦C an increasing number of systems begin using the electric back-up heater.
This leads to an increased variation of shiftable energy for the "Superheat(HP)"
case, depending on whether the back-up heater is in use when the trigger signal is
received.

Depending on building energy standard the heating systems are activated at
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different outdoor temperatures (3 days average). In well insulated buildings the
heating systems are activated at lower temperatures than in less insulated build-
ings. Only when the heating system is activated the buffer storage can be used for
load shifting. Figure 3.7b shows that at temperatures above 8◦C this leads to an
increased variability of shiftable energy indicated by the 25/75 percentiles. Outside
the heating season, visible at temperatures above 17◦C, when most of the heating
systems are deactivated, only the DHW storage is used for load shifting, which
leads to a reduction of shiftable energy.
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(b) Shiftable energy for one load shift cycle.

Figure 3.7: Maximum power and shiftable energy for different load shift strategies plot-
ted versus outdoor (ambient) temperature. The plot shows simulation re-
sults for a heat pump pool of 284 systems, mean values are the thick lines
and 0.25/0.75 percentiles are shaded. The results are part of Paper 2.
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The influence of outdoor temperature on flexibility can be summarised as fol-
lows:
Decreasing outdoor temperature leads to ...

1. ... increased heat demand. Thus the number of heat pumps that are active
increases. As a consequence the number of heat pumps that can be activated
by a direct control signal is reduced. This reduces the available maximum
power. Contrarily the number of heat pumps that can be deactivated by a
direct control signal is increased.

2. ... decreased thermal capacity of the air source heat pumps in the pool. As a
consequence the free capacity to charge the storages is reduced.

3. ... increased temperatures required for space heating. As a consequence
the temperature in the storage tank for space heating has to be increased.
Given that the maximum water outlet temperature of the heat pumps remains
unchanged, the free capacity in the storage reduces, which reduces shiftable
energy.

4. ... increased heat demand. If an electric back-up heater is activated it not only
charges the storage but also tries to meet the heat demand. As a consequence,
shiftable energy is increased with falling outdoor temperature in case of the
"Superheat (HP+BH)" load shift strategy. Note that this reduces efficiency.

Point 3 and 4 explain the different trends of shiftable energy for "Superheat (HP)"
and "Superheat (HP+BH)" depicted in Figure 3.7b.

Influence of signal duration
Paper 3 presents two studies investigating the influence of duration and repetition of
the control signal on flexibility and efficiency for the different load shift strategies.

The first study investigates the behaviour of the pool when a single signal is
sent and the pool is fully regenerated at this point. For this purpose a single control
signal is sent to the pool every 19 hours, so that different hours of the day and year
are covered.

The second study investigates the effects of intermittent operation over a longer
time period. For this purpose a series of intermittent signals (equal times of signal
and interruption) were sent to the pool over a period of twelve hours, followed by
seven hours of regeneration time.

The shiftable energy for single signals is shown in Figure 3.8a. It can be seen that
the longer the signal and the more aggressive the load shift strategy the higher the
shiftable energy. Which highlights that from a flexibility point of view, overheating
and/or using the electric back-up heater might be interesting options. However
efficiency should be considered.

Figure 3.8b shows the corresponding load shifting efficiency for the different
cases. It is shown that for the activation signals duration and load shift strategy
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strongly affect the shifting efficiency. Long signals and high temperatures reduce
efficiency down to around 30%. This means that in an extreme case only about one
third of the invested energy is used for covering the heat demand after the signal has
ceased. The main reason for this is the low efficiency of the electric back-up heater
compared to the heat pump. Furthermore high temperatures in the storage reduce
heat pump COP and increase storage losses. For long signal durations the system
is operated at higher than normal temperatures during the entire time the signal
is present and the heat load during this time is supplied at the lower efficiency.

In the study that aims to investigate the effects of intermittent operation over
a longer time period, it is found that activation times between 15 Min. and 60
Min. yield the highest values in shiftable energy and load shifting efficiency over
the twelve hour period. This indicates that, when using direct controls in a non-
predictive way, heat pumps are well suited for shifting intervals on hourly to sub-
hourly time scales (charging). Please note that these time-scales represent the
length of an activation signal. As indicated in Table 3.3 the regeneration times
after an activation are within the time scales between 130 to 210 minutes.

The interval of 15-60 Minutes have to be seen with respect to the study. A
direct signal is sent to a pool that operates normally at this point. The values can
be interpreted as the instantaneous flexibility of a pool. This flexibility could be
used when there is a need to react to events in the power system (grid, renewables,
price). As shown in Paper 5 by planning individual heat pump operation ahead of
time, e.g. using model predictive controls, the achievable shifting durations can be
increased and storage capacity can be used in an close to optimal way.
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Figure 3.8: Average values for shiftable energy and load shift efficiency for different
signals sent once for a duration of 1, 15, 60 and 360 minutes, presented in
Paper 3.
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3.3 Building level (Paper 4 and Paper 5)

On the building level a central question asked in this thesis is whether the integra-
tion of heat pumps in a smart grid will require new sizing procedures and control
strategies?

This is studied using 1) A structural optimisation model and 2) Dynamic build-
ing simulation. For both studies indirect control signals in the form of time variable
prices or on-site PV generation are considered. As time variable electricity prices
are one way to communicate information about the needs of the power system.
The simulation case is a German multi family house with 6 apartments, located in
Potsdam. A variable speed air-source heat pump connected to a thermal storage is
used to provide domestic hot water and heat for space heating.

3.3.1 Choice of storage and heat pump size

Section 3.1.4 states that increasing heat pump capacity and storage size increases
the flexibility of a heat pump system. This increased flexibility can be used to profit
from time variable electricity prices or to maximise PV self-consumption. However
increasing the size of heat pump and storage comes with additional investment
costs and system losses, which could exceed these gains. An optimum system
sizing would yield the lowest total cost of ownership over the system lifetime. Today
sizing procedures for HP systems are established. The question is if those should be
adjusted when HPs are operated in a smart grid context? Therefore the impact of
changed boundary conditions on optimum system sizing is investigated in Paper 4.

Sizing and operation of heat pump, electric back-up heater (EB) and thermal
storage are formulated into an optimisation problem as described in Section 2.3.5
and Paper 4. The objective of the optimisation is to minimise investment and
operational costs over the lifetime. 37 different scenarios (see Table 3.4) for thermal
demand, variability of the electricity price, size of the PV plant have been studied
for a multi family house with twelve inhabitants, located in Potsdam, Germany.

Table 3.4: Investigated scenarios in structural optimisation study, presented in Paper 4,
reference scenario underlined.

Building DWH PV El. price Storage ∆T
[n persons] [kWp] Variability [K]

Unrefurbished 12 0 constant 10
Refurbished 6,12,18 0-160 0-100% 10,20

New 12 0 constant 10

The investment costs for each technology are separated in fixed costs, and spe-
cific costs depending on the unit size. The costs were obtained by discussions with
heating technology manufacturers. The fixed costs are independent of the unit size
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and specific costs are modelled linearly in the given range. Costs for wear and tear
are accounted for by fixed annual operational costs. The used cost data is listed in
Table 3.5. The interest rate is set to 4% and the lifetime used for calculation is 20
years.

Table 3.5: Cost assumptions for structural optimisation study including VAT as pre-
sented in Paper 4

Installation Costs: Fixed Specific
ASHP 2000 e 1500∗ e/kW
Electric boiler 60 e/kW
Thermal storage 60/120∗∗ e/kWh
Annual Operation & Maintenance
Costs:
ASHP 1.1 % of Invest
Electric boiler 1.4 % of Invest
Thermal storage 0 % of Invest
∗A-7/W45,PLR=1
∗∗Allowing ∆T=10K / ∆T=20K in storage

3For all scenarios, the yearly mean electricity price is kept constant at 19e ct/kWh,
which corresponds to a possible heat pump tariff in Germany. In case of time vari-
able electricity prices the hourly price for electricity at the EEX day-ahead market
for Germany is used as a signal for the price variability. Both climate and elec-
tricity price time series are taken for the year 2012 to keep the correlation between
the price signal and climate conditions. The price of electricity pel at time t is
calculated for each scenario k according to:

pel,t,k = 19.0 · (1 − vk) + 19.0 · vk · p̂EEX,t

[ct/kWh] (3.1)

where vk is the price variability in percent and p̂EEX,t is the normalized price signal.

p̂EEX,t = pEEX,t

pEEX
[-] (3.2)

The normalized price is the hourly day ahead price for electricity at the European
Energy Exchange pEEX,t, divided by the annual mean electricity price pEEX. The
variable share of the price is increased stepwise up to 100%, while the mean value
is kept constant.

To investigate the effect of changed controls the optimum solutions were calcu-
lated without storage overheating and allowing for a 10K increase of the storage
temperature.

3The following paragraph is quoted from Paper 4.
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(a) Different PV sizes, no overheating in storage.

(b) Different PV sizes, 10K overheating in storage.

Figure 3.9: Optimised sizing for heat pump (HP), electric back-up heater (EB) and
storage, for the PV cases. As presented in Paper 4.
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(a) Variable electricity price, no overheating in storage.

(b) Variable electricity price, 10K overheating in storage.

Figure 3.10: Optimised sizing for heat pump (HP), electric back-up heater (EB) and
storage, for the variable price cases. As presented in Paper 4.
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Figure 3.9 shows the results for optimal sizing of the heat pump, electric boiler
and the storage when the size of the PV plant is changed. Figure 3.10 shows
the results for optimal sizing of the heat pump, electric boiler and the storage for
an increasing variability of the electricity price. The results show that optimum
size of the heat generation technologies (heat pump unit and electric boiler) are
mildly affected by changing price variability and PV sizes. Increased variable prices
lead to more frequent negative prices for electricity. This results in an increase
in electric back-up heater capacity. Increasing storage size reduces the installed
capacity for the back-up heater, as peaks can be covered increasingly by the storage.
Generally the optimised results include the installation of an electric back-up heater.
From a system efficiency point of view using the electric back-up heater is not
favourable in particular as variable speed heat pumps allow for over-speeding the
compressor. However for the given cost assumptions installing a back-up heater
and a comparably smaller heat pump is economically favourable.

Adding PV or time variable electricity prices leads to an increase in optimum
storage size. The introduction of variable prices leads to a storage size increase of
up to factor 2.3 whereas a large PV installation led to an increases by factor 1.3.
A reason that time variable prices lead to larger optimum storage sizes, is their
presence at all times in the year. During the heating season where thermal demand
is high the storage can be used to avoid HP operation during the morning and the
evening price peak hours.

The increase in optimum storage volume with increasing PV is not as strong as in
the variable price case. One reason for this is that PV electricity is mainly available
during the summer when thermal demand is comparably low and dominated by
DHW. Thus the storage is only actively used for PV approximately half of the
year.

Allowing to overheat the storage by 10K lowers the need for additional storage
capacity in most scenarios. This indicates that most of the economically viable
potential could be exploited by adjusting heat pump controls.

To see whether current system sizing procedures need to be adjusted, the opti-
misation results were compared to manufacturers sizing recommendations [111] for
Germany. Most of the heat pump systems in Germany are sized to overcome up to
2 hours of blocking as grid operators can be allowed to shut down heat pumps4,5.

Table 3.6 shows the optimal sizing results and the recommended storage values
for different thermal demands. Three different sizing recommendations are com-
pared: 1) A lower value: sizing without blocking hours, only the minimum needed
storage size for safe HP operation is installed. 2) A middle value: accounting for
blocking hours and assuming a building with high thermal inertia. 3) An upper
value: accounting for blocking hours and assuming a building with low thermal
inertia.

4see Energiewirtschaftsgesetz (EnWG) §14a
5Until 2007 written in Bundestarifordnung Elektrizität (BTOElt) §7
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It shows that optimised sizing in the baseline case leads to storage sizes of 127%
of the minimum recommended value, 92% of the middle recommended value and
of 62% the upper recommended value. Comparing the recommended values to the
optimum values of the different scenarios shown in Figure 3.9 and Figure 3.10 it is
indicated that sizing as applied for most systems in Germany (middle value) leads
to sufficient or more than sufficient storage size to profit from the introduction of
time variable prices and PV.

One central result of Paper 4 is that sizing of the heat pump and the elec-
tric back-up heater are mainly dependent on the thermal load profile and does
not change significantly when time variable electricity prices and PV were added.
Increasing storage size is suggested by the optimisation results, but can be unnec-
essary when allowing to overheat the storage. In this case finding suitable control
strategies is particularly important as efficiency decreases with increasing storage
temperatures.
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Table 3.6: Comparison of optimised storage sizing results with recommended values
for the case of a multi family house with 6 apartments and 12 inhabitants
(baseline case).

Space heating scenarios DHW scenarios
Base- New Unre- 6 18
line furbished Pers. Pers.

Number of Persons 12 12 12 6 18
DHW demand [MWh/a] 12.6 12.6 12.6 8.8 16.7
SH demand [MWh/a] 25.8 13.1 70.6 25.8 25.8
Peak load SH 24h [kWth] 14 9.6 32 14 14
HP size optimised:
A-7/W45 [kWth] 8.2 5.4 18 8 8.7
A7/W45 [kWth] 10.25 6.75 22.5 10 10.9
Heat covered by HP [%] 93 92 93 93 93
Storage optimized [l] 809 922 1009 609 870
Storage sizing - manufacturers recommendations:
Lower value
(no blocking) [l]

635 577 816 454 791

Middle value
(blocking, high inertia)[l]

875 752 1381 694 1031

Upper value
(blocking, low inertia) [l]

1297 1060 2266 1116 1453

SH+DHW storage, specific size in l/kWth at A7/W45
Storage optimised [l/kWth] 79 137 45 61 80
Lower value [l/kWth] 62 86 36 45 73
Middle value [l/kWth] 85 111 61 69 95
Upper value [l/kWth] 127 157 101 112 134
SH storage only, specific size in l/kWth at A7/W45
Storage optimised [l/kWth] 34 68 24 33 23
Lower value [l/kWth] 17 17 16 17 16
Middle value [l/kWth] 40 43 41 41 38
Upper value [l/kWth] 81 89 80 83 77
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3.3.2 Choice of control strategy
Integrating heat pumps into a smart grid environment will change the way heat
pumps are controlled and operated. Direct control signals, indirect control signals
such as time variable electricity prices and on-site renewable electricity generation
(as from PV) might have to be taken into account when designing controls. Over
the recent years developments in algorithms, information and communication tech-
nology, as well as machine-to-machine services have increased the possibilities in
controlling heat pump systems. The provision of forecasts enables predictive con-
trols. Model predictive controls using the system state, a system model and an
optimisation algorithm for the calculation of an optimal control trajectory have
seen a rise in popularity.

Paper 5 investigates how different control algorithms will impact heat pump
operation and which level of complexity is required to profit from time variable
electricity prices and the presence of PV. For this study detailed models of the
building, the stratified storage and the variable speed air source heat pump are used
(see Chapter 2). The building investigated is a refurbished multi family house with
six apartments and 12 inhabitants, located in Potsdam, Germany. The dynamic
building simulation environment ColSim [116] is used. The simulation step-width
was 10 seconds and the year 2012.

Three different rule-based control approaches (RBC), one predictive rule-based
controller (PRBC) and one model predictive control approach (MPC) are compared.
The implemented control strategies differ in the usage of external information and
sensors, computational requirements and complexity in design and implementation
and are briefly explained in Section 2.3.4 and in the paper. The investigated use-
cases are presented in Figure 3.11. Furthermore the influence of different storage
sizes and forecast errors on controller performance and heat pump operation is
studied.

Considerations on comparing different control approaches
Comparing different control approaches using only a single criterion such as annual
cost leads to an incomplete picture about the different aspects that are influenced
by controls. Therefore in Paper 5 a set of different techno-economical indicators is
used for the evaluation of heat pump controllers. Those are:

• Annual operation cost: The annual electricity cost for the heat pump and the
backup heater are used to quantify the monetary performance. The feed-in
tariff is used as a cost of self-consumed electricity from the PV plant.

• Electricity demand: Total electricity demand of the heat pump and the back-
up heater

• Self-consumption rate: Share of self-consumed PV electricity by the building
and its heating system. This indicator is used to quantify the utilisation of
renewable electricity.

http://www.colsim.org/
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• System efficiency: The seasonal performance factor defined as the ratio of the
annual heat demand for space heating Qsh and DHW QDHW over the used
electricity Wel for heat pump and the back-up heater is used.

SPF = QSH +QDHW

Wel
[-] (3.3)

• Temperature violations: The total time of violations of the minimum allowed
temperature at the outlet storage layers for DHW and SH are used as criteria
for comfort, which in this case is similar to the tracking performance of the
controls.

• Back-up heater usage: Total operating hours of the back-up heater are used to
investigate the quality of controls and for better interpretation of the energetic
parameters.

• Heat pump usage: Part load ratio of the HP and the total number of HP
starts gives indication of how the heat pump is used.

Besides the quantitative answers on controller performance, a qualitative analysis is
added in Paper 5. Complexity in design, computational and hardware requirements,
and robustness of different control approaches towards a change in parameters are
found to be important parameters when comparing different control approaches.

Figure 3.11: Investigated cases in dynamic building simulation. Different controllers,
use-cases and sensitivities simulated in Paper 5 to compare control strate-
gies for variable speed ASHP in a smart grid context.

Comparison of control approaches
Figure 3.12 shows the results of a one year simulation using the different use-cases
(columns), controllers (sub columns) and storage volumes (dots) as described above
and presented in Paper 5. For each use-case the tested controllers are compared to
the rule-based thermal controller (RBC-T), which serves as a reference.
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The results show that, depending on the use-case, efficiency, annual operating
costs and PV self-consumption could be improved significantly by adapting the
controls. The achieved savings in annual electricity cost is between 2% up to 16%
depending on the applied control strategy and use-case. In the case of constant
electricity prices (thermal case) MPC leads to cost savings of 6% - 11% and SPF
could be increased by 3% - 12%. The improvements are mainly due to heat pump
operation at lower compressor speed and decreased storage temperature.

In the case of variable electricity prices the results show that the annual electric-
ity cost could be reduced by 6% - 16% for the MPC, 2% - 4% for the RBC-Timer.
The predictive rule-based controller (PRBC) reduces costs by 2% for the 6000 l
storage size but increases the cost for all other storage sizes by 1%. Although this
controller operates during low-price time-slots, the gains are overcompensated by
increased electricity consumption.

In the case of PV and constant electricity prices, adjusting controls leads to
reduced annual electricity costs and increased PV self-consumption. The possible
increase in self-consumption is between 4 pp and 15 pp. The strongest improvements
are found for the MPC controller followed by RBC-PV controller. SPF and self-
consumption are increased simultaneously in the MPC case up to a storage volume
of 3000 l. The RBC-PV controller achieves increased self-consumption is mainly
by overheating the storage during hours of PV availability and thereby decreasing
SPF.

Results highlight that the change in operation to minimise cost when time vari-
able electricity prices are applied leads to higher electricity demand than in the
constant price case. For all controllers the introduction of time variable electricity
prices leads to higher electricity demand and lower SPF, compared to the con-
stant price case. Reasons for this are enforced operation at low price time slots
and a more intensive use of the storage. This leads to higher compressor speed,
higher temperatures in the storage and operation during night time when outdoor
temperatures are low. Also maximising PV self-consumption reduces SPF for all
control approaches as compared to the constant price use-case. The reason is that
compressor speed and storage temperatures are increased during times when PV
is present. In both cases time variable electricity prices and PV self-consumption
heat pump system efficiency is reduced but the targets of control (minimum costs,
maximum self-consumption) could be reached. Hence smart (grid) operation of the
heat pump might reduce efficiency on a local system boundary level, but offers the
possibility to contribute to a better use of resources with respect to the energy
system boundary level.

Looking at the effect of different storage volumes on the results, it shows that
increasing the storage size shows almost no improvements for all rule based con-
trol approaches. In some cases increasing the storage size even increased annual
operation costs. Only when using MPC increased storage size leads to a significant
reduction in annual operation costs. It can also be seen that even in the MPC case
increasing the storage brings diminishing returns. Furthermore investment costs
and space requirements for larger storage tanks have to be considered, which could
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make large storage tanks unattractive. A central finding that arises when inspect-
ing the results is that there is no single best storage size. Moreover controls, storage
size and use-cases are interconnected. A change in one influences the best choice
of the others. As only the MPC controller could profit from larger storage sizes,
hence it can be concluded that improving controls is a must before going to larger
storage sizes.

Besides the potential benefits of adjusted controls, complexity of design and
implementation have to be considered. It shows that MPC as the most complex
control approach outperforms the simpler approaches, even in the case where a
simple persistence forecast ("yesterday-is-today") is used. In this case complexity
seems to pay off in terms of improved operation. However in some cases costs for
additional hardware, communication and engineering should be considered. Rule-
based approaches are found computationally less demanding and easier to design,
but fine-tuning has been considerable work and with changing boundary conditions
rules had to be readjusted.
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Figure 3.12: Selected results of a one year simulation for controller comparison. Full
range of KPIs are presented in Paper 5. Annual values for each use-case
(big columns), controllers (small columns) and storage sizes (colour of the
dots). Forecast error ("yesterday-is-today") is indexed with err.



Chapter 4

Conclusion, discussion and future re-
search

This chapter summarises the findings and insights gained through the recent years
of intensive research on heat pumps in smart grids. The research questions are
answered in Section 4.1, conclusions are presented in Section 4.2 and recommenda-
tions are provided in Section 4.3. As time, knowledge and computational resources
are limited, there are limitations to this work, which are discussed in Section 4.4.
A topic as large as heat pumps in a smart grid offers more possibilities for future
research. Some have been identified and are presented in Section 4.5.

4.1 Answers to research questions

The research questions asked in the beginning of this thesis are now answered:

Question 1: Which design parameters enable a successful integration of heat
pump systems into a smart grid?
The design parameters of heat pump systems that enable a successful in-
tegration into a smart grid have to be seen with respect to the intended
application. As discussed in Paper 1, the main fields of application of heat
pumps in a smart grid are: 1) Grid focussed: Congestion management, peak
reduction and the provision of operating reserve are the most discussed op-
tions. 2) Renewable energy focussed: Operating heat pumps to improve the
integration of renewable electricity generation. This can be either on the level
of individual buildings or on an aggregate level. 3) Price focussed: Operating
heat pumps in a scenario with time variable electricity prices. Those are seen
as a way to communicate the current situation of the power system.
Each application poses different requirements to heat pump systems, which
also depend on market design and regulations. However a set of general

71
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parameters was identified that should be considered when designing a heat
pump system for a smart grid.
The possibility for an external party (e.g. an aggregator) to communicate
to the heat pump, meter the electric demand and receive operational data
from the heat pump is essential to use the flexibility of heat pumps. The re-
quirements for communication, metering and sensor information needed are
different for each application and depend on the integration and control ap-
proach chosen from the external party.
Heat pump controllers should be able to react to direct and indirect control
signals sent real time or ahead of time (e.g. time variable electricity prices).
The integration of decentralised electricity sources such as on-site PV or the
presence of a building energy management system has to be taken into ac-
count. The implemented load shift strategy, such as overheating the storage
or using the electric back-up heater, influences flexibility, efficiency and oper-
ational costs. The possibility to modulate heat pump’s electric consumption
as it is the case for variable speed heat pumps offers benefits in certain cases,
such as integrating PV [77] or stabilising local voltage [52] in the electric
distribution grid.
A core feature of using heat pumps in a smart grid is the possibility to shift
operation in time thereby serving as flexible load. This can be enabled by
using thermal storage or the buildings’ thermal inertia. The possibility and
efficiency of those two options is influenced by the hydraulic layout and the
system controls. The possibility to use the building is further dependent on
the heat distribution system and the building physics. The availability and
usage of auxiliary heat sources increases flexibility as it allows to activate
additional load (mono energetic systems) or deactivate the heat pump over
longer time periods (bi-valent systems).
The timely characteristics of the thermal demand determine how much energy
can be shifted. Sizing of storage and heat pump with respect to the thermal
demand influences the possibility to charge the storage at certain times or
keep the heat pump switched off at other times.

Question 2: Which operational parameters influence the flexibility of heat pump
pools?
Available flexibility of a pool is influenced by sizing and controls of the indi-
vidual heat pump systems, outdoor temperature and the type and duration
of the control signal.
Flexibility of heat pump pools is investigated in Paper 2 and Paper 3. For
this purpose a pool model has been developed that reflects diversity of sys-
tems. The model is a stochastic bottom-up model considering the diversity
in electric demand (presented in Paper 7), thermal demand (presented in Pa-
per 6) and heating system characteristics (presented in Paper 2). It was used
to simulate a pool of 284 residential buildings equipped with heat pumps and
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thermal storage. Direct control signals of different type and length have been
used to study the influence of time when the signal was sent, its duration and
repetition on the flexibility of the pool. Four different load shifting strategies
based on the SG-Ready specification were tested for repeated and unrepeated
control signals of different length.

A characteristic response of a heat pump pool towards different control signals
could be identified. Based on this, a set of flexibility parameters is suggested.
Among those are maximum power (positive and negative), the shiftable en-
ergy, activation time and regeneration time.

The flexibility parameters are dependent on outdoor temperature, thermal
demand and whether the heating systems in houses are in operation. A
seasonal and intra-day variability of maximum power and shiftable energy
was observed. During summer the maximum power that can be activated
is highest as most heat pumps are idle but shiftable energy is lowest as the
heating systems are deactivated and only DHW tanks can be used for load
shifting. During winter most heat pumps are in operation and the maximum
power that can be activated is lowest and the power that can be deactivated
is highest.

The control signal and the implemented load shift strategy of the heat pump
system influences the flexibility parameters. The presented results indicate
the value added in terms of increased flexibility, which can be achieved by im-
plementing other load shift strategies compared to just blocking heat pumps,
which could be seen as status quo. Switching on the heat pumps leads on
average to a five times higher maximum power than switching them off. Us-
ing the back-up heater yields on average a ten times higher change in power
than switching off the heat pumps. Shiftable energy is increased by factor 10
up to 60 when using the electric back-up heater compared to switching off
the heat pumps. However flexibility comes at the cost of efficiency. For the
investigated pool, overheating the storage for 60 Minutes led to an increased
electricity demand and reduced load shifting efficiency by more than 15 pp.
and over 40 pp. when the electric back-up heater was used. Overheating the
storage for more than 360 Minutes load shifting efficiency decreased up to
50% (HP only) and 30% when the electric back-up heater is used. The reason
for the low load shifting efficiency at longer activation intervals is that the
heat pump system is operated at higher temperatures compared to normal,
which leads to lower COP values and higher storage losses. The heat demand
during this period is supplied at lower COP, which leads to higher electricity
demand. A different hydraulic layout or better stratification and insulation
of the thermal storage tanks could improve the load shifting efficiency for this
study.

The duration and frequency of using the flexibility of a heat pump pool in-
fluences shiftable energy as well as the efficiency. Within a time slot of 12
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hours, most energy could be shifted when heat pumps are triggered repeat-
edly between 15 Minutes and 1 hour. Looking at the time scales favourable
for using the flexibility of individual heat pumps connected to water storage
tanks, it showed that hourly to sub hourly activation cycles are best suitable.
Depending on the activation length the regeneration times vary and could
take up to several hours, depending on the thermal load. As discussed above
flexibility values depend strongly on system design and the thermal load at
the time flexibility is wanted.

Question 3.1: How will the integration of heat pumps into a smart grid influ-
ence sizing of the heat pump and the storage?
Optimal sizing with respect of total cost of ownership of heat pump, storage
and electric back-up heater has been studied in Paper 4 using structural op-
timisation. The installation of on-site PV and the implementation of time
variable electricity prices (based on the EEX day-ahead price) have been con-
sidered as use-cases. For each use-case different scenarios for PV size and
price variability have been tested in the structural optimisation model.
It showed that introducing time variable electricity prices or on-site PV did
not significantly affect the optimal size of heat pump and electric back-up
heater as compared to constant electricity prices and no PV plant. However
changing the thermal demand profiles did result in changed sizing of the
heat generation technologies. From the investigated cases is concluded that,
from an economical point of view, thermal demand is and should stay the
dominating factor in sizing heat pump and the electric back-up heater even
if strong price variations or large PV capacity are introduced. As the heat
generation system only operates at is maximum capacity a few hours a year,
it offers sufficient capacity for load shifting during the remaining time.
When it comes to storage sizing things look different. The results from struc-
tural optimisation showed that optimal storage size increased by factor 2.3
when time variable prices were added and factor 1.3 when on-site PV was
added. This highlights the need to rethink storage sizing procedures in such
cases. The results also highlight that optimal storage size is dependent on the
use-case. However, significant changes in storage size were only observed when
PV size and price variability was increased strongly. Allowing to overheat the
storage reduced the need for bigger storage even further. This highlights the
potential of changed controls for load shifting.
The storage size resulting from optimisation was for most scenarios within
the range of what is recommended by manufacturers in Germany. Values are
in between what is minimum technically required and the recommendations
when blocking hours are present. The latter corresponds to how most systems
are sized in Germany. It can be concluded that most installed systems have
sufficient thermal storage and heat pump capacity, which gives them flexibility
in operation. It is concluded that from a sizing point most of today’s systems
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are already smart grid ready (at least in Germany). It can also be concluded
that strong (economic) incentives are needed when significantly larger storage
sizes or increased heat pump capacities, than what is installed today, are
politically wanted.
Increasing storage size leads to increased losses and requires adjusted control
strategies as the findings of the detailed simulation study indicate. It was
found that, given a model predictive controller, increasing storage size led
to improved annual operating costs and PV self-consumption rates. How-
ever from a certain point on-wards the improvements could hardly justify
additional investment costs and space requirements. Increasing storage size
brings diminishing returns. Oversizing the storage could even lead to a point
where storage losses overcompensate the additional gains. To profit from
larger storage size, well designed controllers are needed, otherwise increased
storage size will lead to increased costs with no benefits. Improving storage
insulation, stratification quality and hydraulic integration of the storage could
reduce storage losses when load shifting is applied.

Question 3.2: How will the integration of heat pumps into a smart grid influence
the choice of control strategy?
Changing the controls is a must when participating in a smart grid. The choice
of control strategy is closely linked to the way the heat pump is integrated into
the surrounding energy system. For this integration three different approaches
have been identified:

1. Direct controls: Heat pumps are directly controlled by a third party e.g.
aggregator.

2. Indirect controls: Incentives such as time variable prices are communi-
cated (mostly in advance).

3. Agent based controls: Individual units collaboratively optimise their in-
dividual and a joint utility function, whilst keeping the systems within
the allowed boundaries.

The chosen integration approach defines the requirements for controls on the
building level. In all cases control approaches have to be adjusted compared
to what is seen today. System controllers should be able to react real-time
towards direct control signals (e.g. sent by the grid operator) and schedule
operation to optimally profit from an incentive signal known ahead of time
(e.g. time variable electricity prices). The used control signal and the imple-
mented control strategies influence flexibility, cost and efficiency. Overheating
the storage or using the electric back-up heater increases flexibility at the cost
of efficiency.
The availability of low-cost computation technology, advances in algorithms
and the availability of weather predictions enable predictive and model pre-
dictive control approaches. Furthermore the integration of on-site renewable
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electricity generation such as PV and the presence of other controlled devices
such as batteries has to be considered when designing controls on a building
level.

Three use-cases for indirect controls have been tested in detailed simulation.
Those are: constant electricity prices, time variable electricity prices and PV
self-consumption. Four different rule-based controllers and a quadratic model
predictive control (MPC) approach have been compared. Results showed that
in all cases adjusting the controls led to an improvement compared to ther-
mally driven operation of the system.1It showed that MPC outperforms the
other control approaches in all three use-cases in terms of annual operation
cost, efficiency and comfort. However the effort of modelling and adjusting
controls to the case should be considered. Compared to the thermally driven
operation and depending on the use-case all controllers could improve annual
operation costs. The less complex rule-based approaches have been found to
yield about 2%-4% decrease in annual operation costs compared to 6%-16%
for the MPC approach. The rule-based approaches are found computation-
ally less demanding and easier to design. However fine-tuning rule-based
controllers demanded considerable effort and rules needed to be continuously
adapted to the varying boundary conditions and use-cases.

Temperature settings and allowed temperature ranges are found a decisive
parameter in design of controllers and should be included in the MPC formu-
lation. It has been shown that optimising heat pump operation under variable
boundary conditions such as variable electricity prices or PV self-consumption
potentially leads to lower seasonal efficiency on heat pump system level. Hence
operation in a smart grid might decrease the efficiency of individual heat pump
systems, but it could increase the efficiency of the overall energy system.

An investigation of different storage sizes showed that use-case, control strat-
egy and storage sizing are inter-connected. Increasing storage size only led
to significant improvements only if MPC has been used. Consequently the
intended use-case, potential control options and dimensioning should be con-
sidered together at the early design phase of a heat pump system. Note
that the potential benefit of changing controls or increased storage size is de-
pendent on the heat pump, building heating system and the use-case. The
values of cost reduction have to be seen with respect to the underlying pricing
assumptions.

Question 3.3: How will the integration of heat pumps into a smart grid influence
the way heat pumps are used?
The way heat pumps are used will change depending on the use-cases and
the chosen control approach. In case of direct controls heat pumps will be
operated normally and a control signal will disturb this normal operation. It

1The following quoted in parts from the conclusion of Paper 5
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was shown that frequency and duration of the direct control signals as well
as the implemented load shift strategy influences flexibility and efficiency.
For all tested load shift strategies - except for switching off the heat pump
- flexibility was bought at the cost of heat pump system efficiency. Direct
controls if used in the wrong way might also lead to frequent switching of the
heat pumps, which could impact unit lifetime.
Indirect controls leave the control decision to the field system and merely
transmit an information signal, e.g. electricity price or availability of PV
electricity. The results of the detailed study indicate that operating heat
pumps in a smart grid environment will influence the efficiency of individual
systems. Operating to self-consume PV will lead to operation during day
times, whereas it was shown that optimising heat pump operation towards
the current spot price will lead to increased operation during night time.
Other use-cases, such as wind integration or operating on the reserve markets,
will lead to different operation times. Even when using model predictive
controls, the electricity consumption was increased when introducing time
variable electricity prices or PV as the goal of operation was shifted from
efficiency towards minimum operation cost.
It was shown that operating heat pumps in a smart grid will change operating
hours, temperatures, on/off cycles and seasonal performance compared to
today’s heat-driven operation. It was shown that the goals to reduce operating
cost, increase efficiency or increase PV self-consumption can be conflicting and
are often impossible to achieve simultaneously. Not necessarily will operation
in a smart grid increase the efficiency of individual systems, rather it could
increase efficiency of the overall energy system.

4.2 Conclusion

Electrically driven heat pumps is a key technology for decarbonisation of the heat
sector and a bridging technology between the heat and the power sector. With
increasing coefficients of performance and an increased electricity generation from
renewable electricity, heat pumps will be an increasingly attractive heating option,
as specific CO2 emissions will decrease. Heat pumps connected to thermal storage
can provide flexibility in operation that can be used in a smart grid.

In this thesis the vision of a smart grid is defined as an interconnected, decen-
tralised power system that is designed and operated to minimise cost, environmental
impact and use of natural resources. In such a system even small generation and
consumption units are operated in a way to achieve these goals.

If integrated into a smart grid, using the flexibility of heat pumps can help to
enable the transition towards a renewable heat and electricity sector. The main
fields of applications for heat pumps in a smart grid are: integrating renewable
electricity, supporting the grid, or operate to reduce total cost of power generation.
The way these goals are achieved is strongly dependent on the integration approach
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of the heat pump into the surrounding energy system. Direct control in the form
of an aggregator controlling the heat pumps and indirect control in the form of
time variable electricity prices are amongst the most discussed approaches. The
integration approach influences the requirements for controls on the building and
unit level. For direct controls heat pumps need to be prepared to receive direct
switching orders. The ability to plan heat pump operation ahead of time is of
importance when time variable electricity prices apply.

When using heat pumps in a smart grid the seasonal and daily flexibility needs
to be considered. As shown in Paper 2 and Paper 3, seasonal availability and the
potential flexibility of heat pumps can vary significantly. Flexibility is dependent on
outdoor temperature and thermal demand as well as controls and system design.
During the summer time, shiftable energy is the lowest as heat demand is low.
During the coldest days of the year when thermal demand is highest, flexibility
is limited by the "free" capacity of the heat pumps. The latter could be altered
by oversizing the systems. However the results presented in Paper 4 showed that
oversizing is not economically attractive. Even strongly fluctuating electricity prices
hardly affect the optimal size of the heat pump and the back-up heater, when
investment costs are included in the considerations. Hence strong incentives will
be needed if larger heat pumps and thermal storage capacity, compared to what is
installed today, are politically wanted.

Compared to merely switching off the heat pumps, using different load shift
strategies based on SG-Ready showed to increase available flexibility significantly.
When sending direct control signals to a pool of heat pumps - connected to water
tanks, sized as done in Germany and at this point operating normally - the time
scales best suitable for load shifting are between 15 Min. and 60 Min. (activation).
Longer activation times mainly lead to reduced efficiency as heat pumps are oper-
ated at higher storage temperatures and storage losses increase. Depending on the
activation times, the regeneration times vary and could take up to several hours,
depending on the thermal load. The values can be interpreted as the instantaneous
flexibility of a pool. This flexibility could be used when there is a need to react to
events in the power system (grid, renewables, price). Paper 5 shows that by plan-
ning individual heat pump operation ahead of time, e.g. using model predictive
controls, the achievable shifting durations can be increased enabling to optimise
operation in the presence of time variable electricity prices based on the day-ahead
price at EPEX. By planning heat pump operation ahead of time the individual
storage capacity can be used in a close to optimal way. Using the building could
further increase the potential activation times. In [130] the authors recommend
activation times between two and six hours for standard insulated buildings. Note
that for this case also the regeneration times increases up to more than twelve hours.
Generally flexibility values at a certain time depend strongly on system design and
the actual thermal load.

When operating heat pumps in a pool the characteristic of the response has
to be considered when designing control strategies. For direct control signals, the
response is characterised by three phases that follow an activation signal. 1) A
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sudden change in power demand, which stays constant for a while and then is grad-
ually reduced 2) A steady state phase where systems are merely keeping storages
at higher temperature levels 3) A regeneration phase where power demand is lower
than during normal operation and storages are discharged. In the investigated case,
overheating the storages using the back-up heater leads to losses over two thirds of
the invested energy.

For studying heat pump pools, the use of stochastic bottom-up models proved
to be an excellent choice as diversity of systems is reflected. Differences between
individual households are included and a large number of different buildings and
heat pump systems could be simulated, leading to robust results and a better
understanding of the behaviour of heat pumps in a pool.

On the level of individual buildings the influence of time variable electricity
prices and PV on sizing and controls decisions have been studied. In Paper 4 it was
found by using structural optimisation, that adding thermal storage to the system
is beneficial and economically viable to profit from PV or variable prices. However
not a large increase in storage size above the minimum that is technically required
is needed. It was found that the optimum sizes correspond well or are even lower
than what is recommended by manufacturers in Germany in the presence of blocking
hours. Furthermore it was shown in [5,77] using detailed building simulation that,
when not controlled appropriately, large storage volumes can lead to an increase of
annual operation costs.

Paper 5 showed that increasing storage size could lead to increased self-con-
sumption and reduced annual operation costs. However adjusted controls are
needed to profit from increased storage size. Furthermore investment cost and
space requirements should be considered. When investment costs are added as
done in Paper 4 strong economic incentives are needed to see a significant change
in optimal system sizing for smart grid conditions. For the case of PV it was found
that DHW demand profile and appropriate controls are the dominant factor for PV
self-consumption [77].

Changing the control strategy and set-points had a major impact on system
annual cost and efficiency. This has been investigated in Paper 5. Compared to
rule-based controls focussing on supplying the thermal demand, adjusted rule-base
controls reduced annual operation costs between 2%-4%. Model predictive controls,
even with simple forecasting methods, lead to savings in annual operation costs be-
tween 6%-16%. Besides the quality of controls multiple aspects such as complexity
in design, hardware requirements and needed robustness towards changing bound-
ary conditions should be considered when deciding for new control approaches.

It was shown, that depending on the use-case, operating heat pumps in a smart
grid context might lead to efficiency losses as operating hours could be shifted to-
wards different times of the day, and compressor speed and storage temperatures
might increase in order to benefit from time variable electricity prices or PV. Inte-
grating heat pumps into a smart grid could make individual systems less efficient,
but might give the possibility to increase the efficiency of the total energy system.

To reach the goal of optimal flexible heat pumps, successfully integrated into
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a smart grid, system design, sizing and the choice of control strategy should be
considered with respect to intended the use-case.

4.3 Recommendations

From the findings of this thesis the following recommendations are derived:

• Politicians and regulators: Heat pumps have the potential to provide flexibil-
ity to the power system. When connected to water storage tanks, heat pumps
are best suited for hourly and sub-hourly activation cycles. For this potential
to be used, regulations must be in such a way that providing flexibility pays
off. Time variable electricity prices for end customers in combination with
implementation of appropriate control mechanisms are one way to enable a
change in heat pump operation. Pooling heat pumps by an aggregator who
trades their flexibility, most likely combined with direct controls is another
way heat pumps could be used to benefit the power system. For both ap-
proaches it has to be legally possible, technically feasible and economically
attractive to contract, control and meter individual heat pump units.
The use of thermal storage has been found economically and technically vital.
However only a moderate increase in storage size compared to only installing
the minimum needed capacity is suggested by the results of the studies. In-
creasing storage size brings diminishing returns due to additional losses and a
mostly high day-to-day autocorrelation of demand, PV generation and elec-
tric spot price patterns. High prices on the spot markets and PV peak power
generation during the day last up to few hours. Calls for reserve power or
the need to respond to grid problems might occur on an even shorter time
scale. Hence subsidy schemes for storage should target a storage size reason-
able from both: the point of heat pump system efficiency and total cost of
ownership as well as the needs of the power system.

• Heat pump manufactures: For the success of heat pumps in a smart en-
ergy system controls are vital. Communication interfaces to aggregators and
the local energy management systems are needed. Overheating the storage
volume leads to increased flexibility, which is further increased by using the
electric back-up heater. This comes at the cost of efficiency. It has been found
that, under the assumptions made, increasing storage volume substantially as
well as overheating storage could lead to losses that overcompensate potential
gains achievable from a smart grid integration. Also the load shift strategy
responding to direct controls should be carefully determined. The efficiency of
thermal storage and their integration into the building energy system should
be optimised. It was found that increasing storage volume only pays off with
appropriate controls. Actively using the building as storage could increase the
flexibility of heat pump systems [130, 131], but requires appropriate controls
and hydraulic layouts to respect thermal comfort.
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Model predictive controls has been found the most efficient and flexible con-
trol algorithm. However complexity in design is an obstacle, which should
be overcome. Rule-base controls seem less complex in design but have to
be adjusted with changing boundary conditions and yield less potential for
improvement.

• System design engineers: It has been found that there is no single best solution
for sizing of components, choice of control strategy and the application of heat
pumps in a smart grid. Rather those choices are interconnected and should
be considered simultaneously in the system design process.

• Academia: The use of stochastic models to simulate heat pump pools has
been found to be a good choice and is recommended. For designing controls
it is recommended to use appropriately detailed models as temperature and
part load characteristics of the heat pump and storage have been found crucial
to the success of any of the tested control strategies. This study confirmed
the potential of MPC however it is hardly seen in practice. Future research
should focus on increasing the usability of MPC.

4.4 Limitations

Heat pumps in a smart grid context is a large topic, with a variety of questions to
be investigated. Some of those could be covered in the presented work and many
could not be treated. To obtain results, assumptions had to be taken. The main
assumptions and limitations of this thesis are discussed in the following to provide
an interpretation of the presented results and motivation for future research.

This thesis takes a holistic approach, analysing heat pumps on different system
boundary levels, going into detail at certain aspects and daring to draw the big
picture. For each of the questions individualised models have been developed. This
is beneficial on the one hand as the use of appropriate models tailored for the
individual research question is definitely needed to get to answers, but on the other
hand it makes it difficult to directly compare the results of each sub-study.

On the energy system level the impact of introducing heat pumps into distribu-
tion grids and the influence of large scale penetration of heat pumps into the power
system as a whole has not been studied. This is important with respect to needed
grid infrastructure, power plant capacity and its operation, when heat pumps are
introduced on a larger scale. The expected change in the domestic load profile is
discussed in [93] but should be investigated in more detail.

The major limitation of this work is that actively using the building mass is
only discussed qualitatively and was excluded from the simulations. Actively us-
ing the building requires a good model for heat transfer between indoor air, the
building material and the heating system. This can be used to investigate comfort
and flexibility and design control algorithms. This study should be conducted thor-
oughly in a separate work. Not using the building leads to an underestimation of
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the potential flexibility in all simulation studies as it is suggested by the following
studies. [131] investigates flexibility by advancing heat pump operation (starting
them earlier than normal). For this purpose a simulation study for a British single
family house and multi family house is performed. It is shown that while remaining
acceptable comfort levels heat pump operation could be advanced in winter one
to one and a half hours for a normal and a passive house and two hours for a
multi family house. In [130] a passive and a normally insulated single family house
with floor and radiator heating systems were investigated using dynamic building
simulation. The heat pump was switched on or off for different times. For the
normally insulated building activation durations of between two to six hours are
recommended by the authors. For passive buildings switching on the heat pump
for more than two hours led to comfort violations and the authors recommend to
rather block the heat pump (up to 6 hours). Furthermore they conclude that using
building thermal mass and respecting comfort will require advanced controls.

Another limitation of this work is that only one single hydraulic layout was
used for all simulation studies. The storage is installed in parallel and no storage
bypass is used. The way the storage is integrated, the quality of stratification
and the type of storage used has an influence on storage losses and water inlet
temperature to the heat pump. This is particularly important for load shifting over
a long time period when the storage temperature is high. Stratification quality and
hydraulic layout influence the inlet temperature to the heat pump thus efficiency
of heat supply during and load shifting efficiency during this time. Hence different
storage types and hydraulic layouts should be analysed to investigate the potential
beneficial effect of insulation levels, stratification quality and a storage bypass on
load shifting efficiency particularly for longer shifting intervals.

In this thesis the influence of frosting and defrosting on the efficiency and avail-
ability of the air source heat pumps has been neglected. This leads to an overes-
timation of potential flexibility and SPF. In [132] it is stated that about 2-5% of
the operation time is spent for defrosting. [133] shows for selected test points that
defrosting using reverse cycle can take up to 15% of the run-time or up to 100%
when solely the fan is used for defrosting. In the same study it is shown for a
prototype heat pump that defrosting reduces SPF by 0.2-0.3 points coming from
4.7-5.0.

On the level of heat pump pools this thesis added to the body of knowledge by
introducing a stochastic bottom-up model that accounts for the diversity of systems
in the pool. Furthermore investigating the reaction towards direct load control
signals led to increased knowledge about the behaviour of heat pump pools. Yet, a
control strategy to control a large number of individual units using the presented
model is still to be developed. Furthermore only on-off systems connected to storage
tanks are included in the pool model. The pool model should be extended towards
representing variable speed heat pumps, different hydraulic layouts and making it
possible to use the buildings’ thermal mass for load shifting.

The results presented for the controls of heat pumps highlight the importance
of tank level temperature on system efficiency. This is only included indirectly



4.5. FUTURE RESEARCH | 83

in the formulation of the quadratic optimal control problem used in the MPC
approach. The performance of MPC could be further improved by fully covering
system non-linearity in the calculation of controls. However this will possibly lead
to a non-linear optimal control problem. Furthermore controller testing should be
conducted with different building types, heat pump types, storage types, hydraulic
layouts, pricing assumptions and climate zones.

The pricing structure used in the structural optimisation study (Paper 4) and in
the controller study (Paper 5) is based on the EPEX day ahead price of electricity
for Germany. This structure, particularly the location of high and low price times,
influences heat pump operation. In the used time series the lowest prices are during
night time and hence HP operation is frequently scheduled in this time slot. How-
ever low price hours could move towards daytime [76, 95], when high shares of PV
are integrated into the power system. This could be favourable for the efficiency of
ASHP as ambient temperatures are higher during those times.

The assumptions in Paper 4 regarding investment and operating cost of the
equipment influence the results. The used numbers reflect the best possible assump-
tion within the time and scope of this study. The assumptions are double-checked
with heat pump manufacturers but could vary strongly depending on country, lo-
cation within the country, price development and manufacturer.

All simulation studies have been conducted for buildings located in Germany.
This influences climatic conditions, the type of the building and the pricing as-
sumptions. Thus the absolute numbers presented in this thesis have to be seen
with respect to the simulated cases. The assumptions in Paper 4 for investment
cost, operating cost, electricity prices, feed-in prices and interest rate are based on
the German case. Furthermore the sizing recommendations used for comparison
are country specific and can not be generalised, as in Germany most heat pump
systems are already sized to overcome two hours of blocking from the grid operator.
However the answer to the research questions and main messages of this thesis and
the included papers can be generalised.

Please note again that all numbers have to be seen with respect to the conducted
studies and the underlying assumptions.

4.5 Future Research

For the successful integration of heat pumps into smart grids additional research
should be conducted on different levels.

On the energy system level the focus should be on developing business models
that are based on the flexibility of heat pumps. This should include a techno-
economical analysis of heat pumps in different markets and smart grid applications.
Such an analysis should further consider potential revenues as well as additional
costs that could result from integrating heat pumps in a smart grid. Those costs
and benefits should be assessed on the level of individual heat pumps but also on
the level of the entire energy system.



84 | CHAPTER 4. CONCLUSION, DISCUSSION AND FUTURE RESEARCH

In the presented thesis general aspects of heat pump flexibility and a charac-
terisation of heat pump pools are discussed. This knowledge and the underlying
models should now be used to design and evaluate control strategies for heat pump
pools.

Controls are among the most decisive and easy to change design parameters.
The presented MPC formulation has shown to reduce annual electricity costs sig-
nificantly and could be further improved by accounting for tank temperatures in
the formulation of the optimal control problem. Future research should focus on
making MPC easier and more robust to use. Adaptive model predictive controls,
system identification procedures and the use of statistical learning could help over-
coming complexity of modelling. Furthermore the development of MPC approaches
should focus on implementation in field devices.

It was found that using the storage for load shifting, in particular over a longer
time period, led to efficiency losses as the heat pump was constantly supplied and
operated at high temperatures. However a different hydraulic layout, e.g. using
a storage bypass, could reduce negative impact on efficiency while maintaining or
increasing the level of flexibility. Future research should investigate the potential
benefits of different hydraulic layouts on flexibility and efficiency.

The target of future research should be to design optimal flexible heat pump sys-
tems, operated to minimise cost, environmental impact and use of natural resources
of the entire energy system.
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A B S T R A C T

This paper investigates heat pump systems in smart grids, focussing on fields of application and control
approaches that have emerged in academic literature. Based on a review of published literature technical aspects
of heat pump flexibility, fields of application and control approaches are structured and discussed. Three main
categories of applications using heat pumps in a smart grid context have been identified: First stable and
economic operation of power grids, second the integration of renewable energy sources and third operation
under variable electricity prices. In all fields heat pumps - when controlled in an appropriate manner - can help
easing the transition to a decentralized energy system accompanied by a higher share of prosumers and
renewable energy sources. Predictive controls are successfully used in the majority of studies, often assuming
idealized conditions. Topics for future research have been identified including: a transfer of control approaches
from simulation to the field, a detailed techno-economic analysis of heat pump systems under smart grid
operation, and the design of heat pump systems in order to increase flexibility are among the future research
topics suggested.

1. Introduction

Heat pumps (HP) are a wellknown technology for heating and
cooling of residential buildings. From 2010 to 2015 approximately
800.000 electrically driven heat pump units have been sold in the
European Union (EU21) per year [1] adding up to more than 7.5
million units. Thus, HPs play an increasing role in the heating sector.
In electrically driven heat pumps, electricity is used to lift low exergetic
heat to a higher temperature and consequently higher exergy level by
running a vapour compression cycle. The heat is taken from sources
like ambient air, water or ground. Heat pumps have been known as a
low CO2 emission technology for heat generation in the residential
sector. Heat pump coefficient of performance (COP) and the CO2

emissions of electricity generation determine the emissions during the
operation phase of the heat pump.

1.1. Changes in the energy system and the role of heat pumps

Over the recent years three main developments that affect the role
heat pumps in the energy system are observed.

First, due to progress in heat pump development [2] COPs of heat
pumps are increasing. An evaluation of over 800 heat pumps at

nominal conditions listed in reference [3] shows that COP values for
market available heat pump units lie in the range of 3.2 to 4.5 for air
source heat pumps (ASHP) and between 4.2 and 5.2 for ground source
heat pumps (GSHP) for testing conditions according to EN 14511.1

A second trend besides growing COP values is the growth of
renewable electricity (RE) generation from wind and photovoltaic
(PV) plants. On the level of individual households this results in the
emergence of prosumers, consuming and producing electricity at
different points in time [4,5]. In 2015 more than 32% of the annual
electricity demand in Germany is met by renewable sources [6]. On the
long run the commitment to reduce the use of coal-fired power plants,
as decided at the Paris Climate Change Conference 2015 (COP212), will
hopefully lead to lower CO2 emissions for electricity generation and
thus most likely for heat pump operation. In a simulation and
optimization study, which investigates different pathways to a renew-
able German energy system [7–9], it was found that heat pumps can
play a major role for de-carbonization of the heating sector. For the
Danish case it is shown in reference [10] that district heating schemes
with combined heat and power plant (CHP) and individual residential
heat pumps offer the best solution for transforming the residential heat
sector towards reduced CO2 emissions. Reference [11] highlights the
CO2 emissions reduction potential of air source heat pumps in an
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exploratory simulation for the U.K. in a 2050 scenario.
With increasing generation of electricity from wind and PV new

challenges arise in the power sector. Traditionally electricity generation
would follow the demand. This is changing towards a system where
increasing shares of the demand will be constantly adjusted to follow a
fluctuating electricity generation. This leads to an increased need for
flexibility on the demand side [12,13] and the need for storage capacity
[14] to guarantee the balance of electricity demand and generation.

A third major development over the recent decade is the increased
availability of small and relatively performant computing capacities,
progress in algorithm design and the further spread of wireless
communication networks with sufficient bandwidth to exchange mea-
sured data or control signals. The vision of the internet of things [15],
where devices of all kinds are connected and help solving problems or
increasing comfort of humans has emerged and partly became reality.
In the field of energy, particularly in the power system, the concept of a
smart grid has emerged.

But what is a smart grid exactly and what roles will heat pumps play
in it? There is no clear answer to these questions, yet. The interpreta-
tions of a smart grid, the definition of its system boundaries and
possible applications of heat pumps are diverse. This diversity in
research interests and interpretations is illustrated by Fig. 1 showing
the 50 most frequent words appearing in the title of scientific articles
on a query of Reuters Web of Science using “heat pump” and “smart
grid”. The topic of heat pumps in smart grids is of high relevance and
considerable knowledge has been built over the recent years. From
2007 to 2015 the topic of heat pumps in smart grid has come into the
focus of research. For this period a total of 121 publications were listed
on Reuters Web of Science3 shown in Fig. 2.

1.2. Aim of study

The aim of this study is to provide a structured overview of the
current discussion on heat pumps in a smart grid context with focus on
residential applications. The study aims at providing new researchers
with a quick start on the topic and experienced researchers with a
summary of findings, structure and guidance for future research. Two
main subcategories are analysed in further detail:

1. Applications of heat pumps in a smart grid context.
2. Control schemes used for these applications.

Heat pump technology in a smart grid context deserves a detailed
and separate analysis on its own since it is a key technology linking the
electric and the thermal energy sector. Furthermore, heat pumps show
technology specific characteristics, explained in Section 2.2, that need
to be considered when discussing their use to provide flexibility to the

power system.
For this review over 240 studies presented at international con-

ferences, in peer reviewed journals or as academic theses were analysed
and the most interesting and relevant ones (in the authors opinion)
were selected. In Section 2 concepts and system definitions related to
heat pump systems in a smart grid as well as technical aspects
regarding heat pump flexibility are discussed. The main applications
of heat pumps in a smart grid context are presented in Section 3. The
concepts and ideas used for control are presented in Section 4. The
paper concludes in Section 5 with a recommendation for further
research.

2. Heat pumps in a smart grid context

As a first step, important concepts and aspects concerning smart
grids, heat pump systems and technical aspects regarding the flexibility
of heat pumps shall be discussed.

2.1. The idea of a smart grid

The term “smart grids” found in academic literature is used in many
ways and is used differently by different authors depending on the parts
of the energy system that are considered. As an example the German
grid agency defines smart grid in a way that only parts of the actual
power grid are considered. In this definition the target of a smart grid is
to optimally use the existing line capacity, manage congestions and
improve safety. The benefits of a smart grid following this definition are
mainly for the grid operator. Savings are achieved by decreasing the
need for additional line and transformer capacity. A clear distinction is
made between capacity and energy. Devices used to match generation
and demand with the target of optimal power plant use and dispatch
are seen in the context of energy and are not part of the core smart grid
as such [16].

A similar but less strict line of argumentation is followed by the US
department of energy [17], which excludes devices such as wind
turbines, plug-in hybrid electric vehicles and solar arrays from the
smart grid. With this definition only control and communication
devices that provide the possibility to integrate and intelligently control
distributed generation and consumption devices are seen as smart grid
components.

A wider perspective is taken in reference [18] where the vision of a
smart grid is defined as: “… an electric grid able to deliver electricity in
a controlled, smart way from points of generation to consumers that
are considered as an integral part of the SG since they can modify
their purchasing patterns and behaviour according to the received
information, incentives and disincentives…”. The focus on consumer

Fig. 1. Wordcloud of the 50 most frequent words in paper titles when querying for “heat
pump”, “smart grid” at Reuters Web of Science.

Fig. 2. Number of publications appearing on Reuters Web of Science querying for
“smart grid” refined by “heat pump” (16/1/2016).

3 Accessed 16/1/2016 querying for “smart grid” refined by “heat pump”.
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flexibility is a central point of demand response and demand side
management (DSM) [5,12,19–24] as well as decentralized energy
management [25,26] approaches.

A wider, more holistic argumentation is stated in reference [27],
where it is suggested to extend the focus of a smart electric grid
towards a whole energy system approach including not only electric
demand and generation but as well the heat and transportation sector.

All of the recent literature has in common that the challenges of
integrating fluctuating renewable energy generation are tackled with a
set of distributed controllable devices. This reaches from pure power
line components as stated in reference [16] over heat generation units
[27] all the way to demand side measures where operation of individual
household appliances [28,29] or even persons' electric consumption
behaviour is changed [30–32].

The main motivations for a smart grid, as stated in academic
literature, are:

1. Minimum cost for installation and operation of the electric grid.
2. Stable operation of the electric grid within the allowed boundaries

for frequency, voltage and transmission capacity.
3. Optimal use of the generation resources mostly targeting minimum

CO2 emissions or minimum cost.

In the context of a smart grid, heat pumps are seen as part of the
demand side that can be actively managed to support the realization of
a smart grid [12,33–42]. Coupling heat pumps to thermal storage or
actively using buildings' thermal inertia offers the possibility to
decouple electricity consumption from heat demand, which brings
flexibility in operation that can be used in a smart grid.

2.1.1. Time scales and the need for flexibility in the power system
The need for flexibility in the power system is frequently motivated

by an increase in renewable energy [12,43] and the resulting need for
an ability to react or plan ahead [18] for safe and efficient power system
operation. A transition towards a renewable electricity sector means
that all services that are nowadays provided by conventional power
plants will have to be provided by other devices.

For an individual device the definition of flexibility provided by
Eurelectric [43] highlights the important properties as seen from the
electric point of view:

“On an individual level flexibility is the modification of generation
injection and/or consumption patterns in reaction to an external
signal (price signal or activation) in order to provide a service within
the energy system. The parameters used to characterise flexibility
include the amount of power modulation, the duration, the rate of
change, the response time, the location etc.”

Fig. 3 shows the time-wise characteristics of selected fields and
mechanisms in the power system, where flexibility of the demand side
might be used to create benefits. The mechanisms used to enable
flexibility change with the service in the power system that is to be
provided [12,18,44]. Depending on the speed needed for reaction

different ways are used to activate flexibility. Direct activation signals
are used to provide operating reserve. For primary reserve those are
based on direct measurements of the grid frequency on-site; real time
signals are sent to the devices for spinning and non-spinning reserve.
Another way to activate flexibility is the use of prices. Those are with
decreasing dynamics: Real time pricing, day ahead pricing and time of
use tariffs [18].

The potential of heat pumps to provide flexibility to the power
system depends on the case of application and the characteristics of the
HP system.

2.2. Heat pump systems

A brief description of the most important features considering
residential heat pump systems with respect to smart gird applications
is given in the following. For more detailed information on HP
technology and different applications refer to references [2,45–49].

2.2.1. Heat pumps in brief
Heat pumps are used to provide heat using thermal energy from a

heat source and additional energy needed for compression. The energy
needed for compression depends on the compression principle. In this
paper the focus is on electrically driven, vapour compression heat
pumps.

A basic vapour compression heat pump cycle comprises two heat
exchangers, one acting as an evaporator and another as a condenser, a
compressor, and an expansion device. These four components, together
with the working fluid enable the pumping of heat from the low
temperature renewable heat source such as ambient air, ground, lake
or sea water to higher temperature useful for space heating and/or
domestic hot water.

In such heat pumps a stream of liquid refrigerant is evaporated at
low pressure using the heat source. The refrigerant vapour is com-
pressed, leading to a temperature increase. This compressed refriger-
ant stream is condensed at high pressure and thus high temperature.
The resulting heat is transferred to the heat sink. The now liquid
refrigerant is expanded to the low pressure level and the cycle goes on.

Depending on the source and sink temperatures only little addi-
tional energy is needed for the compression process. For compression
in residential applications typically a compressor, driven by an electric
motor is used. The coefficient of performance COP of a heat pump is
defined as the ratio of usable heat and the needed electricity for this.

COP Q
P

= ˙use

el (1)

Depending on the system boundaries the usable heat Q̇use and the
electrical energy necessary Pel include different components, such as
compressor, fans and auxiliary systems [50]. The characteristics of COP
can be explained using a simple Carnot model as found in thermo-
dynamic textbooks like [51]:

COP η T
T T

≈ · −
c

c e (2)

In this simplified model all additional losses and deviations from the
Carnot process are summarised in the efficiency η.

It becomes visible that the temperature lift from evaporator to
condenser Te,Tc has a major impact on efficiency. The condenser and
evaporator temperature determine the pressure difference that needs
to be overcome by the compressor. Increasing the temperature lift
leads to reduction of heat pump efficiency. The sink temperature
depends on the temperature level in the heating distribution system
which might be radiator or floor heating. The performance of the heat
exchangers and the current thermal output influence the temperature
of evaporation and condensation.Fig. 3. Time scales of selected areas and applications in the power system.
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2.2.2. Building level integration
An exemplary layout of a heat pump system is shown in Fig. 4. Air is

used as heat source and water is used for the sink side. The system
consists of the heat pump unit, a thermal storage tank for domestic hot
water and a storage tank to buffer space heating demand. Floor heating
is used as heating distribution system. An electric heater is used as an
auxiliary heater to cover peak demand. Valves and pumps are needed
for operation of the hydronic circuits.

Generally a residential heat pump system can be characterized by
the type of heat source and sink, the technical features of the
subsystems such as compressor type, refrigerant cycle properties and
controls, and the heating system of the building. Fig. 5 shows the main
distinctive features of residential heat pump systems.

The type of heat source and sink are important when characterizing
heat pumps. The source and sink temperatures directly influence the
unit efficiency as an increased temperature difference between source
and sink leads to a lower heat pump COP. Hence the COP changes
during the course of the year. As seasonal fluctuation in ambient
temperature are usually higher than those of the soil or ground water,
air as heat source leads to stronger seasonal changes in COP compared
to ground as a heat source. Furthermore using air as heat source,
frosting of the evaporator can occur and additional energy is needed for
defrosting.

In residential buildings, the type of heat sink is linked to the type of
heating distribution and storage system. Water is used for radiator or
floor heating systems and the preparation of domestic hot water
(DHW), whereas air is mostly used in ventilation and heat recovery
applications. The temperatures that need to be provided by the heat
pump differ depending on the requirements of the heat sink.
Depending on the building physics commonly the highest temperatures
are needed for the preparation of DHW (up to 65 °C) followed by
radiator heating (up to 55 °C), ventilation (up to 40 °C) and floor
heating (up to 35 °C) [52].

The type of storage used and the way it is integrated into the
building energy system plays an important role when considering heat
pumps for DSM applications. Water, phase change material or the
building thermal inertia is frequently used as thermal storage material.

When water is used for heating distribution, this offers the
possibility to easily store heat in tanks or to thermally activate building
parts, which is done in reference [34,53–64]. When using building as
storage, the buildings' wall or ground temperature and consequently
the indoor temperature change when heat is stored. Hence, thermal
comfort could change and this is an important point to be considered
when actively using the building. Reference [65] shows that building
physics play a major role in possible load advance with heat pumps.
They conclude that for the U.K. building stock, heat pump blocking for
1.5 h is possible without violating indoor comfort . This time can be
increased by adding buffer tanks and better insulation of the buildings.
Reference [66] highlights that the amount and composition of the floor
material impacts indoor comfort when load shifting is done with heat

pumps. They suggest the use of PCM in building material to improve
comfort and flexibility. A comparison of storage tank, considered as
active storage, and the building mass, considered as passive storage is
done in reference [67]. Heat pump flexibility is used to integrate wind
power generation. The authors conclude that using building thermal
mass as passive heat storage offers the most cost effective solution
compared to heat accumulation tanks for the investigated case.

Most of the heat pump systems in Europe are connected to a
hydronic system and a thermal storage tank, which is reflected in
references [35,37,40,68–90]. Thermal storage is used as space heating
buffer and also for DHW. In Germany approx. 90% of the existing and
80% of the new built buildings are equipped with thermal storage tank
when a heat pump is used [91]. As newer buildings are often well
insulated and equipped with floor heating, with high thermal inertia
sobuffer storage tanks are not always necessary. Using tanks for load
shifting minimises the risk of high fluctuation of indoor temperature
and thus comfort violations since the indoor set-points remain un-
changed. This requires thermostats in the rooms and mixing valves in
the supply and return pipes of the heat distribution system to keep the
room temperature at the wanted level whilst increasing the tempera-
ture of the storage.

When ground source heat pumps are combined with renewable

Fig. 4. Exemplary layout of a residential HP system [42].

Fig. 5. Main distinctive features of residential heat pump systems.
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electricity such as solar PV and wind, there is a possibility to convert
the renewable electricity to heat and store the heat seasonally in the
borehole or a borehole field comprising several arrays of boreholes as
shown in reference [92,93].

The annual performance of the heat pump systems is strongly
influenced by how the heat pump capacity is regulated depending on
the variable heat demand. Fixed speed heat pump units are operated in
an on-off manner, whereas variable speed heat pumps allow a
continuous regulation of the compressor speed over large parts of the
operation range. This allows a control of the thermal output or the
electric demand. For applications in Swedish single family houses it is
shown in reference [94] that variable speed heat pumps can but do not
necessarily improve system efficiency. For smart grid application the
possibility to increase or decrease electric consumption offers higher
operational flexibility which is for example used in order to improve
power quality [72,95] or to increase local PV self-consumption [78,87].
Reference [96] demonstrated the concept of rapidly adjusting com-
pressor speed to provide ancillary services on a lab scale.

The choice of refrigerant and the properties of the thermodynamic
cycle influence the allowed temperature range of operation, part load
characteristics and heat pump efficiency (for further reading see
reference [2,45]).

Depending on the type of heating system, additional heat sources
can be used together with the heat pump. If the entire heat demand is
supplied by the heat pump, the system is referred to as monovalent
system. Furthermore an additional heat source such as an electric
heater (mono-energetic system) or a fossil fired boiler (bi-valent
system) can be used to cover demand peaks. The type and use of the
auxiliary heater influences system seasonal performance factor (SPF)
and CO2 emissions during operation.

2.2.3. Consideration on flexibility of heat pump systems
The potential flexibility that can be provided by heat pumps for

smart grid purposes is influenced by different factors. In reference
[65,76,97] a structured assessment of the load shift problem with heat
pumps is described and extended as following.

First of all appropriate controls and communication interfaces
between the heat pump unit, the building energy management system
and the power system or an external body are required. If these are
given, the potential flexibility is mainly determined by the thermal
demand, the heat pump size, the storage size, the dynamic system
properties and the flexibility requirements from the power system.
Fig. 6 depicts the main factors influencing heat pump flexibility.

The thermal demand and its profile over time determines the
maximum amount of energy that can be shifted within a given time
period. In residential applications thermal demand is the sum of space

heating load and the demand for domestic hot water (DHW).
Depending on the building type, the location and the occupants
behaviour, the energy demand varies during the day and year.

The heat pump capacity limits the possibility to increase or decrease
HP's electric consumption by switching on or off, or by ramping the
heat pump capacity up or down. The difference between the actual heat
demand and the heat production of the heat pump unit determines the
change in energy content of the storage. If the heat pump capacity is
equal or smaller than the current heat demand the only flexibility
option is reducing heat production of the heat pump, given that the
storage is not empty. In case that thermal capacity of the heat pump
exceeds thermal demand, HP thermal output can be increased to
charge the storage. Since COP and maximum thermal capacity are
dependent on source and sink temperatures, the available flexibility is
not constant during the course of the year. Falling outdoor tempera-
tures usually requires higher temperatures in the heating circuit to
transfer the needed heat to the building, which leads to higher sink
temperatures and hence reduced COP and reduced maximum HP
capacity. This leads to reduced flexibility in times of high heat demand
[76].

The type and capacity of the thermal storage determines how much
energy can be shifted over a certain period of time. For water tanks, the
maximum allowed temperature in the tank is limited by the maximum
possible temperature of the heat pump and the safety issues. As a
consequence, usable tank capacity decreases with decreasing ambient
temperatures as the minimum required tank temperature increases.
For building activation, indoor comfort is the most critical point.
Building thermal mass, solar and internal gains of the building and
influence the available storage capacity over the course need to be
considered.

The amount of energy that can be shifted with a given storage
capacity depends on the charging and discharging frequencies. The
charging and discharging is determined by the flexibility requirements
from the power system, the thermal load profile and the applied control
strategy. This determines the number of charge and discharge cycles
per day. A high number of cycles result in an intensive use of the
storage and a higher amount of shifted energy compared to slow
infrequent charging and discharging of the storage.

Finally the dynamic properties of the heat pump unit are important
for flexibility. The speed of response is limited by the maximum
allowed change rate of compressor speed and thus power consumption
over a certain time. A minimum run and pause-time requirement as
implemented in most heat pumps further decreases flexibility. Since
frequent switching events reduce the lifetime of the heat pump this
should be avoided, which further reduces heat pump flexibility.

3. Applications of heat pumps in a smart grid

Integration into a smart grid will change the way heat pumps are
used. This leads to new requirements for HP control and design. In
fact, some applications in a smart grid might be more suitable than
others due to the technological characteristics of heat pumps.

Over the recent years different smart grid applications and control
approaches for HPs have been covered by a number of scientific
research projects and publications. The fields of application and
conditions under which the HPs operate vary significantly from study
to study. Nonetheless, they can be categorized in three main domains
(see Fig. 7):

• Provision of ancillary services for the power grid, sometimes
referred as grid-friendly operation.

• Facilitate the integration of renewable electricity on building,
distribution grid and power system level.

• Operation of heat pumps under variable electricity prices.Fig. 6. Important points that influence flexible operation of heat pumps systems.
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Clearly these applications overlap and are partly mutually dependent.
However, most studies focus primarily on one of these aspects. An
overview over the studies, their key findings and references is given in
Table 1.

3.1. Grid focussed

In the category of grid focussed applications, heat pump operation
is aimed at providing ancillary services to the grid to allow a stable and
cost efficient operation of the electric grid. The list of ancillary services
according to the references [98–100] contains:

• Voltage control

• Congestion management

• Provision of spinning and non-spinning reserve

In voltage control applications the heat pump is employed in the
electric distribution grid to guarantee that the voltage is within the
allowed limits [72,95,101]. Essentially, this means reducing HP's active
power demand in times of local under-voltage and increasing it in
times of over-voltage. Too high values for local voltage in distribution
grids may occur when PV installations are present and feeding in
electricity [95,101]. Problems with too low voltage values are caused by
high demands and can be caused by heat pumps itself [95,102].
Reducing and coordinating heat pumps' active power demand in such
situations helps to stabilize local voltage. The References [72,95,101]
use a combination of simplified heat pump system models to calculate
the power demand at the buildings grid connection point and a
simulation of the electric network to study the impact on local voltage.
The results show that HPs can help overcoming over-voltage problems
caused by PV but the applicability is limited by the seasonal mismatch
of heat demand and PV production [72,95,101,103]. Power consump-
tion of a variable speed heat pump can be adjusted in reference [95]
according to local voltage conditions. Voltage stabilisation is achieved
using a droop control, which adjusts compressor speed proportionally
to the level of voltage violation. A piecewise linear control characteristic
is implemented depending on heat pumps actual working point.

The provision of reactive power with heat pumps for voltage control
is not discussed although theoretically possible using the inverter.

An application closely related to local voltage control is conges-
tion management in the distribution grid to avoid limitations in the
transformer and line capacity. In this context, heat pumps are operated
to avoid transformer overloading [40,104] thereby helping to reduce or

postpone investments for grid reinforcement [41,102,104]. However it
has been shown that increasing the number of heat pumps in a
distribution grid can possibly lead to higher transformer loadings
and lower voltage levels [95,102]. To reduce transformer loading heat
pumps can be switched depending on the state of the transformer as
done in reference [40]. Operation can be planned to avoid simultaneity
of load peaks on household andgrid level, which is discussed in
reference [41] as one strategy. Furthermore, voltage and transformer
loading problems can be prevented by a an optimised planning of HP
operation. Nonetheless, in most studies a real-time control strategy is
used for the HP to react to unforeseen events [40,72,73,104] and
sometimes combined with day-ahead planning to avoid operation
during critical periods [105,106]. The response to problems in
transformer loading or local voltage is done by switching on heat
pumps when voltage levels are below a certain threshold or vice versa
[40,101]. For this case minimum unit run times of the heat pumps
should be considered [101].

In the field of grid focused applications the reduction of peaks in
load and feed-in plays an important role. The general set-up of these
studies involves a) putting the system boundary at the grid connection
point of the individual household and trying to reduce individual load
peaks or b) using an aggregated load profile (usually on a national
level) as a signal for load shifting and trying to reduce load peaks on
this level. Target of operation is a) to avoid peaks (positive or negative)
in the household load profile or b) to shift the load of the heat pumps to
hours of low aggregate loads [23,33,36,39,42,59,74–77,81–83,107–
111]. Shifting is typically achieved by planning operation on a day-
ahead basis.

Potential benefits of peak reduction on an aggregate level involve
lower electricity generation costs (merit order effect), less need for peak
generation and reserve power plants and less need for transmission
capacity. The generation of renewable electricity can lead to negative
load peaks (valley) on aggregate and individual level. Reducing these
peaks (valley filling) at individual level could lead to decreased costs for
grid connection depending on the applied electricity pricing scheme.
When demand side management is done to counteract feed-in peaks
from renewables, this leads to an increased capacity of the electric grid
to integrate renewable electricity generation, especially on the local
distribution grid level (in the case of negative peaks caused by a feed-in
surplus from renewable energy sources).

To balance electricity generation and demand, and ensure a stable
frequency in the electric grid spinning and non-spinning reserve
capacities are available to the transmission system operator (TSO). The
reserve capacity are generation units or electric consumers that can be
regulated upwards and downwards on demand. The time scales for
regulation vary between a few seconds (primary reserve), to a few
minutes (secondary reserve) up to more than ten minutes (tertiary
reserve). Although operation of small responsive loads [112,113] like
heat pumps on the reserve markets is heavily discussed in review
articles on demand side management, flexibility and smart grid
[12,18,24], the examples concerning heat pumps on that field are
limited [70,100,101,105,114–121]. In most countries the organisation
of reserve provision is done using market mechanisms to decide which
units will be used. To participate in the reserve markets a minimum
unit or pool size is needed in most countries (5 MW for Germany,
10 MW for northern European countries). Hence using heat pumps in
the reserve markets leads to the challenge of operating a large number
of small units. This includes:

• Predicting the flexibility of a heat pump pool in a way that it can be
traded in the reserve markets.

• Planning of bidding strategy and scheduling of the pool.

• Control of a large pool after a reserve power call has been received.

The studies on reserve power with heat pumps consequently put the
focus on three aspects: First, forecasting the flexibility of a pool of heat

Fig. 7. Main fields of applications with heat pumps in a smart grid context, regarding the
use-cases presented in academic literature.
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pumps [70,122,123]. Second, the calculation of a bidding strategy and
evaluation of market attractiveness [115,121,124,125]. Third, controls
of a pool of heat pump for participating in the reserve markets
[114,116,118,124,126,120].

In references [117,125] forecasting the heat demand and electric
demand of a heat pump pool is done using a lumped model. To supply
the electricity at lowest price an optimized operation schedule of the
pool is calculated on a day-ahead base. This schedule is adjusted intra-
day if needed. If economically attractive, participation on the reserve
markets is done. A control approach focusing on trajectory tracking of a
pool of heat pumps, as needed in case of reserve power calls for the
pool, is performed in references [114,118,120,124,126]. A heuristic
strategy based on a sorting algorithm or priority stacks of available
devices is used for unit dispatching and is reported to work for a heat
pump portfolio of 10,000 units. In this approach the most suitable
units are successively turned on or off to reach the wanted power
output. The approach is successfully demonstrated in a field test with
54 heat pumps [116].

3.2. Renewable energy focussed

The main targets of heat pump operation in renewable energy
focussed papers are an increased utilization rate of renewable elec-
tricity, a reduction of feed-in peaks and smoothing of the residual load
curve. Special attention is paid to the integration of wind and PV
electricity as the two main fast growing sources of fluctuating renew-
able electricity generation.

The references [84,127] show that the integration of wind power
on building level can be supported by heat pumps and the required
electricity from the grid can be reduced up to 95%. Reference [84]
highlights the benefits of variable speed heat pumps for this case as
they are able to constantly adjust electricity consumption. However
since wind power plants are mainly installed in capacities above 1 MW,
utilization of of the generated electricity has to be coordinated between
several heat pumps. For this purpose heat pump systems may receive
an external signal (like prices or current wind power production) to
adjust their operation. Electricity generation from wind, the resulting
negative peaks and fluctuations are highest during winter season as
references [76,128] show for Denmark and Germany. This corresponds
well with the heat demand and the seasonal variation in load shifting
capacity of heat pumps [54,73,76,97]. Reference [129] concludes that
even without adjusted controls the electricity demand of heat pumps
matches the availability of electricity generated by wind power in
Denmark. Furthermore the references [129,130] and reference [36]
show that on an aggregate level heat pumps, operated in an optimal
way, can be used to increase the absorption of wind power in the power
system while at the same time reducing the need for peak capacity and
thus costs.

The integration of PV is discussed mainly on two levels: First, on
the level of individual households, where self-consumption is the focus
of most studies, and second on the level of the electric distribution grid,
where a reduction of feed-in peaks is the focus.

In many countries PV electricity generated locally has become
cheaper than the electricity buying price for households and self-
consumption has become an economically viable option. In this
application which is presented in references
[26,37,71,75,77,78,84,85,88–90,131–134] heat pumps are used to
increase the self-consumption rate of locally generated PV. The self-
consumption rate is the share of on-site consumed PV electricity with
respect to the total PV generation over the course of the year.

Increasing PV self-consumption is achieved by shifting heat pump
operation to hours where PV electricity generation exceeds household
electricity consumption. If information about PV generation and
demands are known ahead of time HP operation can be planned
ahead. If only real-time measurements are available HP operation is
triggered when PV feed-in exceeds a threshold. In the references

[87,135] compressor speed of a variable speed heat pump is adjusted
real time to minimise interaction with the power grid.

The achievable self-consumption rate varies depending on the size
of the PV plant, the thermal and electric demand of the household, the
size of the thermal storage and the used controls of the heat pumps.
Self-consumption rates from 30% up to over 65% are reported
[71,87,89,135]. A limiting factor for self-consumption with residential
heat pumps is the seasonal mismatch between PV generation and space
heating demand. During summer time PV electricity generation
exceeds HP electric demand and the opposite occurs during winter
times given central European climate and a reasonably sized PV
installation.

In reference [87] for German climate and building conditions, self-
consumption rates could be increased by up to 10% when adding a heat
pump to a single family house with PV. In reference [78] it is shown
that adjusting controls for variable speed heat pumps can further
increase self-consumption by around 7%. In reference [87] the use of
variable speed heat pumps leads to up to 14% higher self-consumption
rates compared to on-off systems, depending on the building energy
standard (higher for older buildings). The advantages of variable speed
heat pumps decrease with increasing PV size. In this case the benefits
of modulation decrease as electricity surplus is sufficient to power the
on-off heat pump. An option to further increase PV self-consumption is
to allow higher storage temperatures when the HP is operated with PV
electricity. Increased self-consumption might come at the cost of
decreased system efficiency though. Depending on the control ap-
proach, the temperatures of the storage tank might be kept on an
unnecessary high temperature level already early in the day or even for
several days in a row if controls mainly focus on the maximisation of
PV self-consumption. Predictive controls can be used to only store the
heat needed for the coming period, thereby minimising losses whilst
maximising self-consumption. The benefits of increased thermal sto-
rage to increase PV self-consumption seem limited [38,74,75,78,135]
as storage losses and additional investment costs quickly overcompen-
sate additional self-consumption gains. A decisive parameter for the
potential benefit of storage is the frequency of sunny and cloudy days
and the structure of thermal demand.

Solar fraction is another parameter that is frequently used when PV
heat-pump applications are discussed. The solar fraction is the annual
share of the heat demand that can be supplied using heat generated
with PV electricity. For the German case values of about 25% up to 40%
are reported in the references [77,87].

On the level of the electric distribution grid, the goal of operation is
to reduce feed-in peaks caused by PV. As feed-in of multiple PV units
occurs locally, approximately at the same time, reducing the feed-in
peak is needed to allow stable operation of the distribution grid and to
increase the tolerance towards integrating PV into the power system.
The strategies for this are discussed in Section 3.1. A reduction of peaks
up to 30–55% is reported in the references [74,75,89].

3.3. Price focussed

Operation under time variable electricity prices is the third major
category of studies. Clearly, prices are a vehicle to incentivise a certain
electricity consumption behaviour. Prices are used to convey informa-
tion about critical events, capacity limits, predictable load and
generation situations and congestions or simply to reflect the real-
time or day-ahead events like surplus renewable energy generation.
Variable electricity prices are closely linked to the grid and renewable
energy focussed applications, and are considered to be a central
component of the smart grid. Different pricing schemes are applied in
studies concerning heat pumps, which makes it hard comparing
numbers on cost savings. Besides the level and the ratio of high to
low prices the main difference between different pricing schemes lies
in their timely characteristics. Time of use (TOU) prices such as
classical high-low tariff schemes as used in the references
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[33,69,86,136,137] might be static over a long period (up to many
years), whereas dynamic prices as used in the references [23,36–
38,56,57,59,64,77,82,104,115,116,119,120,124,135,138,139] might
change at daily (day-ahead pricing) or even shorter intervals
(real-time-pricing). A frequently used price signal are the day-
ahead electricity spot price or a price that is based on it. When prices
are known ahead of time, heat pump operation can be planned using
heuristics or optimal control methods, which are discussed in Section
4.3.2 and used among others in the references [37,57,69,77,137,140].
For more information on market design and prices see reference
[141].

The references [74,77] state that operating heat pumps with day-
ahead electricity spot prices of the European Power Exchange EPEX,
leads to a shift of heat pump operation towards night time when costs
are low. In reference [77] it is shown for an ASHP that operation along
time variable prices might lead to reduced HP efficiency due to higher
storage and lower ambient temperatures during operation and in-
creased part load ratios. The fact that lowering operational costs might
not lead to higher efficiency is also stated in reference [142] where 8%
lower electricity costs but 2% higher electricity demands are reported.
In reference [82] even up to 19% higher electricity consumption is
reported due to load shifting.

Furthermore, it is hard to quantify the benefits of changed opera-
tion as the cost savings that can be achieved strongly depend on the
price assumptions of the individual study and the extend of idealisation
in the assumptions. Reported savings reaching from 7% [57] up to
around 35% [56]. Structure and volatility of prices, the quality of
forecasts and a information about the system are decisive parameters
influencing the results.

Changing operation in order to minimise costs might not only lead
to increased energy consumption but also to indoor comfort deteriora-
tion as highlighted in the references [57,140] by showing the pareto
curves for comfort violations vs. economic savings.

4. Controls

Along with new applications, different approaches for the integra-
tion and control of heat pumps in a smart grid context have emerged
and are briefly introduced in the following. Many of the control
approaches have been enabled by the emergence of small, affordable
and sufficiently powerful computation and communication technology,
new communication protocols and tailored algorithms over the recent
years.

4.1. Tasks and targets

In the previous section it has been highlighted that the main cases
of applications considered for heat pumps in a smart grid context are
the provision of services to the electric grid, facilitating the integration
of renewable electricity generation into the power system and opera-
tion under time variable electricity prices. The role heat pumps will
play in the power system will also influence the way heat pumps are
operated and controlled. The main control task of the heat pump, the
supply of thermal energy to meet the comfort requirements, will be
extended when integrating the heat pump into the power system. This
results in two tasks required from future heat pump controllers:

1. Planing and scheduling (mostly day-ahead) of the heat pump
operation ahead of time as a reaction to a forecast or broadcasted
signal (e.g. day-ahead prices)

2. Change of operation as a reaction to a real-time signal

The control approach of the heat pump and storage is selected
depending on the application. For all applications controls should

avoid a violation of user comfort requirements, while maximizing
utility. The objectives are to achieve the thermal comfort of the building
occupants at:

a) Minimum cost of operation
b) Maximum efficiency of the system
c) Maximum self-consumption
d) Maximum benefits for the power system (as stated in the previous

section)

Often it is possible or required to target multiple objectives simulta-
neously. In the remaining Section the main concepts as found in heat
pump related work are briefly discussed. The focus is on providing an
overview of the most important concepts and findings with respect to
the application of heat pumps in a smart grid context. A comprehensive
review on advanced control measures and techniques applied in
buildings can be found in reference [159], where the focus is on
comfort criteria and building supply with a high share of renewable
energy.

4.2. Hierarchy and level of integration

In reference [141], it is highlighted that energy markets' regulatory
requirements and the time scales as shown in Fig. 6 strongly influence
the choice of controls and integration approach. For the control of heat
pump systems in a smart grid context, three boundary levels and
resulting control tasks exist:

1. Power system level: This includes integration and control of
individual buildings or entire heating networks, (renewable) elec-
tricity generation and consumption devices in the context of
electricity grids and markets.

2. Building level: This includes control of the heat pump, thermal
storages, heating distribution systems, indoor temperature, on-site
renewable energy sources as solar PV and solar thermal

3. Heat pump unit level: This includes the control of the refrigerant
cycleincluding fans, valves and compressor. A good introduction to
this topic is provided by the references [45,160].

In a smart grid the different systems have to interact. This can be
implemented in an open loop way, where the high level controller sends
requests or set-points to the low level system, without having state
feedback. In a closed loop implementation feedback is provided from
the lower to the higher control level. The higher control level might
receive information about the outputs and states of the controlled
system, which it uses to adjust the control signals. Control hierarchy as
assumed in most heat pump related articles is mostly hierarchically
organized (cascaded). The exception to this are agent or negotiation
based control approaches, where individual actions are coordinated in
a decentralized way using market places or other game theoretic
negotiation approaches (for further reading see references [161–164]).

In a hierarchically organized control approach, as depicted in Fig. 8,
a central instance sends signals like prices, grid state or switching
orders (direct load control) to the building energy management system
which coordinates the different devices (or just the heat pump) in the
building. A central question is where operation decisions are made. In
case of centrally controlled virtual power plants, a high level control
instance generates operation schedules for each device and submits
those to the field units in the form of switching orders, thus the degree
of freedom for the field units is limited. The challenge for the high level
is to determine control decisions that maximise overall utility and are
technically feasible and economically reasonable for the lower systems.
Contrarily, if prices are transmitted to the field devices, they have the
freedom and challenge to autonomously manage their operation. In
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this case the challenge for the high level controller is to anticipate the
reaction of the subsystems to the price signal.

According to the autonomy level of the building energy manage-
ment system, based on reference [161], three categories can be defined
with corresponding signals:

• Passive systems (direct control): The main control desicions are
done at the higher control level. Direct set values are transmitted
from the power system (e.g. an aggregator) to the field device, which
tries to follow.

• Passive intelligent systems (indirect control): A cost signal is
transmitted from the higher control level and the field device tries
to optimise operation within the given cost structure.

• Active systems (agent based control): All entities are seen as
individual agents seeking to maximise an individual or joint utility
function. Control action of all entities is negotiated interactively, so
that the common and individual goals of operation are achieved
[107,110,119,149,151].

In all cases the low level controls have a certain minimum autonomy to
guarantee that the heat pump unit is operated within the allowed range
and user thermal comfort is not sacrificed.

4.3. Classification of approaches

Control approaches used at the building level are closely linked to
the application and the top level control approach taken. For passive
intelligent systems the two major categories are predictive control
methods and non-predictive methods. For non-predictive methods, the
key distinction is how control action is derived from the current system
state. Predictive methods can be categorized by the predicted values,
the prediction methods and the way the scheduling task is solved. Since
no prediction is perfect, the treatment of uncertainties can play an
important role.

4.3.1. Non-predictive methods
Non-predictive methods are the way most heat pumps are con-

trolled today. Real-time or averaged sensor values of e.g. temperature
sensors, PV electricity generation, frequency or voltage in the electric
grid, and price information are used to calculate a control decision for
the heat pump at every time step. Such methods are mainly used if
predictions are not available or do not offer any additional useful
information. Sometimes it is also possible that the costs of design and
implementation of predictive methods exceed the benefits of improved
controls. The calculation of the control signal is done using classical
control theory, rule-based control (if-then) or predefined schedules and
programs.

One example of non-predictive rule-based controls is providing
“fast” services to the power grid for stabilisation of voltage or frequency

as shown in the references [40,72,73,95,101]. In those studies the heat
pump power is regulated up- or downwards given a certain condition in
the power grid. As such critical conditions are not known beforehand
and require fast response, rule-based non-predictive methods are the
appropriate solution (Fig. 9).

A further example of rule-based controls is the case of PV self-
consumption [71,75,78,84,87,89,111,131,153]. Heat pump operation
is started when PV production exceeds a certain value or compressor
speed is increased when electricity is fed into the grid. In reference [78]
the limitations of non predictive methods are visible. When PV self-
consumption maximising controls are applied, the storage is charged to
use as much PV electricity as possible by the heat pump. The future
thermal demand or the availability of PV electricity on the following
day are not included in the calculation of heat pump operation. This
leads to high storage temperatures and avoidable losses over a long
period as more heat is stored than actually needed for the next day.
However, as intended, PV self-consumption has been increased by 7%
compared to a control without appropriate expert rules.

A further example of non-predictive methods are time schedules,
as used today when a static time of use tariff structure is applied or grid
congestions are to be avoided. In such a case heat pump operation is
blocked during high price or high load hours.

Today non-predictive methods are applied in the majority of
building energy management systems. A strong point of non-predictive
rule-based controls is that the design of rules can be relatively simple
and the controls still show good performance [37,75]. Further compu-
tation of the control actions does not require a lot of resources and
rules can be robust. Sometimes rule-based controls are the only way to
quickly response to critical conditions in the grid, such as voltage or
frequency violations.

On the other hand, it is hardly possible with expert rules that do not
take prediction into account to achieve an optimal result. Overheating
of the storage, comfort violations and loss of efficiency can be the
result. Furthermore, when conditions such as pricing structure,
demand pattern or comfort requirement change frequently, designing
appropriate rules can be challenging. In order to improve the perfor-
mance of controls, predictions can be used.

4.3.2. Predictive methods
As aforementioned, operating a heat pump in a smart grid context

implies some sort of external signal to be given. If this information is
provided ahead in time, heat pump operation can be scheduled
accordingly. Given the current state of the system, two main tasks
arise:

1. Predicting the values of importance for operation (e.g. prices, PV
generation, thermal demand).

Fig. 9. Applied control strategies for heat pumps in a smart grid context. Only passive
intelligent systems are considered.

Fig. 8. Control hierarchy and levels of integration.
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2. Finding an operation schedule that satisfies the demand at minimum
“cost” and respects the physical limitations of the system and the
comfort requirements of the occupants.

The task of prediction can be divided to predicting external
signals, that mostly influence cost of operation, and predicting demand
to which operation is subjected to. For external signals, like prices,
weather, PV and wind generation, forecasts can often be obtained at
least a day-ahead from third party providers. Day-ahead electricity
prices may come directly from the spot markets. Thus, the challenge for
planning heat pump operation is mostly in predicting the buildings
energy demand for space heating and domestic hot water.

Prediction methods differ depending on which information is used
in order to predict the demand. Internal methods use historic
measurements to learn or recognize patterns and predict the future
of a value from its past. Persistence methods (e.g. yesterday-is-today),
statistical methods such as auto regressive and moving average
methods, AR(I)MA, artificial neural networks and generalized mixture
models or clustering methods are examples for internal methods. The
benefit of using internal methods for prediction is that no external
information, such as weather forecasts, is needed for running a
predictive controller, which makes the system autonomous and saves
costs.

External methods use additional data for prediction, such as
temperature or irradiation forecasts. Those can be used for predicting
thermal demand of the building or the prediction of available PV
electricity. For this purpose, regression methods, AR(I)MA-X, neural
networks or system identification based on reduced physical models
are frequently used. For more information on forecasting, see refer-
ences [165–167] for statistical methods, reference [168] for an over-
view and reference [169] for artificial intelligence methods.

The type of decision algorithm is used to further categorize the
control methods. Given a forecast for demand and costs, an operation
schedule for the heat pump system has to be calculated and a control
signal has to be applied to the system. This is usually done in a receding
horizon way. A control schedule is planned for a given prediction time
span (prediction horizon) and only the first steps of the scheduled
actions are applied to the system (control horizon). After that, a new
prediction is made and a new schedule based on the current system
state and prediction is calculated. The task to be done is to find the best
feasible control trajectory over the whole prediction horizon given the
predictions and the current system state.

The methods used to solve this task are categorized by reference
[79] into model based and model free methods. Model based methods,
referred to as model predictive controls (MPC), use a representation of
the physical system to be controlled for finding an optimal control
trajectory. The type of model (black box, grey box or white box i.e.
physical) and the mathematical formulation determine the effort for
modelling and the type of the resulting optimization problem (optimal
control problem). The type of the resulting optimization problem
determines the class of solvers to be used. The parts of the building
energy system that are commonly included in the model are heat
pump, storage (building thermal mass or water tanks) and sometimes
heating distribution system. A heat pump system shows non-linear,
hybrid (i.e. a mix of contentious and discrete) system characteristics,
which are treated differently to be used in optimization. In classic
model predictive controls, linear or convex quadratic problems are
favoured in terms of computational effort over non-linear non-convex
formulations. Linear MPC is used in the references [56,64], convexified
approaches are presented in the references [57,69,77,137]. In those
cases, computational performance is prioritised over model detail. In
non-linear approaches, the non-linearities of the system are repre-
sented more accurately as presented in the references [157,170] where
shooting methods and interior point optimization are used for the
solution and in reference [37] where dynamic programming is used for
the solution of the optimal control problem. In the references

[26,37,56,57,62,64,68,69,77,79,80,85,123,124,136,138,150,155,157,-
158] model predictive control has been used successfully with heat
pumps. Especially cases with variable electricity prices show cost
savings up to 35%. However, the assumptions often include perfect
predictions and no mismatch between the optimization model and the
controlled entity. As a benchmark, mostly simple rule-based controllers
are used.

A benefit of using MPC for building controls is the ability to include
forecasts (like price and weather) in the calculation of the controls. The
possibility to handle constraints of the system (like maximum HP
capacity), the ability to track multiple objectives (such as comfort and
cost) and the flexibility towards changing boundary conditions (such as
prices) make MPC an interesting control option [171]. Especially when
system inertia is high (as it is the case when controlling a thermal
storage or building's indoor temperature) using MPC offers benefits
over classical controls. It is shown that MPC improves efficiency,
comfort and especially economic performance significantly compared
to the used rule-based controllers.

The downside of model predictive controls is clearly that the
problem formulation can be challenging and that identification proce-
dures might be needed to adjust the model parameters [69].
Furthermore, the computational effort for solving the resulting opti-
mization problem is higher than in rule based approaches, leading to
higher requirements for the controller hardware. Moreover, the need of
forecasts and optimization tools on the controller increases the
complexity of the task and leads to increased technical requirements
for field devices. Building a model representation of the controlled
system might be non-trivial, time consuming, and costly.

In order to account for uncertainty due to imperfect predictions,
stochastic control methods are used [140,154,158,172]. Those meth-
ods are based on the insight that forecasts will never be perfect, thus
uncertainty is already included in finding the best control trajectory.
This is done in the references [154,158] by considering different
scenarios, adding them to the optimization problem and solving a
larger optimization problem. It is shown that the scenario based
method mostly outperforms classical MPC approaches, but at the cost
of increased complexity in modelling, scenario generation and compu-
tation. In [140,172] a combination of stochastic programming and
optimal controls is used to account for uncertainty in weather predic-
tions. A safety margin is added to the constraints of the optimal control
problem so that comfort requirements are fulfilled with a certain
probability, given the uncertainty of the forecasts. It is shown in the
references [140,172] that stochastic MPC outperform classical MPC
approaches and rule based controls for the given cases.

Model-free predictive methods avoid the complexity of modelling
and solving an optimal control problem. This is done using heuristics
or rules to derive a control trajectory with respect to forecasts of price
and demand. In such predictive rule-based decision strategies, deci-
sions are based on prior engineering knowledge (expert systems). This
has been successfully applied in the references
[37,41,60,104,126,139,142]. If designed carefully, such rules might
be a good compromise between MPC and non-predictive methods,
being computationally inexpensive but still using the available infor-
mation and forecasts. However, the solution might not be optimal and
rules might not be flexible enough to cover all possible scenarios.

Further artificial intelligence techniques like reinforcement learning
where the control action is learned and improved from previous tries
are discussed in reference [63] for building temperature control but
have not been demonstrated with heat pumps so far.

Table 2 lists and compares the different control approaches used to
control buildings and heat pump systems for the case of indirect
control signals (e.g. price).

5. Conclusion and recommended future research

In this study the use of heat pumps in a smart grid context was
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analysed and discussed. The term smart gird is used in various ways
depending on the authors' perspectives and focus of the study. The
majority of applications with residential heat pumps in a smart grid
context are motivated by the provision of services to the electric grid, a
maximisation of the use of renewable electricity or the operation under
variable prices. It has been highlighted that those fields of applications
are inherently linked together.

5.1. Conclusion

Heat pumps are considered to be a major technology to provide
flexibility to the power system meanwhile providing efficient heating
and cooling solutions to residential buildings. The technology is
supported by increasing efficiency, the deployment of computing and
communication technology and increased renewable electricity gen-
eration. In order to successfully integrate heat pumps in a smart grid, it
is critical to have a holistic view on the energy systems affected.
Analysing the smart grid barely from the electric perspective will lead
to missing how heat pump system efficiency and indoor comfort will be
affected by potential changes in heat pump control. Oppositely, if the
focus is only on heat pump efficiency without considering the char-
acteristics and expectations needed in the future electric system, this
will lead to considerable costs and waste of resources in the power
system. Hence, a holistic perspective is required to analyse, design and
operate the future energy system.

The investigated studies show that heat pumps can be used to ease
the transition towards a renewable interconnected energy system. It is
highlighted that altered heat pump operation might come at the cost of
efficiency. High storage temperatures, operation far from optimum
compressor speed or frequent switching of the heat pump units.

The potential flexibility of heat pump systems, which should be
considered already in the planning phase, is mainly dependent on the
building physics and the resulting thermal demand profile, heat pump
and storage type and size with respect to the demand, and the control
strategy applied.

Predictive and non-predictive control approaches have been pre-
sented for heat pumps in a smart grid context. The choice of controls is
strongly connected to the application and integration approach. On the
level of individual buildings, model predictive control approaches have
been found to outperform non predictive approaches in terms of
achieving control goals such as maximising thermal comfort and
minimising operation costs. However, those come at the cost of
additional complexity, needing expertise in design and computational
resources. Predictive rule-based approaches can be a promising
compromise between complexity and effectiveness of controls.

5.2. Recommendation for future research

The research over the recent years has contributed with simula-
tions, prototypes and field tests towards integrating heat pumps in
smart grids. The concept of a smart grid integration of heat pumps can
thus be considered as proven. However to enable a large scale
integration of heat pumps into the power system, further research
should focus on application topics in three levels.

The first level is the integration and management of heat pumps in
the power system. Here the following points should be addressed:

1. The use of a large number of heat pumps in a pool: Here the
development of scalable control concepts and knowledge about the
flexibility of a heat pump pool in contrast to single entities should be

Table 2
Overview of frequently used control approaches for heat pump systems.

Type Pros Cons References

Rule based • Mostly simple to implement
and design

• Mostly inflexible rules
adjusted to the use-case

[33,38,40,53,54,71–73,75,78,82,84,87,89,90,101,111,116,118,131,133,134,153]

• Computationally cheap • A-priori expert
knowledge needed

• No external information
needed

Model-free
predictive
control

• Uses information from
predictions

• Mostly static adjusted to
the use case

[41,60,74,104,106,114,117,126,139,142]

• Compromise between
complexity and performance

• A-priori expert
knowledge needed

• Computationally cheap

• Better performance compared
to simple rule-based controls

Model based
predictive
control

• Uses information from
predictions

• Complex in design [23,26,34,36,37,39,55–59,61,62,64,67–70,76,77,79–
81,83,85,86,93,102,105,106,108,115,120,123,124,129,136–138,143–
147,150,154,155,157,158,173–176]

• Optimal or close to optimal
solutions possible

• Modelling effort

• Flexible towards changes in
boundary conditions (like
pricing structure)

• Computational
requirements

• Constraints handling possible • Prediction errors

• Mostly superior performance
compared to rule-based
controls

• Modelling errors

• Robustness

Stochastic
Predictive
Controls

• Treats errors in prediction • Complex in design [36,145,154,158,175]

• mostly better results than non-
stochastic MPC

• Can be computationally
expensive

• Robustness
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in the focus.
2. Development of business cases to build the foundation for integrat-

ing heat pumps in smart grids.
3. A techno-economic analysis of heat pumps when operating on

different electricity markets such as day-ahead, intra-day and the
reserve markets. .

The second level is the integration and management of heat pumps in
buildings energy systems. Here the following points should be ad-
dressed:

1. The design of optimal flexible systems for a given application, should
be addressed in a more clear and structured way. This includes
recommendations for sizing heat pumps, storage, the layout of
building energy systems and the choice of control approach.

2. The impact of different control approaches and smart grid applica-
tions on system cost and efficiency needs to be investigated further.
A focus should be on the practical relevance and feasibility of many
suggested solutions.

3. Model predictive control is used in many studies for operating heat
pumps in a smart grid context. Although benefits are well known,
implementation rate in the field is low. A comprehensive study about
strength, weakness and opportunities especially when compared to
expert systems should be conducted to give advice to system
engineers and researchers to improve MPC for practical use.

The third level is the heat pump unit itself. Here the focus should be on
the impact of smart grid use on the heat pump units and address the
following points:

1. The use of variable speed compressors enables a continuous regula-
tion of power consumption. This option should be further investi-
gated with respect to possible benefits for smart grid applications.

2. Many studies consider a heat pump as a black box which can be
easily used for smart grid purposes. However, this can strongly
influence the performance of heat pump cycle and system. Therefore
the design of the whole heat pump system should be investigated
with respect to be optimally adapted to the requirements from the
electric system.

3. Minimum run and pause times and ramping rate constraints are
examples for limitations to consider when integrating heat pumps to
a smart grid. Finding and improving such smart grid bottlenecks in
heat pump component and circuit design can improve flexibility
characteristics and lifetime of a heat pump unit.

We conclude that heat pumps have the potential to be a central part
of an efficient, renewable and interconnected energy system, but there
is still some work to be done.
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a b s t r a c t

This paper presents and demonstrates a methodology to explore the flexibility of a heat pump pool.
Three points are in the focus of this work: First the procedure to model a pool of residential heat pump
systems. Second the study of the response of a large number of heat pumps when the Smart-Grid-Ready
interface is used for direct load control. Third a general assessment of flexibility of a pool of heat pump
systems.

The presented pool model accounts for the diversity in space heating and domestic hot water de-
mands, the types of heat source and heat distribution systems used and system sizing procedures. The
model is validated using field test data. Flexibility is identified by sending trigger signals to a pool of 284
SG-Ready heat pumps and evaluating the response. Flexibility is characterized by maximum power,
shiftable energy and regeneration time. Results show that flexibility is highly dependent on the ambient
temperature and the use of an electric back-up heater. It is found that using SG-Ready-like signals offers
significantly higher flexibility than just switching off heat pumps, as it is mostly done today.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

In the central and northern European countries, about 800,000
heat pumps were sold every year from 2010 to 2015. The number of
heat pumps in the field is adding up to approximately 7.5 million
[1]. In Germany, 68,400 heat pump units have been sold in 2014. In
the same year the share of renewable electricity generation has
increased to above 25%1 at national level. Including a high share of
renewable electricity in the power system is one of the key chal-
lenges in the energy sector today. It has been shown that heat
pumps connected to thermal storages can be operated and
controlled with respect to renewable electricity in the power sys-
tem [2e4], variable electricity prices [5e8] or to local needs in the
electric distribution grid [9e11]. Thus heat pumps can be used to
provide flexibility to the power system, easing the transition to-
wards a 100% renewable electricity and heat supply [12]. For this
purpose heat pumps need to receive information about the current
or expected state of the system to adapt their operation, or they
could be directly controlled by an external body for the benefit of
the power system. To remotely access and control heat pumps for

the purposes of the power system the Smart-Grid-Ready (SG-
Ready) communication interface [13] has been developed, rolled
out and is now available in the majority of new heat pumps in
Germany [14].

SG-Ready offers a standardised interface to the heat pump and
can be used to trigger 4 different operation states. Those are
“Off”,“Normal Operation”,“Recommended On”, “Forced On”. This
enables an external body to access the heat pump and use the
flexibility. The response of the system towards each signal is
roughly specified in the SG-Ready specification and detailed
implementation is left to the manufacturers. The SG-Ready speci-
fication and the described signals build the foundation for flexi-
bility assessment in the presented work.

For system planners and operators a key question is how much
flexibility is available for a given pool of heat pump units?
Furthermore the reaction of a heat pump pool to a given signal at a
given time of the day and year needs to be known or at least
approximated to design control strategies and demand response
schemes for heat pump pools and operate those in practice.

For this purpose a methodology to study and characterise the
response of residential heat pump pools towards SG-Ready trigger
signals is presented in this paper. Further flexibility of such a heat
pump pool is evaluated and flexibility parameters are identified
and motivated. The focus of the study is on residential air and
ground source heat pump systems, used for the preparation of

* Corresponding author. Fraunhofer ISE, Heidenhofstr. 2, 79110 Freiburg,
Germany.

E-mail address: David.Fischer@ise.fraunhofer.de (D. Fischer).
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domestic hot water (DHW) and heat for space heating, which are
connected to thermal storage tanks.

1.1. A word on flexibility

In order to guarantee safe and stable power system operation,
electricity generation and demand have to match all the time. A
flexible operation of the demand side in the context of demand side
management (DSM) is seen as a key component for flexibility in the
power system [15,16]. But what exactly is flexibility?

The Oxford Dictionary defines flexibility as “Easily changed to
suit new conditions”.2 In a power system context flexibility is seen as
the ability to modify energy generation or consumption of a system
in response to external signals [17,18]. The most common param-
eters found in academic literature characterizing the flexibility of a
system are the amount of power change, duration of the change,
rate of change, response time, shifted load and maximal hours of
load advance [5,16,17,19e22]. Based on a study of the response of a
pool shown in Section 3 it is suggested in this work that recovery
time should also be included to the list of flexibility parameters, to
know when a pool is ready to be used again by the operator after
being used once.

1.2. Previous work

Heat pumps (HP) connected to thermal storage offer the pos-
sibility to decouple heat production and its associated electricity
demand from the heat demand of a building over a certain time
period. This offers the possibility to adjust operation to external
needs to some extent. In recent years, a substantial amount of work
on the operation of heat pump systems in a smart grid context has
been presented, highlighting the possibilities to use individual heat
pumps or heat pump pools for different applications and on
different levels of system boundaries.

On a national aggregation level [19], shows the influence of heat
pump flexibility on demand-side management for Germany in
three use cases: reduction of variable costs, CO2 savings, positive
and negative balancing power. Also on national level, in Ref. [21] air
source heat pumps covering 10% of the national heat load of Ger-
many are used to smooth different load signals (PV, wind and re-
sidual load). An optimum operation schedule was calculated by
solving a convex quadratic optimization problem. Both studies
show how the power system can potentially benefit from flexible
heat pump operation and highlight the seasonal characteristics of
load shifting availability of heat pumps. The studies focus on a
specific use case and assume optimal or near optimal heat pump
operation.

On less aggregated level, studies on heat pump pools focus on
controls, prediction and system identification methods for a pool of
heat pumps [23e25]. In Ref. [26] a virtual power plant (VPP) con-
sisting of 150 residential heat pumps is operated towards peak-
shaving and system balancing. For the given use case average
flexible power per month in kW and the share of heat pumps
responding to the system balancing signals are used to describe
flexibility [27]. evaluated flexibility of a heat pump pool by simu-
lating the power and voltage at the distribution transformer [5].
analysed the load-shifting of heat pump systems coupled to a
thermal storage. A pool of 160 heat pumps in a Dutch neighbour-
hood in the year 2020 is used for the study. An external signal,
switching off the heat pumps, is used to influence heat pump
operation. Flexibility is defined as the load shift in kWh per day.

On individual household level, studies put the focus on system
design, efficiency and control questions. Predictive and none pre-
dictive control strategies have been used to align heat pump
operation with on-site generated PV [28e32], variable electricity
prices [8,33,34] or a demand side management (DSM) signal from
the power system [2].

1.3. Presented work

The previous studies provide valuable proof that heat pumps
can be used for load shifting, highlighting the importance of the
topic. Interesting control approaches, mostly based on optimisa-
tion, are demonstrated on the level of individual heat pumps and
only few on the level of a heat pump portfolio.

However there are points that have not yet been sufficiently
addressed in the discussion, which are treated in this paper:

� Most papers focus either on the control of individual heat
pumps or on the general potential of heat pumps on a national
level. Exploring the characteristics of heat pump pools has not
been done sufficiently and is part of this work.

� For heat pump pools used in simulation the variety in system
characteristics, efficiency and sizing is often neglected. This
paper presents a model, which combines stochastic bottom-up
energy demand models with generic heating system models
and a randomisation approach for system sizing, efficiency and
control set-points.

� Flexibility is mostly analysed for a specific use case. This is
generally a good idea but information about the full potential of
a technology could be lost by doing so. This is why in this paper a
technical analyses, that explores the flexibility of heat pump
pools in a generalised way is presented. This method can be
applied for a specific use case by using the corresponding trigger
signals.

� Most studies use optimisation or sophisticated algorithms for
the controls of heat pumps and pools. By doing so often the basic
characteristics of a pool and its general response are hard to
identify or generally neglected. Further the possibilities and
limitations to pool operation based on simple signals like SG-
Ready are not sufficiently explored. This is why in this work
the focus is on simple trigger signals and the study of the
response.

� Although the SG-Ready signal is simple, provides more options
than only an “Off” signal, and is currently market available it has
not been studied for a pool of heat pumps. This study highlights
the possibilities that are offered by this type of signal compared
to ”Off” signals that are mostly used in practical applications
today.

This paper provides a methodology to model a pool of resi-
dential heat pumps, used for space heating and domestic hot water
(DHW), and evaluate its flexibility. A pool is modelled as an
ensemble of single building unit models, which are sized and
operated individually. The approach to determine the flexibility of a
given heat pump pool is shown in Fig. 1.

In Section 2.1 a generic model for single buildings units is pre-
sented. The single building models are extended in Section 2.3 to
model a heat pump pool. This is done by randomizing building
thermal loads, hydronic system characteristics, system sizing and
heat pump characteristics. In Section 3.2 an exemplary heat pump
pool is defined and used to identify the flexibility of heat pump
pools. SG-Ready-like trigger signals as presented in Section 3.1 are
applied to the pool and flexibility is evaluated. The findings pre-
sented and discussed in Section 3.4 highlight effects such as tem-
perature dependency of flexibility and characteristic response.

2 http://www.oxforddictionaries.com/definition/english/flexibility, accessed on
12th February 2016.
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2. Methodology to model a residential heat pump pool

For the study of the performance and flexibility of large heat
pump pools a simulation model is needed. The focus of model
development is on handling a large number of diverse building
units in the pool with limited computation and configuration time
while still representing the diversity of the individual entities. This
is done by using a stochastic bottom-upmethod to generate diverse
energy demand profiles on the one hand. And the use simplified
component models which are all parametrised and sized differ-
ently, on the other hand. For this purpose a randomization
approach is used influencing the sizing of the components and
selected model parameters such as efficiency characteristics and
controller settings. The pool model is constituted by a set of single
building unit models presented in the following. The coefficients
for all the usedmodels are listed in Table 1 at the end of this section.

2.1. Single building unit models

Each building unit in the pool is modelled in four steps:

1. Calculation of domestic hot water and space heating demand
profiles.

2. Selection of heat distribution system and heat pump type.
3. Sizing of thermal storage, heat pumps and back-up heater.
4. Definition of controls for thermal operation.

The inputs to the building unit model are climate data, type of
building, number of occupants and their type of employment, type

of heat pump - ground source (GSHP) or air source (ASHP). The
thermal system for each unit of the pool contains a heat pump unit
(HP) and an electric back-up heater (BH) for the preparation of
domestic hot water (DHW) and space heating (SH), a DHW storage
tank and a buffer tank for space heating. The system is depicted in
Fig. 2.

2.1.1. DHW load
The DHW load profile of each house is calculated using a com-

bination of a physical model with a behavioural model. Activity
data provided in Ref. [35] has been evaluated for different groups of
building occupants, distinguished by their socio-economic factors
such as age, working pattern or housing situation. From this data
probability distributions for the frequency, start and duration of
each DHW consuming activity have been derived in Ref. [36]. A
stochastic bottom up approach is used to generate daily varying
schedules for the use of shower, bath-tub and sink, based on the
derived probability distributions. The energy for DHW preparation
_QDHWðtÞ at time t is based on typical tapping temperatures Tw,h, the
temperature of the incoming cold water Tw,c,0 and mass flow rates
_m provided in Ref. [37]. The resulting energy balance is:

_QDHWðtÞ ¼ fseasonðtÞ$
�
_mðtÞ$cw$

�
Tw;hðtÞ � Tw;c;0

�� ½W� (1)

where fseason is a factor correcting for cold water temperature [38]
and cw is the specific heat capacity of water. Detailed description of
themethodology and results for validation are provided in Ref. [36].

2.1.2. Space heating load
The space heating load model is a combination of a physical

model with a behavioural model. It accounts for different building
physics, which effects heat losses, solar gains and dynamics, as well
as user behaviour, which influences set-points for indoor temper-
ature, ventilation and internal gains. The internal loads are
dependent on user presence and the use of electric appliances.
Temperature set-points are dependent on user presence and ac-
tivity. Both values are generated using the synPRO model [39]. The
heat demand for space heating is calculated based on DIN EN ISO
13790 [40] with a 5R1C building model. The resulting energy bal-
ance is:

_Qsh ¼ _Q l;vent þ _Q l;trans � _Qg;sol � _Qg;int � Cm
DTm
Dt

½W� (2)

where _Q sh is the needed energy for space heating load, _Qg;int are

the internal gains, _Q l;trans and _Q l;vent are losses from transmission
and ventilation and DTm=Dt is the temperature change of the
building mass Cm over time step Dt. Detailed description of the
methodology and results for validation are provided in Ref. [36].

Fig. 1. Steps taken to assess the flexibility of a heat pump pool.

Table 1
Model coefficients used for the different heating distribution systems, heat pump
technologies and to size the storage.

Eq. Model Type a0 a1 a2

(3) Heating distr. A-10/W51 42.14 �0.96 �0.0062
A-10/W44 36.67 �0.78 �0.0040
A-10/W38 32.84 �0.56 �0.0051
A-10/W31 27.98 -0e33 �0.0039

(4) COP ASHP 5.06 �0.05 0.00006
GSHP 10.18 �0.18 0.0008

(6) Thermal power ASHP 5.80 0.21 e

GSHP 9.37 0.30 e

(14) Storage size Radiator 143.7 53.19 e

Floor heating 86.92 28.18 e

DHW
storageHeat

pump
Backup
heater

Thermal energy

Electric energy Controller

SH
storage

Communication

Fig. 2. Simplified heat supply scheme of a single building unit model.
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2.1.3. Heat distribution system
The heat distribution system used in buildings has a major

impact on the required supply water temperatures. Floor heating
and radiator heating systems with different temperature re-
quirements are considered in the model. Each type of heat distri-
bution system is represented by an individual curve providing the
required supply temperature in the heating system as the function
of ambient temperature called “heating curve”. The set-point for
space heating supply temperature Tset is calculated via:

Tset ¼ a0 þ a1Tamb þ a2T
2
amb ½K� (3)

Equation (3) is valid for ambient temperatures Tamb below 15 �C
and limited to 15 �C as upper temperature. The coefficients ai vary
depending on the type of heat distribution system and are listed in
Table 1 for different heating curves reaching from low temperature
(A-10/W31) floor heating until medium temperature radiator
heating systems (A-10/W51).

2.1.4. Heat pump
The heat pump efficiency, expressed as the coefficient of per-

formance (COP), as well as the capacity of the heat pump depend on
the temperatures of the heat sink and source. A simple equation-fit
model is used since the target of model development is repre-
senting a large number of entities with limited modelling and
computation time. Based on a regression of manufacturers' data
sheets the heat pump model for thermal capacity _Qmax;HP and COP
is derived and shown in Fig. 3.

The COP is modelled quadratic based on the temperature dif-
ference between heat source Tsource (air or ground) and the heat
sink Tsink, leading to:

COP ¼ a0 þ a1DT þ a2DT
2 ½ � � (4)

The coefficients ai are obtained using a least square fit on HP
data from manufacturers [41], DT is calculated using:

DT ¼ Tsink � Tsource ½K� (5)

The resulting R2 values are 0.97 (ASHP) and 0.98 (GSHP), see
Fig. 3.

The maximal thermal capacity of the heat pump _Qhp;max is
modelled linearly using the source temperature Tsource:

_Qmax;HP ¼ a0 þ a1Tsource ½W� (6)

The coefficients ai are obtained using a least square fit on HP
data from manufacturers [41]. The resulting R2 values are 0.94
(ASHP) and 0.86 (GSHP), see Fig. 3.

The electric back-up heater is modelled using a fixed conversion
efficiency h of 0.99:

_QBH ¼ hPel ½W� (7)

2.1.5. Storage
The thermal storage is modelled as a mixing tank model. The

temperature in the tank is assumed to be homogeneous. For DHW
and space heating storage, an energy balance is set up. The change
in storage temperature Tsto per time step Dt is calculated as the

difference of heat supply _QHP and demand _Qdemand and storage
losses to the room. The resulting energy balance is:

Csto
DTsto
Dt

¼ k,A,ðTroom � TstoÞ þ _QHP þ _QBH � _Qdemand ½W�
(8)

where Csto is the heat capacity of the storage, k$A the total heat loss
coefficient fromwater to the room, and Troom is the temperature of
the room where the storage is located.

2.1.6. Controls
The heat pump is controlled by an on-off controller with a

hysteresis and minimum run- and pause-times. The target is to
keep storage temperatures within the allowed limits, based on a set
point and a hysteresis. The lower temperature boundary for the
DHW storage is set to 45 �C. The value for space heating storage is
determined by the heating curve. The hysteresis for DHWand space
heating are 7.5 K and 5 K respectively. Hysteresis settings are
derived from measured values of a field test [42]. In order to
guarantee a safe heat pump operation and long live time, a minimal
heat pump run-time of 6 min [43] and a minimal pause-time of
3 min are implemented. The electric back-up heater is switched on
when the thermal capacity of the heat pump is not sufficient. This is
mostly the case for ambient temperatures below the bivalence
temperature. The space heating system is deactivated if the three-
day temperature average is above the building heating limit. The SH
storage is not used when the heating system is deactivated.
External trigger signals are implemented into the controls of the
HP's with the result that the HP's react to and follow the signal until
they reach the limits of their respective hysteresis. After that, the
HP's switch back to normal operation mode.

2.2. System sizing

The sizing of heat pump, storage and back-up heater influences
seasonal performance factor (SPF), annual operation hours and
average heat pump cycles per day. In Germany most heat pumps
can be blocked by the grid operator up to 3 times a day for a
maximum of 2 h (blocking hours). As a reward grid fees are
reduced. Clearly blocking hours influence system sizing procedures.

Fig. 3. Regression models used, based on manufacturers' data for air (ASHP) and
ground source heat pump (GSHP).
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The following section describes the sizing procedure as typically
applied in Germany for mono-energetic heat pumps (i.e. HP and an
electric back-up heater) and storages in small residential applica-
tions based on recommendations from manufacturers [41,44,45],
when blocking is applied.

2.2.1. Heat pump and back-up heater
The heat pump size is dependent on the space heating load of

the building and the DHW demand. The needed heat pump ca-
pacity at the bivalence temperature Tbiv (minimum temperature
when the heat pump is the only heat source) is calculated using:

_QHP;biv ¼ fblock
�
_Q shðTbivÞ þ _QDHW;nom

�
½W� (9)

The nominal space heating load _QSHðTbivÞ, calculated according
to [46] at the bivalence temperature, and the nominal heat demand

for DHWpreparation _QDHW;nom are themost important factors. The
nominal DHW load, represents the needed extra capacity to
compensate for the DHW demand and depends on the number of
persons npersons in the building. A time of 8 h is assumed until the
DHW demand needs to be compensated by the heat pump. The
resulting nominal heat load is calculated with:

_QDHW;nom ¼ _qDHW,npersons ½W� (10)

with _qDHW ranging from 0.08 to 0.30 kW per person according to
[45]. A value of 0.2 kW per person was chosen and matches the
recommended value of [44].

To compensate for hours where the heat pump can be switched
off by the grid operator, the factor fblock is introduced.

fblock ¼
24

24� nblock
½ � � (11)

where nblock is number of blocking hours per day.

The electric back-up heater _QBH;nom is sized to cover the heat
load that can not be supplied by the heat pump at the coldest day of
the year and is calculated with:

_QBH;nom ¼ _QHL;nom � _QHPðTnomÞ ½W� (12)

using the heating load of the building _QHL;nom the nominal ambient
temperature Tnom and the heat pump capacity at that point
_QHPðTnomÞ (using Equation (6)).

2.2.2. Storages
The sizing procedures for the DHW and space heating storage

tanks are based on manufacturer's system design guidelines. The
volume of the DHW storage is influenced by the maximum hot
water demand of the buildingwhich is dependent on the number of
occupants npersons leading to the following equation for storage
volume VDHW [47]:

VDHW ¼ S,65:0,n0:72persons ½l� (13)

where S is a safety factor between 1.0 and 1.25.
Sizing of the space heating storage depends on the type of the

heat distribution system, the existence of blocking hours and on the
nominal heat pump power _QHP;nom.

VSH ¼ a0 þ a1 _QHP;nom ½l� (14)

The coefficients ai are obtained form a regression of manufac-
turers sizing recommendations and are different for radiator or

floor heating heat distribution systems.

2.3. System randomisation

A core feature of the presented model is representing diversity
in system characteristics. This is important when simulating a large
number of heat pump systems. It is achieved by using stochastic
bottom-up energy demand models and randomisation factors
applied throughout the whole modelling chain.

The electric loads, internal gains and DHW load profiles vary
depending on the socio-economic characteristics of the inhabitants
of the building. The number of occupants in each building and their
socio-economic factors sampled from a representative distribution
[35]. Even for two buildings having the same occupant number and
type the load profiles differ due to the use of a stochastic bottom-up
approach [36]. Building physics, orientation and indoor tempera-
ture set-points are also randomised before being included in the
generation of the space heating demand profile.

Fig. 4. Example results of annual duration curves for a one year simulation of
randomly selected heat pump systems and measured data. The different colours
indicate different heat pump systems.
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It has been found that only diversifying energy demand, as done
using the stochastic bottom-up approach and randomising its pa-
rameters, did not lead to satisfying results in terms of system di-
versity. For better explanation see Fig. 4(a), which shows the annual
duration curves for a one year simulation of 20 randomly picked HP
systems. Those systems were sized according to manufacturers
recommendations. Fig. 4(b) shows what is observed in field mea-
surements taken fromRef. [42]. It can be seen that for the simulated
case the distribution of annual operation hours and peaks is too
homogeneous. Operating hours are influenced by the size of heat
pumps and the thermal demand. The number of cycles per day of
the heat pump unit in simulation also deviated significantly from
the field test results, when sizing according to manufacturers data
was applied. It was found that storages found in the field mea-
surements were often oversized.

For this reason a randomised sizing procedure for the individual
heat pump systems has been developed. The result for a simulation
with the randomised model can be seen in Fig. 4(c). The system
sizing procedure as explained in Section 2.2 is modified by ran-
domisation factors and consists of three main steps:

1. A bivalence point is sampled for the given heat pump.
2. Heat pump and storage are sized as described in Section 2.2 for

the given bivalence point.
3. Heat pump capacity and storage size are randomised in order to

obtain different HP-to-storage ratios and over- and undersized
HPs for the given heat demand.

Furthermore the efficiencies of the single HP units are varied
using a randomization factor to scale the heat pump COP during the
entire simulation. This factor is sampled from a normal distribution
which was extracted from Ref. [14] where test results from 508 air
source and 798 ground source HPs are listed.

The supply temperature of the heat distribution system is
accounted for by an ambient temperature dependent heating
curve. The heating curve is selected depending on the building's
specific annual energy demand per square meter. The higher the
demand the higher the probability for radiator heating systems and
thus higher supply temperatures. The selected heating curve is
shifted upwards or downwards using a randomisation factor. The
specific demand also influences the threshold temperature for
heating operation, which is calculated on a three day average.
Depending on the building physics the activation temperatures
reach from 9.5 �C for well insulated buildings to 17 �C for older
buildings. The selected threshold temperature is shifted upwards or
downwards using a randomisation factor.

Table 2 contains all applied randomization parameters referred
to in this section.

2.4. Validation

Field test data from the WP-Monitor project [42] is used for
validation. In this project over 100 heat pumps, located in different
cities in Germany, have been monitored over a period of three
years. A pool with similar characteristics in building and heat pump
types as described in the project report was modelled and simu-
lated for one year and is compared to the field test results. Three
key performance indicators (KPI) are used for validation: Seasonal
performance factor, operation hours and number of heat pump
cycles. Seasonal performance of the whole system defined as:

SPF ¼ Qth;HP;year

Wel;HP;year
½ � � (15)

where Qth,HP,year is the annual thermal power generation and
Wel,HP,year the annual electric power consumption of the heat pump
and is used to compare system efficiencies. The number of on-off
cycles per day is used to verify heat pump and storage sizing pro-
cedures as well as hysteresis settings of the controller. The number
of annual operation hours is used to verify heat pump sizing with
respect to the thermal load profile.

The results are displayed in Table 3. It shows that the resulting
pool model captures mean values for the chosen KPIs with an error
below 5%. The range of the simulated values is within similar
magnitudes as those observed in the measured data.

3. Results

For flexibility assessment a pool of residential 284 SG-Ready HP
systems was simulated with a time resolution of 1 min. Each house
was simulated in baseline operation and for a set of 4 test signals
applied every hour of the day, leading to 27,548 simulation runs for
one year. Flexibility is evaluated with respect to conventional
operation where heat pumps are operated to serve thermal de-
mand (baseline case).

3.1. Flexibility identification procedure

In order to study flexibility for the given pool, trigger signals are
used. The signals are sent to the pool at the beginning of a specific
hour of the day for a time of 1 min. The signal is repeated every day
at the same time. This is done for each day of the year and for each
hour of the year. By doing so data points for all hours of the year are
obtained, while in between two signals the systemhas enough time
to recover. The flexibility of the pool is analysed by evaluating the
difference between undisturbed operation of the pool and the
operation when receiving a trigger signal.

Four trigger signals, based on SG-Ready definition [13] are used.
The reaction of a single heat pump system to a signal is based on the
SG-Ready specifications and listed in Table 4. As SG-Ready leaves
some freedom of interpretation on how the systems should react,

Table 2
Overview of values for the parameter randomisation, the used probability distri-
butions for sampling and their values. For normal distributions m is the mean value
and s the standard deviation. MF is a multiplication factor, OS an absolute offset and
I an initialisation variable.

Model Value Distr. type Values Unit Type

Storage Volume for ASHP Uniform [0.7, 1.1] e MF
Volume for GSHP Uniform [0.8, 1.65] e MF

System Heating curve Uniform [-1, 1] �C OS
Heating threshold Uniform [0, 1] �C OS

ASHP Bivalence temp. Uniform [-7, �2] �C OS
Capacity Normal m ¼ 1.1, s ¼ 0.2 e MF
COP Normal m ¼ 1.0, s ¼ 0.09 e MF

GSHP Capacity Normal m ¼ 1.1, s ¼ 0.2 e MF
COP Normal m ¼ 1.0, s ¼ 0.05 e MF
Source temperature Normal m ¼ 0.0, s ¼ 1.0 K OS

Table 3
Validation results for the simulated (Sim.) and the measured (Meas.) heat pump
pool. Seasonal performance factor (SPF), operation hours and on-off cycles per day is
used as KPI.

HP Dataset SPF [-] Operation hours [h/
a]

Cycles [1/d]

Mean Min Max Mean Min Max Mean Min Max

ASHP Meas. 3.2 2.3 4.3 2242 1298 4629 13.0 4.0 29.0
ASHP Sim. 3.2 2.5 3.9 2240 1461 3626 13.5 6.4 25.9
GSHP Meas. 4.1 3.0 5.4 2002 795 4044 11.0 3.0 26.0
GSHP Sim. 4.2 3.2 5.2 2012 1468 3086 11.4 6.5 19.0
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the implementation used in this study represents a good assump-
tion obtained by talking to heat pump manufacturers. To account
for the fact that the SG-Ready is implemented differently by
different manufacturers the most controversial feature - using the
electric back-up heater or not - is represented by two variants of
signal 4. Signal 4a and 4b account for different implementations of
the SG-Ready “Forced On”. When a heat pump system receives a
trigger signal the resulting action according to the SG-Ready
specifications, is started.

If a HP is running and receives an deactivation (”Off”) signal, it is
switched off until the storage reaches its minimum allowed tem-
perature. Then the heat pump resumes to normal operation.

If a heat pump receives an activation signal (”On”, ”Superheat
(HP)”, ”Superheat (HP þ BH)”), first the DHW storage is charged to
its set-point and then the space heating storage is charged until it
reaches the temperature assigned to the signal type. Depending on
the signal this temperature is different. For an ”On” signal the
allowed maximum temperature (heating curve set-point plus the
hysteresis) is increased by 2.5 K. For a ”Superheat” signal the stor-
age is charged up to the maximum temperature possible with the
heat pump, here 60 �C. If the electric back-up heater is used, it is
operated together with the heat pump. In all cases the minimum
run times of 6 min or pause times of 3 min are respected.

3.2. Investigated pool

For this study a pool of different buildings and heat pump sys-
tems was modelled using building parameters based on [48]. The
pool constitution is an assumption and is chosen based on the idea
that only heat pumps sold today and tomorrow are equipped with
SG-Ready and could thus be used. Two building types, which ac-
count for 98% of the installations [49] were chosen. Those are single
family (SFH) and terraced houses (TH), with shares of 88% and 12%
respectively. Four building efficiency classes based on building age
were considered: built before 1978, and built between 1978 and
2002, built after 2002, and built after 2002 with advanced energy
standard. Based onmarket expectations [50] 80% of the systems are
installed in modern or new buildings and 20% of the systems are
installed in old buildings for refurbishment, the division into sub-
categories is an assumption of the authors based on [48]. Table 5

shows the types and quantities of the selected buildings used in
the analysed pool. For all buildings air-source and ground-source
heat pumps (ASHP/GSHP) are used for space heating and DHW
preparation. The distribution of ASHG to GSHP is based on [50].
Potsdam is chosen as location of the pool and test reference year
(TRY2010) weather data is used.

3.3. Share of active heat pumps

In the baseline scenario the heat pumps are operated to cover
the thermal demand using the hysteresis controller described in
Section 2.1.6. Flexibility is defined with respect to the baseline
scenario i.e. with respect to an operation without any external
signals. For this case Fig. 5 shows the share of active heat pumps in
the pool for eachminute of the year. The share of active heat pumps
is highest during winter times at night. At this time more than 95%
of the heat pump units are in operation at the same time. Heat
pump activity is dominated by the space heating demand. However
the effect of DHW preparation in the mornings and evenings hours
is also visible particularly during the summer months.

When operating a pool it is important to know howmuch power
can be activated or deactivated with a given trigger signal. This is
directly linked to the number of operating HPs at a given time. For
example a high number of active heat pumps only offers little po-
tential for activating additional units with a trigger signal. As seen
in Fig. 6 ambient temperature is the key parameter which in-
fluences the number of active heat pumps. For better interpretation
of the presented results later in this section, Fig. 7 is added. It shows
the share of different ambient temperature values for Potsdam,
Germany, during the course of the year on an hourly base.

3.4. Characteristic responses

In a first step towards understanding the flexibility of pool the

Table 4
Signals used for flexibility assessment and the reaction in the single building units.

SG-Ready ID
[13]

Signal name Resulting action

1 Off HP is switched off
3 On HP is switched on, SH storage hysteresis is increased by 2.5 K keeping the heating curve as minimum temperature, DHW storage is

heated to normal set-point
4a Superheat (HP) HP is switched on, maximum temperature boundary of SH storage is set to 60 �C, DHW storage is heated to normal set-point
4b Superheat

(HP þ BH)
HP and el. back-up (BH) are switched on, upper temperature boundary of SH storage is set to 60 �C, DHW storage is heated to normal set-
point

Table 5
Composition of the heat pump pool used for flexibility assessment.

Building definition Number of systems

Class [-] Age [-]
Th. Demand

�
kWh
m2$a

	
ASHP [-] GSHP [-]

SFH before 1978 233 19 6
SFH 1978e2002 144 19 6
SFH after 2002 81 75 25
SFH advanced 55 75 25
TH before 1978 166 3 2
TH 1978e2002 108 3 2
TH after 2002 74 9 3
TH advanced 51 9 3

Fig. 5. Share of active heat pumps in the pool plotted for every hour of the year.
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response towards the trigger signals is analysed. Fig. 8 shows the
characteristic response on an exemplary day in winter at 12:00.
Fig. 8(a) shows the number of active heat pumps for the baseline
case and for the different trigger signals, whereas Fig. 8(b) shows

the difference in the electric load compared to the baseline case for
the given trigger signals.

As shown in Fig. 8(a) about 50% of all heat pumps are operating
before the signals are applied. As a reaction to an activation signal
over 95% of the heat pumps are switched on and remain in oper-
ation for a certain period of time. It can be seen, that shortly after an
activation the pool of heat pumps enters a steady state phase. All
activated heat pumps now charge the storage. The number of active
heat pumps and the load deviation remain approximately constant
during that time. After a while the first systems reach their allowed
upper storage temperature and switch off. The time until the
number of active heat pumps is dropping is depending on the signal
type. Increased set-point temperatures show a prolonging effect for
this steady state phase, whereas using the electric heater leads to a
shorter time intervals but higher powers.

When the storage temperature reaches thewanted level the HPs
stop their operation. The temperature in the buffer storages is now
higher than in the baseline case. During the following period heat
from the storages is used to supply the buildings.

Now more and more HP switch off and the pool might enter a
second, mostly very short steady state phase. The number of acti-
vated systems and the number of systems that currently regenerate
(use the heat in the storage) are equal and the effects cancel out
each other. This is seen in Fig. 8(b) at hour 1 for the “On” signal and
at hour 2.1 for the superheat signal.

In the following time an increasing amount of heat pumps
reaches the wanted temperature and switches off, the resulting
electricity demand is lower than during baseline operation. The
pool is “regenerating” form the received trigger signal. After
regeneration the number of active heat pumps in all cases is the
same again and the pool is back to its normal state. The effect of the
activation has vanished. Now the pool is ready for being used again
with its full potential.

In case that an “Off” signal is applied the characteristic response
is similar to that for the activation signals but with changed signs.
Directly after the signal is applied the number of active heat pumps
drops from 50% to 18%. In the following time an increasing number
of HP systems are switched on again. Approximately 10 min after
the ”Off” signal has been applied, more HPs are in operation than in
the baseline case. One hour after the ”Off” signal has been applied,
the pool is regenerated.

3.5. Flexibility parameters

Fig. 9 shows an abstraction of the characteristic response as
presented in Section 3.4. This curve motivates the main parameters
for characterising flexibility. Those are listed in the following and
explained for the example of an activation signal:

Fig. 6. Share of active heat pumps versus ambient temperature for the baseline case,
mean values (thick line) and 0.25/0.75 percentiles (shaded).

Fig. 7. Distribution of ambient temperature values over the year.

Fig. 8. Pool operation with response to the selected signals at midday (12:00) for an
exemplary winter day. Fig. 9. Exemplary response to a trigger signal and the derived flexibility parameters.
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a) Maximum power (Pmax): The peak response after a trigger
signal is send. Used to quantify the ability of a pool to react to
short events.

b) Shiftable energy (Emax): The energy content below the curve.
This energy can be consumed by the pool over the period of
activation.

c) Duration: The time until the electricity consumption of the
activated pool falls below the level of baseline operation.

d) Regeneration time: The time additional to the duration until
the power consumption of the pool is back to normal. During
this time most systems use the energy from the thermal
storage.

e) Mean power (Pmean): The corresponding mean power for the
duration of an activation.

The flexibility parameters are used to assess the flexibility of the
heat pump pool described in Section 3.2.

3.5.1. Maximum power
The maximum power that can be activated instantaneously by

sending one of the defined trigger signals is plotted over the hourly
ambient temperature in Fig. 10. It can be seen that the maximum
powermainly depends on the type of trigger signal and the number
of active units at the time the signal is sent. Decreasing ambient
temperature leads to increasing number of active heat pumps and a
decrease in maximum power for the case of an activation signal.

There is no difference between the “On” and the “Superheat
(HP)” signal. However a simultaneous activation of the heat pumps
and the back-up heaters, as in the ”Superheat (HP þ BH)” case,
results in almost a doubling of instantaneous power compared to
the case without back-up heater. With decreasing ambient tem-
perature the back-up heater is increasingly used for heat supply in
most systems. Thus the difference between ”Superheat (HP)” and
”Superheat (HP þ BH)” decreases.

In the case of an “Off” an absolute increase of maximumpower is
observed with decreasing ambient temperatures. Furthermore the
use of the electric back-up heater at very low temperatures has a
positive effect on the maximum power in this case.

3.5.2. Shiftable energy
Fig. 11 shows the shiftable energy for each trigger signal plotted

over ambient temperature. The effects of ambient temperature and
trigger signal can be clearly seen.

With falling ambient temperature twomain effects occur: First a
lower ambient temperature leads to lower COP values for ASHP. As
a consequence more electricity is needed to heat up the storage.
Secondly, the heating set-point and thus the required storage
temperature is increased. For a given upper temperature limit, the
usable energy content of the storage is reduced.

A further reason for the reduction in shiftable energy is that the
“free” HP capacity that can be used to superheat the storage is
reduced with increased heat demand. This leads to long durations
to charge the storage as discussed in Section 3.5.3. This leads to the
case that some units are still charging whilst others are already
regenerating. The effects cancel out each other and in an extreme
case there is no difference to normal operation and thus no shifting
of energy on a pool level during this time.

Using the back-up heater there is always sufficient capacity to
heat up the storage. Shiftable energy for the “Superheat (HP þ BH)”
signal increases with decreasing ambient temperature. With
decreasing ambient temperature an increasing number of heat
pumps is in operation. For those systems, when an activation signal
is received, the back-up heater is started and used for superheating
of the storage tank. As a consequence the efficiency of heat gen-
eration decreases which has a positive effect on shiftable energy.

At ambient temperatures below �5 �C an increasing number of
systems start using the electric back-up heater. This leads to an
increased variation of shiftable energy depending on whether the
back-up heater is in use when the trigger signal is sent.

In the temperature window between 8 �C and 15 �C a strong
variation in individual shifting capacity within the pool can be
observed. It is depending on whether the individual buildings have
already activated the heating system. At temperatures above 17 �C
only the DHW storage is used for shifting leading to a decrease in
shiftable energy.

It should be noted that the shiftable energy is the energy for one
activation cycle as shown in Fig. 9. The total shiftable energy per
day depends on the number of full cycles that can be performed
during one day and is thus influenced by the duration and regen-
eration times.

To highlight the influence of season and time of day, Fig. 12
shows the results for shiftable energy over the course of the year
when triggering a specific signal at a specific hour. It can be seen
that thermal demand is the dominating factor for all signals except
when using the back-up heater. A reduction in shiftable energy
resulting from DHW demand in the morning and evening hours is
particularly visible for the “On” signal. When the back-up heater is
used shiftable energy is mostly limited by the number of buildings
that are in heating mode.

3.5.3. Duration
Fig. 13 shows the duration for the different signals. For the

activation signals the duration increases with decreasing ambient
temperatures as the time to fully charge the storage increases. This
is due to increasing thermal demand and in the case of ASHP
reduced capacity of the heat pump, leading to a lack of “free” HP
capacity to charge the storage within short time. Using the back-up
heater, as done in the ”Superheat (HP þ BH)” case, reduces the

Fig. 10. Maximum power of the pool versus ambient temperature, mean values (thick
line) and 0.25/0.75 percentiles (shaded).

Fig. 11. Shiftable energy of the pool versus ambient temperature, mean values (thick
line) and 0.25/0.75 percentiles (shaded).
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duration needed to charge the storage. At temperatures
below �5 �C the increased use of the back-up heater reduces the
duration also for the ”Superheat (HP)” case.

3.5.4. Regeneration time
The regeneration time is the time that the pool needs to come

back to its normal state after an activation (or deactivation). Fig. 14
shows the regeneration time plotted over ambient temperature.
The regeneration time is closely linked to the thermal demand and
the heat stored in the storage. An increased thermal demand leads

to decreasing regeneration times. With decreasing temperature
starting at 0 �C a strong decline in regeneration times for an acti-
vation signal is observed. At that point, particularly for the “Su-
perheat (HP)” signal, for many systems the duration needed to
charge the storage is far longer than the time it takes to empty the
storage. Hence some systems are still charging whilst others are
regenerating or are even fully regenerated and back to normal
operation. When those ”slow” systems finally reach the wanted
storage temperature, most of the other systems are already ”wait-
ing”. The regeneration time of the pool is determined by only a few
”slow” systems.

Fig. 12. Hourly values of shiftable energy during the course of the year.

Fig. 13. Duration versus ambient temperature, mean values (thick line) and 0.25/0.75
percentiles (shaded).

Fig. 14. Regeneration time versus ambient temperature, mean values (thick line) and
0.25/0.75 percentiles (shaded).
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For the “Off” signal regeneration time increases with thermal
demand as the free HP capacity to regenerate the storage is
reduced.

It should be noted that for ambient temperatures below �7 �C
the number of values taken for evaluation is decreasing due to a low
number of heat pumps that can be activated and the low number of
days within that temperature range.

3.5.5. Effect of signals
The use of different signal types as suggested in the SG-Ready

specifications, compared to a simple “Off” signal provides fairly
new options to pool operators. The mean annual values for the
flexibility parameters of the pool for the different trigger signals are
listed in Table 6. It shows that the ”Off” signal yields the lowest
absolute values for all parameters. The reason is that only the share
of heat pumps that are active can be used, which is the minority of
units for most of the hours.

For activation signals all heat pumps can be used for shifting
although only the ones being switched off, and the back-up heaters
respond directly to an activation. Assuming perfectly randomised
storage states, only half the storage content can be used for load
shifting using an “Off” signal. Using an activation signal implies a
rise in storage temperature and temperature bands leading to more
energy content of the storage. Superheating the storage (”Super-
heat (HP)”) offers the possibility of shifting 3 times as much energy
in one cycle of activation and regeneration compared to ”On”. This
energy is further increased by approx. factor 1.7 if the electric back-
up heater is used. The peak and the mean flexible power are
depending on whether merely the heat pump or heat pump and
back-up are used. The ratio of themaximum and themean available
power is approximately 1.9 to 2.0 and is independent on the type of
activation signal. An important difference between the ”On” and
the ”Superheat (HP)” signal is that the latter shifts 3 times the
electrical energy content but takes only 54% longer to regenerate.
Duration of activation is 2.6 times higher.

4. Conclusion

SG-Ready heat pumps are currently entering the European heat
pump market. The SG-Ready functionality is intended to enable
heat pumps to participate in a smart grid and to provide a stand-
ardised interface to third parties for using the heat pump. In order
to design business models or control strategies, an understanding
of the potential flexibility in operation is essential. Furthermore
basic knowledge about the behaviour of a heat pump pool in
comparison to single heat pump units is required. This paper pre-
sented, important criteria to determine flexibility and investigates
the behaviour of residential heat pump pools with thermal storage
tanks. For this purpose, a model for residential heat pump pools
was developed, calibrated for the German case and validated using
field test data. A randomisation approach was presented and
applied in this work in order to reflect the diversity in sizing, effi-
ciency and controller settings of different building and heat pump
systems.

In order to analyse flexibility, trigger signals based on the SG-
Ready specifications were sent to a pool of 284 heat pumps at

each hour of the year and the response was analysed. From this
experiment a characteristic response could be identified and the
characteristic flexibility parameters such as maximum power,
mean power, shiftable energy, duration and regeneration time are
introduced. The duration of the activation and the regeneration
phase are suggested as new flexibility parameters, since they allow
to evaluate how many full shifting cycles can be applied to a pool
within a certain time period. Moreover they allow to estimate the
effect of a trigger signal on future points in time.

Results show that the characteristic flexibility parameters are
strongly dependent on ambient temperature. The available
maximum power for an activation signal as well as the shiftable
energy declines with decreasing ambient temperatures. Increasing
storage temperature offers the possibility to increase the shiftable
energy. When only using heat pumps, this effect is reduced with
falling ambient temperatures, since most heat pumps in the pool
are already operating and their capacity is almost fully needed to
supply the buildings. Oversizing heat pumps could provide more
flexibility at low ambient temperatures but would also impact
other parameters such as investment cost, cycling and annual
operational hours. Furthermore increasing storage temperature has
negative effects on system efficiency, as storage losses increase and
heat pump efficiency decreases.

The use of the electric back-up increases the flexibility signifi-
cantly. This is especially valuable at times with low ambient tem-
peratures, where the heat pumps are already operating close to
their maximum capacity. However the use of the back-up heater
comes at the cost of lower system efficiency.

Compared to the using an “Off” signal, which represents the
current state of the market using the SG-Ready-like signals, leads to
significantly higher flexibility and more possibilities to influence
the load.
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Abstract 

In this work the response of a heat pump pool towards direct load control signals sent by an aggregator is 
analysed and a characteristic response is presented. The signals differ by type, duration and frequency. The 
used signals are based on the SG-Ready definition. It is essential to understand the reaction of heat pump pools 
towards direct load control signals in order to use their flexibility. A simulation experiment is used to identify 
the response of a heat pump pool towards single and repeated SG-ready signals of different duration sent by an 
aggregator. The used pool consists of 284 heat pump systems connected to thermal energy storages each. 
Building type and size, as well as heat pump system sizing are chosen to reflect conditions representative for 
Germany and randomised to reflect diversity of buildings, sizing and control parameters. 
It is shown that most energy can be shifted for repeated signals applied for a duration between 15 minutes to 60 
minutes. In this case losses reach up to 17% of the invested energy. The use of the back-up heater increases 
flexibility significantly but can lead to losses up to 70% of the invested energy, especially for long signal 
durations. It should be highlighted that the different SG-ready options lead to different shifting potential and 
different efficiencies. Furthermore the influence of season on heat pump flexibility is studied.  
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1. Using the flexibility of heat pumps for business 

Heat pumps (HP) are an efficient technology to convert electricity into heat and are increasingly used for 

residential heat supply. Today 7.5 million HP units are installed and operated in the European Union and over 

the recent years about 800.000 new units have been installed yearly [1][2]. HPs are considered by many energy 

system modellers to be an important technology to manage the transition towards a renewable energy 

system [3]. Two developments promote HPs. First, the conversion efficiency from electricity to heat of 

commercially available HP units is constantly improving. Thus, HPs are progressively reducing the primary 

energy factor of heat generation. The second development is the target to de-carbonise the power sector [4], 
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leading to lower specific CO2-emissions for electricity used by heat pumps. The combination of those two 

points will lead to reduced CO2-emissions per kWh heat generated by HPs. Flexibility on the demand side will 

play an important role for the integration of high shares of intermittent renewable electricity sources into the 

grid. It is widely accepted that HPs connected to thermal storage can be used for load-shifting applications  and 

provide flexibility on the demand side [5]. 

However, in daily practice flexibility of HPs is barely used. A reason is surely that single HP units only offer 

limited capacity. Pooling of units is required to fulfil minimum requirements for market participation and allow 

for economies of scale. Hence, the technological approach used for integrating HPs must be cost efficient, 

reliable and simple enough to be deployed to a large number of units. Aggregators are seen as potential players 

that pool large number of HPs, to operate on markets or provide services to other actors in the power sector. 

For such aggregators the question of how to control and operate a pool of residential HPs arises and finding an 

answer to this question is supported by the insights presented in this study. 

 

1.1. Approaches to use heat pump flexibility 

The target of aggregator level controls is to modify HP operation in order to fulfil a certain goal in the 

context of the electric sytem. Generally, decentralised and centralised control approaches are used. In a 

decentralised approach, the field device receives information (usually electricity prices) and optimises its 

operation according to the price. In a centralised approach, operational planning is done in a single place and 

operational decisions are transmitted to the field devices. The centralised control of remote devices is referred 

to as direct load control (DLC).  

[6] found that heat customers prefer direct load control (embedded in a flat rate tariff) over time variable 

prices as a way to influence electricity consumption of electric heating systems. [7] concludes that from a 

system perspective centralised optimisation together with DLC yields better performance results compared to 

decentralised optimisation. The authors also highlight the importance to take into account the field response 

towards a price signal, when using decentralised optimisation. A central question for DLC is which information 

is available as feedback for the aggregator to do operational decisions. This information could range from only 

metered power up to storage sensor values or customer feedback [8].  

Based on [9]–[11], three main steps included in the control of a pool of thermal units are summarised: 1) A 

reference trajectory is generated (usually by buying energy based on a prediction). 2) System state of each 

participating device is collected. 3) An algorithm is used to generate a control signal sent to the individual 

devices based on their system state and the current situation in the power system.  

In the past the available direct control options for heat pumps have been switching the devices off or on. To 

extend these options the SG-Ready interface has been developed and has been deployed to heat pumps over the 

recent years. It provides a standardised, low complexity access to the heat pump units and offers the possibility 

to trigger four different operation states of the heat pumps. These are “Switch off”, “Normal operation”, 

“Recommended on”, “Forced on”. Consequently, SG-Ready increases the option space for direct load control, 

which is addressed in this work.  

1.2. Added value of this work 

Most of the previous work focuses on the design of control algorithms or evaluating the use of HPs in 

special cases. This work takes one step back and asks three fundamental questions: “What happens if a DLC 

signal is sent to a pool of HPs?”, “How does HP flexibility change over the course of the year?” and “Does the 

flexibility depend on the signal sent?”. These questions often seem to be too trivial to be considered or are 

neglected by previous work, but they build the foundation for designing controls and understanding the 
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behaviour of a HP pool. Furthermore, as SG-Ready offers new opportunities for DLC, a particular focus is put 

on these. 

The presented results will give aggregators important insights into the operation of a pool of HPs by 

answering the following crucial questions: 

 What type of signal should be sent? 

 For how long should the signal be active? 

 How often should it be sent? 

 How many units should receive the signal? 

 What additional costs would be generated at the end-customer’s site? 

In this study, a further step towards designing adapted DLC strategies for HP pools is taken. This is done by 

first developing a generic pool model, as presented in detail in [12] and explained briefly in Section 2 in this 

study. By characterising the response of a HP pool to trigger signals, as done in Section 3.3, useful insights are 

provided for control system engineers for developing DLC approaches suitable for their needs. 

Moreover, the effect of the different SG-Ready signals on the HP pool flexibility is investigated and 

presented. The results depicted in Section 3 clearly indicate the need to take into account different signal types. 

Another central question addressed in this study is the influence of repeated activation of HP pools triggered by 

an aggregator. Here, the impacts on the used flexibility parameters shiftable energy and load shifting efficiency 

are depicted as well. Furthermore, Section 3 indicates that certain repetition patterns are advantageous when it 

comes to the task to shift as much energy as possible, but also the repeated triggering comes at a price and has a 

strong dependency on the month. 

2. Methodology 

To analyse the impact of different DLC signals, based on SG-Ready, on a pool of residential heat pumps a 

model has been developed. The target of model development was to be able to simulate a large number of 

buildings, respecting their diversity while still keeping modelling effort and computational requirements low. A 

stochastic bottom up approach has been chosen and is explained and validated in [12]. The main parts are 

briefly introduced in the following. 

2.1. Pool model 

The pool model is a combination of single building unit models. Each building consists of a heat pump,  

a back-up heater and two thermal storage tanks for hot water and space heat. The thermal energy demand is 

provided by this system. Using a full stochastic bottom-up approach, sizing and energy demand of each 

building is different from the others, and the diversity in the demand profiles is properly respected. The heat 

distribution system used in each building is assigned based on the building energy standard. Different heat 

distribution technologies are reflected by different ambient temperature dependent heating curves. 

2.2. DHW and space heating demand 

A combination of a physical model with a behavioural model is used to calculated energy demand for space 

heating (SH) and domestic hot water (DHW) and electricity demand. The model is presented in validated 

in [13]. Activity data provided in [14] is used to derive probability distributions for the frequency, start and 

duration of occupant activity. This is used to determine the times and amounts of DHW consumption, SH set-

points and internal gains in the building. The heat demand for SH is calculated using a 5R1C building model, 

based on the simplified hourly method. This model is combined with the model for occupant behaviour and is 
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calibrated using a set of standardised buildings taken from [15], of which selected parameters are randomised 

to generate diversity in heat load profiles.  

2.3. Heat generation 

Ground-sourced HPs (GSHP) and air-sourced HPs (ASHP) are modelled with respect to their efficiency 

(COP) and thermal capacity  ̇   at a given temperature of the heat source         and the sink       as shown 

in the equations (1) and (2). The coefficients    in (1) and (2) are obtained by using a least square fit on HP 

data from manufacturers [16]. The heat production from the electric back-up heater  ̇   is modelled using 

equation (3) where the conversion efficiency η is set to 0.99 and     represents the electric power of the back-

up heater. The electric back-up heater is used together with the heat pump if the HP capacity is not sufficient to 

provide enough heat, or if activated externally.  

 

           (             )     (             )
  [ ] ( ) 

 ̇                 [ ] ( ) 

 ̇         [ ] ( ) 
 

For the operation of the HPs, minimum run- and pause times are implemented. These are 6 minutes 

minimum on-time and 3 minutes minimum off-time. These short periods were chosen in order to enable the 

analysis of the response of the HPs to short-term signals. 

2.4. Storage  

The thermal storage is modelled as mixing tank. The temperature in the tank is assumed to be homogeneous. 

In order to calculate the temperature changes in the DHW and SH storages, an energy balance is used with 

respect to heat production by the HP and the electric back-up heater, heat demand for DHW and SH, as well as 

storage losses. A two-point controller is used to keep the storage temperatures within the allowed temperature 

band (hysteresis) around the set point. 

2.5. System sizing and randomisation 

Sizing for HP, storage and backup heater is based on recommendations from manufacturers [16]–[18]. The 

sizing procedures have been adjusted by introducing randomization parameters for HP efficiency, which lead to 

under-/over- sizing of the HPs and the storages. Measured values of a field test [19] are used to calibrate the 

model to correctly account for a variation of annual operation hours and HP switching cycles per day. Figure 1 

shows the randomisation procedure, which is fully explained in [12]. 
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Fig. 1. Steps for system sizing and randomisation. 

 

2.6. Implementation of direct load controls via SG-Ready 

In order to offer the use of the HP flexibility, the SG-Ready label is issued from the German Heat Pump 

Association. It requires that four different operation states of the HP can be triggered via two zero voltage 

contacts. The detailed prerequisites for the implementation of the signals can be found in [20]. The four 

operation states mandatory are called: “Switch off”, “Normal operation”, “Recommended on” and “Forced on”. 

The details of implementation are not strictly specified in the document and are implemented differently 

depending on the HP manufacturer. Table 1 summarises the SG-Ready regulations and their implementation in 

the simulation study. 

 
Table 1. SG-Ready according to the specifications and the implemented system response in the simulation. 

 

Corresponding 

name in this 

study 

SG-Ready 

recommendation [20] 
Implementation in 

simulation 

SH storage set 

temperatures in 

simulation* 

DHW storage set 

temperatures in 

simulation 

Off (1) Off HP is switched off. This 

mode might be realised as 

fixed times for a 
maximum of 2 hours. 

HP is switched off. [HC, HC+5°C] [45.0°C, 52.5°C] 

Normal (2) Normal HP operates in normal 

energy efficient mode. 

HP operates with 

normal set-points. 

[HC, HC+5°C] [45.0°C, 52.5°C] 

Recommended 

on (3) 

On HP is operating in an 

enhanced heating mode. 

The switch on has to be 
seen as a 

recommendation. 

HP is switched on, 

hystereses are 

increased. 

[HC+5°C, 

HC+10°C] 

[50.0°C, 57.5°C] 

Forced on (4a) Superheat (HP) HP has to switch on.  HP is switched on, 
temperatures 

increased to max. 

[55°C, 60°C] [52.5°C, 60.0°C] 

Forced on with 
BH (4b) 

Superheat 
(BH+HP) 

HP and back-up heater 
have to switch on. 

Optional is the increase 

of the storage 
temperatures. 

HP and back-up 
heater are switched 

on, temperatures 

increased to max. 

[55°C, 60°C] [52.5°C, 60°C] 

*HC = Set temperature according to ambient temperature dependent heating curve 

2.7. Set-up of the simulation study 

The target of the simulation study is to explore the general characteristics of a heat pump pool and to 

evaluate its flexibility when using SG-Ready for DLC. For this purpose, a one year simulation of a pool 

consisting of 284 residential heat pumps is conducted. A simulation time step of 1 minute and test reference 
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climate data (TRY2010) for Potsdam is used.  

The pool is constituted to 88% of single family houses and to 12% of terraced houses. 80% of the buildings 

show a specific annual space heating demand between 50 and 80 kWh/(m
2
a). The remaining buildings’ demand 

is between 100 and 240 kWh/(m
2
a)

 
. 75% of the heat pumps are air sourced and 25% are ground sourced. 

In a first experiment, the SG-Ready signals explained in Table 1 are sent to the pool for different time 

intervals (1 min, 15 min, 60 min, 360 min). The signals are sent every 19 hours, to cover different hours of the 

day and year, while enabling a regeneration of the pool in-between two signals.  

In a second experiment the signals are sent repeatedly over a period of 12 hours, to investigate the effects of 

long time intermittent operation. During the 12 hours each signal (1 min, 15 min, 60 min, 360 min) is followed 

by a pause of the same duration. The 12 hours testing are followed by 7 hours without a signal. Then, after 

these 19 hours in total, the procedure is repeated.  

The investigated scenarios are shown in Figure 2. The total number of simulation runs performed is 2840. 

 

 

Fig. 2. Composition of trigger signals for the different simulated scenarios. 

3. Results 

This section presents the results for the simulation of a pool consisting of 284 HP units with a time 

resolution of 1 minute, for the different scenarios described in Section 2.7. 

3.1. Response to a single signal 

The operation of the HP pool with DLC signals is compared to an undisturbed operation – the business as 

usual case (see the case “normal” for the SG-Ready signal in Table 1). In this case the heat pumps are operated 

to keep the storage temperatures within the defined bounds. The point of interest is the deviation in electricity 

consumption when a DLC signal is applied to the normal operation. Figure 3 shows the differences in 

electricity consumption between normal and triggered operation for the whole pool, on an exemplary day in 

winter for a 15 min and a 360 min signal applied at 12:00 o’clock. The figure presents the difference in 

electricity consumption of the four SG-Ready signals to the normal operation. Signals causing an activation of 

the HP (“On”, “Superheat” (HP) and “Superheat (HP+BH)”) lead to an increase of electricity consumption, 

followed by a decrease in consumption (regeneration) when the signal is over. The “Off” signal leads to a 

reduced demand followed by an increased demand. For the 15 min signals presented in Figure 3, there is no 

difference visible between the “On” and the “Superheat (HP)” signal. This indicates that the time span is too 

short to superheat the storage. When the signal is applied for 360 min (see Figure 3) the differences between 

the different SG-Ready options become visible. After approximately 30 min the electricity consumption of the 

“On”-case drops. During this phase, an increasing number of HP systems have charged their storages and 

switch off. The systems commanded to superheat are still charging during this time. 2 hours after activation, 

systems commanded to superheat have charged and enter a steady state phase. The controllers are still operated 

with increased hysteresis values until the signal ends. As a result the storage is warmer than during normal 

operation, leading to thermal losses and decreased COP values. This explains the increased electricity demand 

during that period. Furthermore, it can be seen that electricity consumption increases significantly when using 

the back-up heater. For the “Superheat (HP+BH)” and the “On” case and the 360 min signal duration the time 
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when the storages are charged completely is clearly visible by a decline in electricity consumption. In the cases 

when the HP is switched off, the electricity consumption of the pool oscillates until it has settled. Figure 3 

depicts that the majority of HPs is only switched off for a duration of 15 min although the signal duration is 

360 min. This behaviour is caused by the depletion of the storage and the consequent need for heating the 

storage in order not to violate thermal comfort.  

  

Fig. 3. Exemplary response of the heat pump pool to a 15 Minutes signal (left) and a 360 Minutes signal (right). 

3.2. Response to repeated signals 

In a second experiment, as described in Section 2.7, the signals are sent repeatedly over a period of 12 hours, 

to test the ability of the pool to provide constant services over a longer period. Figure 4 presents an exemplary 

result for the different signals repeated every 15 min (left part) and 60 min (right part). The figure shows that 

the HP pool is reacting to each signal repetition sent. After 12 hours of intermittent activation, a cumulated 

regeneration can be observed. Between single repetitions of the signals, the pool is already regenerating partly 

as seen in Figure 4. Nevertheless, the regeneration period after the signals is affected by the repetition of the 

signals as a comparison between Figure 3 and Figure 4 reveals. This comparison shows that the regeneration 

period is extended for a repeated signal with a duration of 15 min. The peak in the power deviation due to a 

trigger signal is changing throughout the signal repetitions. The magnitude and trend of this peak is depending 

on the thermal load. In times of high thermal loads, the peaks stay on a high level with a constantly long 

charging phase, as seen in Figure 4. In cases of changing thermal load, the peaks in the power are changing 

according to the thermal demand of the houses. Hence, for oscillating thermal load during the course of the 

signal repetitions, the peaks in power deviation oscillate as well. By summing up the power deviation observed 

over time, the energy deviation from normal operation is yielded. This energy yield by triggering during each 

repetition is dependent on the thermal load as well as the efficiency of the HP pool. The efficiency is affected 

negatively by increasing storage temperatures as it becomes more visible for times of lower thermal load and is 

further explained in Section 3.5. 

  

Fig. 4. Exemplary response of the heat pump pool to a repeated 15 Minutes signal (left) and a repeated 360 Minutes signal (right). 
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3.3. Characteristic response 

The observed responses, as shown in Figure 3 and Figure 4, are similar in shape during the course of the 

year. Based on these observations, a characteristic response of a triggered HP pool has been identified and is 

shown in Figure 5.  

 

 

Fig. 5. Typical characteristic response of the pool and key parameters for flexibility determination. 

Three main phases defining the chronological characteristics are observed: 

1. Charging phase: During this time the activated systems are charging the storage. A clear increase in 

electricity consumption heading to a maximum can be observed.  

2. Steady state phase: After a transition period, during which an increasing number of HP systems 

have charged the storage completely, the pool enters a steady state period. During this time the 

systems are operated with increased storage temperatures, leading to additional losses due to 

reduced HP efficiency and heat losses of the storage. 

3. Discharging/regeneration phase: After the activation signal has ended, the storages are discharged 

until reaching their normal set-point temperatures. During this period the electricity consumption in 

the pool is lower than in normal operation as heat is taken from the thermal storage. After a while 

the pool is fully regenerated and back to normal operation.  

The different phases describe the typical response. They may differ in length and magnitude for individual 

responses throughout the year. Figure 5 shows the response for activation signals, the “Off” signal follows the 

same pattern but with inverse signs, excluding the steady state phase.  

 

The observed response shown in Figure 5 is used for defining four key parameters describing the flexibility 

of the HP pool: 

 Echarge (shiftable energy): This energy is used to charge the storages and keep them at temperature. It 

is the sum of all deviations during the presence of a load shift signal. It is referred to as “usable 

energy” as well. 

 Edischarge: This energy represents the “saved” energy when shifting loads. It is the sum of all deviations 

between the end of a signal and the beginning of the next triggering cycle.  

 Eloss: The difference between invested energy (Echarge) and saved energy (Edischarge). 

 Load shifting efficiency: The absolute of the ratio of Edischarge to Echarge.  
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3.4. Shifted energy and efficiency over the course of the year for single signals 

A central question is the availability of HPs for load shifting over the course of the year. In order to assess 

the flexibility of the HP pool, the load shifting efficiency and the shiftable energy are analysed. Figure 6 shows 

the monthly average of shiftable energy per cycle for the different signal durations (see Section 2.7). It can be 

seen that the average shiftable energy varies strongly throughout the year. In summer, the potential for load 

shifting is almost negligible compared to winter, as in summer only DHW is needed and the heating buffer tank 

is not used. For the cases with the highest storage hystereses (“Superheat (HP)” and “Superheat (HP+BH)”) the 

annual variation has the strongest severity. The effect of superheating the storage with only the HP becomes 

visible for activations lasting more than 15 min. In general, increased signal durations allow shifting higher 

loads but are more dependent on the month (e.g. increasing the signal duration from 15 min to 60 min increases 

the shiftable energy by a factor of around 2 for the “On” signal in November). For durations below 360 min, 

the shifting potential remains almost constant during winter and increases slightly during changing seasons and 

drops during summer (compared to January for a duration of 60 min, the “Superheat (HP)” signal yields 1.33 

times the amount of shiftable energy in March, but only 0.46 times the amount in June). The usage of the back-

up heater almost doubles the shiftable energy during the cold months. In changing seasons, superheating the 

storages over a longer period yields lower amounts of shiftable energy, since the demand for SH is decreased.  

 

 

Fig. 6. Monthly average shiftable energy per heat pump unit and cycle for single signals. The groups per month represent the signal 

durations in ascending order (1 min, 15 min, 60 min, 360 min). 

For the flexibility assessment of a HP pool, the load shifting efficiency is important in order to save costs 

and CO2-emissions. The left part of Figure 8 shows the annual efficiencies of the different signals. Here, the 

load shifting efficiency is calculated by dividing all negative energy by all positive energy over the course of 

the year. For durations of 1 min, the efficiency of all signals is over 0.96 and for 15 min the efficiency of the 

“On” and the “Superheat (HP)” are approximately 0.97. When signals last for 60 min, the efficiency is affected 

by the effect of storage superheating which leads to a decreased efficiency of the “Superheat (HP)” signal down 

to 0.84. When the signal is applied for 360 min, efficiency values for all signals drop significantly. The reason 

is that the storage is kept at a high temperature during most of the activation phase, leading to additional 

storage losses and losses due to operating the HP at low COP values, referred to as “steady state phase” (see 

Section 3.3). The usage of the back-up heater leads to losses in all cases reaching up to 70% of the activated 

energy. With increasing signal duration, the usage of the back-up heater subsequently decreases the load 

shifting efficiency (from 0.96 for 1 min down to 0.3 for 360 min). Figure 8 depicts, that the efficiencies for 

cases without using the back-up heater initiate their main decrease when the signal duration is extended from 

15 min to 60 min. Consequently, for signals sent once, a signal duration from 15 min to 60 min is preferable in 

order to shift as much energy with a high efficiency. 
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3.5. Shifted energy and efficiency over the course of the year for repeated signals 

Regarding the flexibility of the pool when signals are sent repeatedly, a strong dependency of the shiftable 

energy on the thermal load is observed. Figure 7 presents the variation throughout the year for each signal 

duration when the signals are repeated over a period of 12 hours as described in Section 2.7. The values given 

in Figure 7 represent the average shiftable energy per cycle during a certain month, shown for each signal 

duration. As explained in Section 2.7, there is no difference in triggering the pool between repeating the signal 

with a duration of 360 minutes and the unrepeated signal with the same duration. Despite the fact, that the total 

period of pool triggering is equal for all signal durations (see Section 2.7) Moreover, the duration of each 

trigger repetition is influencing the shiftable energy, although all signal durations have the same ratio of 

triggered times over untriggered times (see Section 2.7). Repeating a 15 min signal over the course of 12 hours 

yields the highest amount of shiftable energy. A comparison between Figure 6 and Figure 7 shows, that the 

repetition of signals yields significantly higher amounts of shiftable energy (for a repetition of a 15 min 

“Superheat (HP+BH)” signal in February, there is an increase of around factor 20). Moreover, repeating the 

signals reduces the influences of signal duration and thermal load on the shiftable energy. When comparing 

between repeated and non-repeated signals, it is remarkable, that the repeated “Off” signal shifts considerably 

higher amounts of energy during winter. For “Off” signals, the effect of increasing the amount of shiftable 

energy due to the repetition of signals is the strongest.  

 

 

Fig. 7. Monthly average shiftable energy per heat pump unit and cycle for repeated signals over 12 hours. The groups per month represent 

the signal durations in ascending order (1 min, 15 min, 60 min, 360 min). 

Another important aspect for the assessment of the HP flexibility towards repeated triggering is the 

efficiency. The right part of Figure 8 presents the load shifting efficiency calculated with the same methodic as 

in Section 3.4. Compared to the unrepeated triggering of the HP pool, the efficiencies are lower and drop down 

to 30% in some cases. Thus, the efficiency for repeated superheating without back-up heater is only around 

70% of the one for single signals for a signal duration of 15 min. The drop in efficiency is the highest for 

signals lasting for only 1 min, since the continual on- and off- switching shifts the storage temperatures 

subsequently to a higher level. Moreover, the relatively low efficiencies of signals with a duration of 1 min 

respectively 15 min are caused by the minimal run- and pause- times of the heat pumps. This causes that some 

of the HPs cannot follow the signal in every repetition. As a consequence, the operation of the HP pool is 

“clocked” for short repeated signals, operating at the limits of minimum run- and pause-times. For repeated 

signals, signal durations of 60 min yield the highest load shifting efficiencies. Hence, the optimum signal 

duration for repeated triggering is between 15 min and 60 min, when taking the amount of shiftable energy (see 

Figure 7) and its efficiency (see Figure 8 right) into consideration. The use of the back-up heater is 

accompanied by losses in load shifting efficiency (between 30% and 45%) regardless the signal duration. 
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Fig. 8. Average annual efficiency for unrepeated signals (left) and repeated signals (right). 

4. Conclusion 

HPs are a key technology for energy efficient heat supply. HP systems designed with thermal storage 

capacity, as it is the case in Germany, can be used to provide flexibility to the energy system. Since individual 

units’ electricity consumption is relatively small, pooling of a large number of HPs is required in order to 

actively participate in electricity markets or to provide services to the grid. Managing a pool of HPs requires 

fundamental knowledge about available power and energy as well as the response expected when controlled 

externally. A simulation study using a pool of 284 HPs was conducted to examine these points. The SG-ready 

interface, which is implemented in over 900
*
 market available HPs in Germany, was used for direct load 

control (DLC). 

It was found that HPs sized according to today’s procedures offer an electric shifting potential between  

-0.18 and 10.68 kWh per heat pump and load shift cycle. The availability of HPs for load shifting has a strong 

seasonal dependency, showing negligible shifting potential during summer compared to winter and changing 

season. An analysis of signal length leads to the conclusion that shifting intervals of between 15 min to 60 min 

are best suitable for HPs with respect to shiftable energy. For these signal durations, losses remain under 17% 

when not using the back-up heater. An analysis of the characteristic response showed further that shifting 

energy over a long period leads to losses up to 70%, depending on the SG-Ready signal used. The repeated 

application of trigger signals over a period of 12 hours leads to an increase in the amount of shiftable energy 

accompanied by a decrease in the load shifting efficiency by -15.6% on average. 

At first glance using the back-up heater for load shifting seems an attractive option from the power system’s 

point of view, as it yields high power and high shiftable energies, particularly for long activation times. 

However, using the back-up heater creates losses going up to 70% of the invested energy, generating additional 

costs. 

A study of the characteristic response leads to the conclusion that achieving a constant increase in energy 

consumption over a period longer than 1-2 hours needs tailored control strategies, as the response towards an 

activation signal leads to a peak followed by a steady decline and a consecutive steady state phase. 

Furthermore, the regeneration period after an activation signal has to be considered, especially for the case of 

repeated triggering. 

The SG-Ready interface allows more options for using the HP’s flexibility than previously possible by just 

 

 
*
https://www.waermepumpe.de/fileadmin/user_upload/waermepumpe/02_Waermepumpe/Qualitaetssicherung/SG_Ready/Modellliste_SG_

Ready__Stand_03.06.2016_.pdf 
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switching it off. This study shows, that the established control signals of SG-Ready offer a wide range of 

possibilities for DLC conducted by a pool aggregator and therefore are well suited to ease the integration of 

renewable energies into the grid. 
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a  b  s  t  r  a  c  t

Heat  pump  (HP)  units  coupled  to  thermal  storage  offer flexibility  in operation  and hence  the  possibility
to  shift  electric  load.  This  can  be  used  to increase  PV  self-consumption  or  optimise  operation  under
variable  electricity  prices.  A key  question  is if  new  sizing  procedures  for heat  pumps,  electric  boilers
and  thermal  storages  are  needed  when  heat  pumps  operate  in  a more  dynamic  environment,  or if sizing
is  still determined  by the  thermal  demand  and thus  sizing  procedures  are already  well  known.  This  is
answered  using  structural  optimisation  based on  mixed  integer  linear  programming.  The optimal  system
size  of a HP, an electric  back-up  heater  and  thermal  storage  are  calculated  for 37  scenarios  to  investigate
the  impact  of  on-site  PV, variable  electricity  price,  space  heat  demand  and  domestic  hot  water  demand.
The  results  are compared  to today’s  established  sizing  procedures  for Germany.  Results  show  that  the
thermal  load  profile  has the  strongest  influence  on  system  sizing.  In most  of  the scenarios  investigated,
the  established  sizing procedures  are  sufficient.  Only  large  PV sizes,  or  highly  fluctuating  electricity  prices,
create  a need  for lager  storage.  However,  allowing  the storage  to  be  overheated  by 10  K, the  need  for  a
larger  storage  only  occurs  in  the  extreme  scenarios.

©  2016  Published  by Elsevier  B.V.

1. Introduction

Increased generation of electricity from intermittent renewable
energy sources increases the need for flexibility on the demand
side. This is needed to allow stable operation of the power sys-
tem [1,2]. It has been widely accepted that heat pumps coupled to
thermal storage can provide flexibility to the power system [3–5].
For such a case variable electricity prices can be used as a way  to
influence heat pump operation [6–8]. Further, heat pumps (HP)
can be used to increase the use of electricity from photovoltaic
plants (PV) on a building level [9–11]. In many countries the cost
for on-site generated PV electricity is below the electricity price,
and self-consumption of PV electricity is economically attractive.
Today, most HP manufacturers offer control schemes to align heat
generation with available PV electricity.

Thus variable electricity prices and PV self-consumption will
change the way HPs are used. As a consequence, the sizing pro-
cedures of the heat pump unit, the electric back-up heater and

∗ Corresponding author at: Fraunhofer Institute for Solar Energy Systems,
Freiburg, Germany.

E-mail address: David.Fischer@ise.fraunhofer.de (D. Fischer).

thermal storage might need to be adjusted. The aim of this study
is to find the optimal system configuration and operation which
minimizes the costs over a lifetime of 20 years, using structural
optimisation.

A central question of this study is whether operation under
variable electricity prices or PV requires different system sizing
compared to what is seen today? This essentially boils down to
the question if larger storages for heat pump systems are required
in the future. Further, the role of the electric back-up heater is ques-
tioned. If there is no need for changed sizing procedures it can be
concluded that the current system sizing procedures and hence,
what is installed in the field today, is already prepared to a large
extend for the increased flexibility demanded by the changes in the
electric energy system.

It is assumed that thermal energy storage will play a cen-
tral role for the heat pump’s ability to respond to the needs of
the power system [3]. This is good news as at least in Germany
installing thermal storage is common practice. As a consequence
the focus of this study is on storage tanks. The use of the build-
ing’s thermal inertia is not part of this study, but is reflected in
the storage sizing recommendations used. According to scientific
literature [12–15], engineering guidelines and manufacturers rec-
ommendations [16–23] the reasons to install thermal storage can

http://dx.doi.org/10.1016/j.enbuild.2016.07.008
0378-7788/© 2016 Published by Elsevier B.V.



724 D. Fischer et al. / Energy and Buildings 128 (2016) 723–733

be summarized to three points: (1) Reduced investment costs for
the system, as need for peak capacity is reduced (2) Ensure fea-
sible operation so that minimum unit run times can be kept, (3)
Allow flexible operation e.g. to self-consume PV or benefit from
varying electricity prices. Further, in Germany most heat pumps
are offered a reduced grid fee when the grid operator is allowed to
block heat pump operation up to 3 × 2 h a day. If blocking is acti-
vated, a thermal storage or high building thermal inertia is needed
to keep the indoor temperature within the comfort limits during
blocking hours.

For system sizing in the field the established procedures are
based on thermal loads of the building and for hot water. For
operation under variable electricity prices or on-site PV, sizing pro-
cedures are not yet established. In this study, the optimal sizing and
operation of an air-source heat pump system are calculated using
mixed integer linear optimisation. The case study is performed on
a multi-family house situated in Germany with an air-source heat
pump, as they are gaining increasing market share [24]. The heat
pump is coupled with an electric back-up heater and a water tank
used as thermal storage, which is current practice in Germany.

The most important factors that influence the system sizing are
identified by varying the building’s space heating load, domestic
hot water (DHW) load, size of the on-site PV and variability of
the electricity price. Optimal sizing and operation is determined
by solving a mixed integer linear optimisation problem (MILP),
which is briefly explained in Section 3. The problem is solved for
37 scenarios explained in Section 4 to identify the most important
factors that determines the system sizing. Studying the optimi-
sation results (presented in Section 5) and comparing them with
today’s sizing procedures (explained in Section 2), leads to a better
understanding of the dominant effects and helps developing siz-
ing recommendations for future heat pump systems (presented in
Sections 6 and 7).

2. Sizing procedures according to manufacturers

A heat pump system that provides space heating and domestic
hot water (DWH), typically consists of the following components: A
heat pump, a back-up heater and a thermal energy storage. Today,
sizing of the individual components is based on manufacturers
guidelines and textbooks [16–23]. This section presents a sum-
mary of sizing recommendations for a variable speed air-source
heat pump (ASHP) system with water storage tanks, as this is the
focus of this study.

2.1. Sizing of heat pump and back-up heater

The sizing of the ASHP is determined by the heat load, the heat
distribution system of the building, and the presence and type of
the back-up heater. The latter determines whether the system is
monovalent, mono energetic, or bivalent. In the case of monova-
lent HP systems, the building’s space heating and DHW demand is
entirely served by the heat pump at all times of the year. In case of a
mono-energetic HP system, an electric back-up heater supports the
heat pump during thermal peak hours, and the HP unit is sized to
cover approximately 95% of the total annual heat demand [20,21].
In case of a bivalent system a non-electric back-up heater is used,
which, in Germany, typically is a gas fired boiler. Here, the sizing of
the HP is such that it covers about 60% of the annual heat demand.

A sorted annual duration curve of heat demand over ambient
temperature is used to determine the exact share of heat covered
by the heat pump. The bivalence temperature Tbiv is the outdoor
temperature below which the back-up technology is used to sup-
port the heat pump. At that point, the HP size is determined as
the sum of the instantaneous space heating load Q̇sh and an added

capacity Q̇DHW for DHW. The additional heat pump capacity Q̇DHW
for DHW decreases with the number of people in the building due
to the smoothing of peaks with increasing number of occupants.
Values between 0.88 and 0.17 kW extra capacity per person are
recommended for dwellings with 4 up to 10 occupants. Lastly the
calculated thermal peak demand for space heating and DHW is
multiplied by a safety factor fblock for blocking hours:

Q̇HP = fblock(Q̇sh(Tbiv) + Q̇DHW) [W] (1)

The calculated extra capacity to be added, is the ratio of max-
imum hours per day to maximum allowed operational hours per
day:

fblock = 24
24 − tblock

[–] (2)

Although in practice, the additional capacity added for blocking
hours according to manufacturers recommendations, is approxi-
mately 10% below the calculated value [20–23].

The gap between the maximum HP capacity at minimum ambi-
ent temperatures and the thermal peak demand, determines the
size of the back-up heater.

The explained sizing procedure can be summarized as follows:

1. Determine heat load and DHW demand of the building
2. Determine space heating supply temperature curve for a given

ambient temperature
3. Decide on the operation of the HP – (Monovalent, mono-

energetic, bivalent)
4. Size the heat pump for the bivalence temperature, and if needed,

add capacity for DHW
5. Size the back-up heater for the minimum ambient temperature
6. Increase sizing for blocking hours

2.2. Sizing of storage for DHW demand

Sizing of the domestic hot water storage is determined by the
DHW load profile and the allowed temperature difference �T  in
the storage. As the DHW load profile is dependent on the number
of persons and their occupancy behaviour, it is difficult to predict
the exact demand, and hence sizing heuristics are applied. In the
following, two  sizing heuristics are presented.

According to [16] and manufacturers recommendation, the fol-
lowing procedure is applied. First, the annual DHW demand and the
peak demand is determined according to DIN 4708 [25] depending
on the number of “standard” flats in the house. From this, a charac-
teristic storage parameter depending on the peak demand and the
duration of the peak demand is derived. Most manufacturers offer
an already prepared look-up table where the needed storage can
be directly selected when the characteristic storage parameter is
known with respect to allowed temperatures in the storage.

An alternative heuristic is found in [16] where the needed DHW
storage capacity is directly determined by the number of persons,
as shown in Eq. (3). The formula is valid for the range up to 300
persons, and S is a safety margin between 125% for low numbers of
persons, and 105%, for more than 200 persons.

VDHW � S · 65.0 · n0.7
persons [l] (3)

2.3. Sizing of space heating storage

For HP systems only providing space heating demand, the siz-
ing of the buffer storage depends on the type of heat pump, (air-
or ground-source), compressor (fixed or variable speed), the min-
imum runtime of the heat pump unit (usually about 6–20 min),
blocking hours and on the thermal inertia of the heat distribution
system and the building. In case of variable speed air-source heat
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pumps, no or only a small storage of about 10–20 l per kW HP is
recommended for defrosting and smooth operation.

The minimum recommended buffer tank size is based on the
installed heat pump size and calculated to:

Vmin,SH � 10.0 · Q̇HP [l] (4)

However, to overcome blocking hours, the buffer tank needs to
be sized such that the maximum heat load of the year �max can
be supplied to the building for 2 h. Using the specific heat capacity
Cwater of water and the allowed temperature difference �T  in the
storage, the needed storage size when allowing for blocking hours
can be calculated according to Eq. (5). Given an allowed �T  of 10 K
this leads to a theoretical storage size of 172 l per kW nominal heat
load.

Vtheory,SH = �max · 7200s

Cwater�T
[l] (5)

In practice however, the building’s thermal inertia and relax-
ation of the indoor comfort temperature requirements, may  lead
to smaller storage size recommendations. Hence, the manufac-
turer recommendations for heavy buildings and/or floor heating
ranges from approximately 20–60 l per kW maximum heat load,
and 50–80 l/kW for lighter buildings and/or radiator heating.

Eqs. (6) and (7) show fits of manufacturer’s recommended val-
ues for storage size accounting for blocking hours. The coefficients
depend on the maximum heat load �max and on the thermal inertia
of the system [17]. The fits are valid for heat loads up to 108 kW.
For smaller units with peak demand below 4.5 kW,  no storage is
recommended.

For floor heating systems (high inertia, HI), the recommended
storage size is:

VHI,SH � 19.4 + 28.1 · �max [l] (6)

For radiator heating systems (low inertia, LI), the recommended
storage size is:

VLI,SH � 81.54 + 53.8 · �max [l] (7)

2.4. Methods used for optimal energy system sizing in academic
literature

In academic literature, various methods for determining the
optimal size of energy system components are found. They are
either based on parameter variation and simulation, i.e. incre-
mentally changing the parameters of interest and rerunning the
simulation, or on structural optimisation.

Parameter variation is presented in [26] for optimised solar
thermal and storage sizing. In [27] a scenario based analysis to
determine the optimal size of CHP and storage system according
to time of use tariffs (TOU) is presented and stated that variable
electricity prices lead to increased storage size.

A second approach is to use a simulation model in combination
with optimisation techniques. First, the optimal system sizing is
found, and secondly, a simulation model is used to calculate annual
operation and performance figures. This usually results in a non-
linear or even black box formulation of an optimisation problem as
in [28], where Tabu Search is used for optimising thermal storage
size to increase the use of wind power in an interlinked thermal-
electric scenario.

The third approach is to fully formulate the investment and the
control problem into one optimisation problem. This approach was
applied in [15] showing the impact of optimal heat pump use on
the Danish system in 2030. The HP systems including thermal stor-
age, were optimised in size and operation to reduce peak loads and
fluctuations created by introducing wind energy into the power
system. The problem was formulated and solved as a linear prob-
lem, and the HP’s coefficient of performance was assumed constant.

Fig. 1. Description of the general methodology.

Fig. 2. Description of the system.

In [29] the effects of electricity tariffs on optimal battery sizing,
when applied in a residential PV setting are studied and formulated
as a mixed integer linear problem.

A framework for optimal investment and operation of building
energy systems in the context of zero energy buildings is presented
in [30]. A mixed integer linear program is formulated and solved for
investment and operation for each hour of the year. The target for
optimisation is flexible as to account for minimum cost or minimum
CO2 emissions. This work lays the foundation of the optimisation
approach chosen in the presented paper.

3. Method

This section describes the general methodology for investigat-
ing the influence of selected factors on sizing of an air-source heat
pump system (see Fig. 1).

The ASHP is coupled to an electric back-up heater and thermal
storage tank, and is hence a mono-energetic system. A mixed inte-
ger linear optimisation model is used to find the optimal system
sizing and operation for each scenario. A detailed description of
the optimisation framework is provided in [30].

3.1. System description and assumptions

Fig. 2 shows the system under consideration. It is a residential
building, with radiator heating system, stratified thermal storage
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and PV on the roof. The storage tank is used for both domestic hot
water and space heating. The heat is supplied to the storage by a
variable speed air source heat pump (ASHP) and an electric boiler
(EB). The variable speed ASHP is capable of changing its thermal
output in the range from 30% to 100% of the capacity. HP efficiency
is dependent on the ambient temperature, and the temperature set
point needed for DHW or space heating. The storage temperature is
kept between the set point and a 10 K offset. Electricity generated
from the PV plant is used for serving the electric load in the house
and the surplus can be used by the HP unit, or exported to the grid at
a price equal to the feed-in-tariff of 0.11 D /kWh paid to the building
owner. The HP tariff in Germany at 0.19 D /kWh is set as the buying
price for electricity to the heat pump, whereas the electricity price
for the electric demand of the building, equals the end-user price
in Germany at 0.24 D /kWh [31].

3.2. Formulation of optimisation problem

The aim of this study is to find the system configuration and
operation which minimizes the total discounted costs over a life-
time of 20 years. The total costs J are the sum of total investment
costs and total operation costs which depend on the chosen sizes
xinv,i for technology i and its operation xop,i,t on each time step of the
year t. Annual operation costs are discounted by 1/(1 + r)a for each
year a using the nominal interest rate r. This leads to the following
objective function:

min
xinv,xop ∈ R

J =
I∑

i=0

[
cinv,ixinv,i +

20∑

a=1

T∑

t=0

cop,i,txop,i,t�t

(1 + r)a

]
(8)

where cinv,i are the specific investment costs and cop,i,t are the oper-
ational costs of each technology i at each time step t. The operational
decision variables xop,i,t and the demands ei are visualized in Fig. 2.

To guarantee a physical reasonable operation, the optimisation
problem is constrained for all points in time T and all available
technologies I by the following set of equations:

No negative invest:

0 ≤ xinv,i ∀i ∈ I (9)

Electric energy balance holds:

0 =
I∑

i=0

xop,i,t + edem,el − eel,PV ∀t ∈ T (10)

Thermal storage content st within allowed limits:

st =
t∑

t=0

�t
sto

(
I∑

i=0

�op,i,t · xop,i,t − edem,SH,t − edem,DHW,t

)
�t

0 ≤ st ≤ xinv,sto ∀t ∈ T (11)

HP thermal capacity within allowed limits:

�op,HP,t · xop,HP,t ∈ [0,  (0.3, �max,HP,t) · xinv,HP] ∀t ∈ T (12)

EB within allowed limits:

0 ≤ xop,EB,t ≤ xmax,EB,t = xinv,EB ∀t ∈ T (13)

Storage losses in Eq. (11) are accounted for by means of a storage
efficiency �sto, which is the share of storage energy that is available
from the previous time step.

3.2.1. Heat technology models
The conversion efficiency of electricity to heat �op,EB,t at each

time t for the electric boiler is as follows:

�op,EB,t = 0.99 ∀t ∈ T [–] (14)

For the ASHP, the coefficient of performance COP, is dependent
on the temperature lift between the hot and the cold side, which
is a function of the ambient temperature Tamb,t and the set point
temperature Tset,t.

COPt(Tamb,t, Tset,t) = a0 + a1�Tt + a2�T2
t [–] (15)

The coefficients a are obtained using a least square fit on HP data
from manufacturers [17], where �Tt is as follows:

�Tt = Tset,t − Tamb,t [K] (16)

Since the heat pump is modelled as one unit, but operated at two
operation points, namely DHW preparation and space heating, the
average efficiency �op,HP,t at each time t, is calculated as the energy
weighted COP of both operation points, weighted by the respective
heat demands Q̇ .

�op,HP,t = [Q̇DHW,tCOP(Tamb,t, TDHW,t) + Q̇sh,tCOP(Tamb,t, Tsh,t)]

· 1

Q̇DHW,t + Q̇sh,t

∀t ∈ T [–] (17)

The set temperature for space heating Tsh is derived from the heat
curve for a given building and heat distribution system using the
ambient temperature Tamb.

The maximal thermal capacity of the heat pump changes with
ambient temperature. This is accounted for by introducing a nor-
malized maximum heat pump capacity �hp,max,t in Eq. (12), which
is linearly dependent on the ambient temperature Tamb,t.

�max,HP,t = b0 + b1 · Tamb,t ∀t ∈ T [–] (18)

The coefficients b are obtained using a least square fit on HP data
from manufacturers [17].

3.2.2. Investment, lifetime and interest rate
The investment costs for each technology are separated in fixed

costs, and specific costs depending on the unit size. The fixed costs
are independent of the unit size and specific costs are modelled
linearly in the given range. Costs for wear and tear are accounted
for by fixed annual operational costs. The used cost data is listed in
Table 1.

The specific investment cost per litre storage is transformed into
cost per kWh  using the specific heat capacity of water in kWh/(l K)
and the maximum allowed storage temperature range �T, which
is set to 10 K. The specific cost per litre is 1.4 D . The interest rate is
set to 4% and the lifetime used for calculation is 20 years.

4. Scenarios

The introduction (Section 1), identified that changed operation
of the HP systems, due to variable prices or PV self-consumption,
might lead to adjustments of today’s sizing procedures, presented
in Section 2.4. This work investigates the impact of the following
four input parameters on the system sizing: (1) building physics,

Table 1
Cost assumptions including VAT.

Fixed Specific

Installation costs:
ASHP 2000 D 1500 D /kW
Electric boiler 60 D /kW
Thermal storage 60/120 D /kWh1

Annual operation &maintenance costs:
ASHP 1.1 % of invest
Electric boiler 1.4 % of invest
Thermal storage 0 % of invest

1 Allowing �T  = 10 K/�T  = 20 K in storage.
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Table  2
Investigated scenarios, reference scenario underlined.

Building DWH  PV El. price Storage �T
[n persons] [kWp] Variability [K]

Unrefurbished 12 0 Constant 10
Refurbished 6,12,18 0–160 0–100% 10,20
New 12 0 Constant 10

(2) number of persons for DHW consumption, (3) PV electricity
generation, and (4) variability of the electricity price. The resulting
scenarios are listed in Table 2 and are explained in detail in the
following section.

4.1. Reference scenario

The reference scenario is a refurbished German multi family
house, with six flats each containing two occupants [32] and with-
out on-site PV generation. A constant electricity price at 24 ct/kWh
for the electric demand is applied, and 19 ct/kWh for electricity con-
sumed by the HP system. Potsdam is taken as the reference climate
location and measured climate data for 2012 for the given station
is used as input.

To investigate the system sizing if either covering the DHW
or the space heating demand alone, two additional scenarios are
applied, which contains the space heating and DHW demand of the
reference scenario separately (see “Single operation” in Fig. 10).

4.2. Building physics

To analyse the impact of different heat load profiles an unrefur-
bished, a refurbished and a new building are simulated, based on
the building parameters provided in [32]. The specific annual heat
demand is 188 kWh/m2, 69 kWh/m2 and 36 kWh/m2, respectively.

The space heating load is calculated using a 5R1C building
model. The model is based on the simplified hourly method accord-
ing to DIN EN 13790 [33] for calculating heating and cooling
demands. The heat load model is presented and validated in
[34]. Inputs to the model are irradiation, building physics and
internal gains. Internal gains are calculated based on building occu-
pancy and the use of electric devices, obtained from the synPRO
behavioural model [35].

Fig. 3 shows the 15 min  heat demand and the sorted annual
duration curves for the three scenarios. The figure shows that
increased energy efficiency of the building, decreases the load peaks
and the number of days where the heating system is activated. Par-
ticularly during summer and changing season, increased building
efficiency leads to fewer heating days.

4.3. DHW loads

The influence of increased DHW loads is investigated by chang-
ing the number of inhabitants in the reference case, to 8 and 16
people. The domestic hot water consumption is obtained using a
stochastic bottom-up model (synPRO), which links user behaviour
to the number of tappings, dependent on time of the day. The energy
demand for each tapping is calculated based on the volume flow
rate, and on the hot and cold water temperatures, taken from VDI
2067 [36]. Detailed information and validation of the DHW load
profiles are given in [34].

Fig. 4(b) shows the DHW annual duration curves. It can be seen
that the yearly peak increases non-linearly with increasing amount
of people, and a smoothing of the load curve can be observed. Fur-
ther, the shape of the duration curve is less steep in the hours of
high demand when adding more people.

Fig. 3. Scenarios for space heating for different building physics.

Fig. 4. Scenarios for DHW consumption with 6, 12 (reference) and 18 persons in the
house.

4.4. On-site PV electricity generation

The effect of on-site PV generation is investigated by increas-
ing the size of the installed PV capacity incrementally from 0 to
160 kWp. The PV plant is oriented southward and 35◦ inclined. A
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feed-in tariff of 0.11 D /kWh is used, together with a constant elec-
tricity price. The generated PV electricity is first consumed by the
electric building loads, and the remaining is provided to the heat
pump.

PV electricity generation is obtained using a PV model based
on the work of Huld [37], which itself is based on the work of King
[38] and is widely used in academic literature (e.g. [39]). It is a linear
regression model with logarithmic and squared predictor variables,
such as ambient temperature and in-plane global irradiation. Elec-
tricity losses due to high module temperatures are accounted for
by approximating the module temperature Tmod, according to the
ambient temperature Tamb and the in-plane global irradiation Eglob

poa :

Tmod (Epoa, Tamb) = Tamb + � · Eglob
poa

Eglob,STC
poa

[C] (19)

Eglob,STC
poa denotes the in-plane global irradiation at standard con-

ditions (1000 W/m2, 25 ◦C), and the factor � corrects for different
types of PV installation and arrangements according to [40].

4.5. Variable electricity price

To investigate the influence of variable electricity prices on the
system sizing, a variable electricity price is constructed by dividing
the electricity price into a fixed and a variable part. For all scenarios,
the yearly mean electricity price is kept constant at 19 D ct/kWh,
which corresponds to the heat pump tariff in Germany. The hourly
price for electricity of the German day-ahead market is used as a sig-
nal for the price variability. Both climate and electricity price time
series are taken for the year 2012 to keep the correlation between
the price signal and climate conditions. The price of electricity p at
time t is calculated for each scenario k according to:

pdemand,t,k = 19.0 · (1 − vk) + 19.0 · vk · p̂EEX,t [ct/kWh] (20)

where vk is the price variability in percent and p̂EEX,t is the normal-
ized price signal.

p̂EEX,t = pEEX,t

¯pEEX
[–] (21)

The normalized price is the hourly day ahead price for electricity at
the European Energy Exchange pEEX,t, divided by the annual mean
electricity price ¯pEEX. The variable share of the price is increased
stepwise up to 100%, while the mean value is kept constant. Fig. 5
shows the daily mean electricity price curve averaged for one year,
for the different price variability scenarios of 0–100%. It can be
seen that fluctuations increase with increasing variability, while
the shape of the price signal is conserved.

Fig. 6 shows the annual duration curve of the variable electricity
price scenarios. Here, the absolute value of and the number of peak
hours of both positive and negative prices, increase with increased
variability. Notice that part of the scenario space is unrealistic to

Fig. 5. Daily mean profiles for the electricity price with a variability from 0% to 100%.

Fig. 6. Selected parts of the annual duration curve for the variable price scenarios.

be applied to the end customer and is used to study the impact of
extreme prices.

4.6. Operation strategy of the storage

The thermal storage temperature is controlled to be within a
tolerance band of maximum 10 K above the set point, which is the
minimum temperature required for adequate thermal comfort. The
tolerance band is limited to 10 K to avoid high storage tempera-
tures, as this increases the storage losses and lowers the heat pump
efficiency. However, in some cases it could be beneficial to allow
for higher storage temperatures, which is also technically possible.
For instance, when electricity is cheap, or if PV self-consumption
should be increased. By increasing the maximum allowed storage
temperature additional storage capacity can be enabled [10].

The effect of an operation strategy which allows for over heating
of the storage, is analysed for the PV and the variable electric-
ity price scenarios. Hence, these scenarios are both run with 10 K
(reference) and a 20 K allowed temperature tolerance band in the
storage. For the 20 K scenarios, the minimum storage capacity
resulting from the reference scenario is set as lower bound, to avoid
a reduction of storage size due to the now eased limitation.

5. Results

The scenarios described in Section 4 are applied to the optimi-
sation model presented in Section 3 to investigate the influence of
space heating load, DHW load, PV generation and variable elec-
tricity prices on the operation and system sizing. A total of 37
optimisation runs are performed, using a 15 min  time resolution.

5.1. Operation

The cost-optimal operation of the heat pump and the electric
back-up heater (EB) is obtained at every time step for the cost-
optimal system size. Hence, this reflects the best possible control
using perfect foresight and no mismatch between the optimisation
model and the real world. As the operation costs for each technol-
ogy are minimized, the control makes a technology to be operated
when prices are low and efficiency is high, and the storage will be
used when gains exceed the losses.

5.1.1. Operation over time
Fig. 7 shows a carpet plot of the HP operation in the reference

scenario, for each hour of the year. It can be seen that during the
cold periods (from hour 30 to 50 and 330 to 350) the heat pump is
constantly operating at its maximum and not modulating its capac-
ity. The impact of the reduced maximum heat pump capacity with
falling ambient temperature, is visible when comparing the peaks
of summer and winter operation in the presented graph. When the
heat demand is reduced e.g. during changing season, the heat pump
is operated at part load, which is also the case during night and early
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Fig. 7. Operation of the heat pump in the reference scenario.

Fig. 8. Storage state of charge (SOC) in the reference scenario.

morning hours. In the summer months, the heat pump is operated
mostly during hours with high ambient temperature where heat
pump efficiency is high and operational costs are low. During these
times, the heat pump is often operated at its maximum capacity to
charge the storage.

The storage content for each hour of the year is shown as state
of charge (SOC) in Fig. 8. The storage is charged at hours with low
operational costs which occurs during daytime when the ambient
temperature, and thus the COP of the HP, is high. Especially in sum-
mer, the storage is charged at the latest possible time of the day,
to preserve heat only as long as needed (until the next morning),
in order to limit storage losses. During the coldest days of the year,
storage is mostly unused and contributes only to cover short term
peak loads. During this part of the year the heat pump capacity is
fully used to cover the space heating demand, and there is no extra
capacity available for charging the storage. Hence, during the col-
dest days, the electric back-up heater is used to support the heat
pump operation, which is clearly seen in Fig. 9.

The operational characteristics of the reference scenario
described above holds for the other scenarios investigated,
although the hours of operation change according to the cost. That
is, with high electricity prices during daytime, the HP is operated
at night, and with high PV generation, the HP is operated during
daytime. In general, the characteristics of the system operation is
as follows: (1) the possibility to charge the storage in favourable
times is utilized when the system is not operated at its limit, and
(2) the hours when the storage is charged are dependent on the
economic incentive which varies between the scenarios.

Fig. 9. Operation of the electric back-up heater (EB) in the reference scenario.

Fig. 10. Optimal system sizing with changed thermal demand.

5.1.2. Heat generation by source
Investigating the annual thermal energy generation, the heat

pump provides approximately 93% of the needed annual heat
demand for most scenarios. The exemptions are commented in
the following. In the “100%” variable price scenario, the HP cov-
ers 91% of the annual heat demand, as the EB is used more often
to profit from negative prices. In the pure (or “single operation”)
space heating scenario, the storage size is reduced and compen-
sated with increased use of the electric back-up heater, resulting
in a share of 91% HP heat. In the pure DHW scenario, the heat
pump together with a larger storage, covers 100% of the heat
production.

5.2. Technology sizing

This section analyses the cost-optimal design of the HP, the
electric back-up heater and the thermal storage, for each of the
investigated scenarios.

5.2.1. Influence of building physics and DHW loads
Fig. 10 shows the installed capacity of the heat pump, electric

back-up heater and storage when the thermal loads are changed.
The reference scenario has a 8.1 kWth heat pump and a 12.9 kWth
electric back-up heater, which results in a ratio of back-up-to-HP-
capacity of 1.59. The storage size is 808 l, which equals 99 l per kWth
installed heat pump capacity.
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When the space heat demand is increased in the unrefurbished
scenario, the total installed capacity of HP and electric back-up
heater increases to 43.3 kWth. However, the ratio of back-up-to-
HP-capacity decreases to 1.41, and the specific storage volume also
decreases to 55.5 l per kWth.

When the space heat demand is reduced in the new building, the
total heat generation capacity is decreased to 15.5 kWth, however
the ratio of EB-to-HP-capacity is increased to 1.87. Surprisingly the
storage volume increases although thermal load is reduced, and
the specific storage volume per installed capacity of HP increases
to 169.5 l per kWth HP. As the load duration curve of the space heat
demand, shown in Fig. 3, flattens with increased energy efficiency
of the building, a larger share of the heat load can be covered with
a smaller heat pump unit. To cover the peaks larger back-up heater
and storage capacity is needed though. Since the DHW is becoming
more dominant in the total heat demand in well insulated build-
ings, the results indicate that for new buildings, it is more cost
efficient to invest in a large storage and cheap electric back-up
technology, rather than in a large HP capacity.

In the pure space heat demand scenario, where DHW is
neglected, the ratio of EB-to-HP-capacity is only slightly decreased
to 1.53, whereas the specific installed storage capacity is decreased
considerably to 39 l per kWth HP. Compared to the storage size of
the reference case which includes the DHW load, this affirms that
the storage is mainly needed for covering DHW peaks.

Compared to changed building physics, changed domestic hot
water consumption has less impact on the system sizing. Increasing
the number of persons from 6, 12 to 18, heat pump capacity is hardly
affected going from 8, 8.2 to 8.7 kWth. The electric back-up heater
capacity is increased from 6 to 12 persons, but slightly decreased
from 10 to 18 people. The storage capacity is always increased with
in increased number of persons, however the incremental increase
flattens out with higher number of people, from 33 l per person
(from 6 to 12 persons) to 10 l per person (from 12 to 18 persons).
This is explained by the lower relative peak loads of the annual
DHW load with increased number of persons (see Fig. 4). With a flat-
ter demand curve the heat pump, showing higher investment costs
but also lower operation costs, becomes an increasingly attrac-
tive option compared to the electric back-up heater. This leads to
reduced specific storage and electric back-up heater capacity per
person, with increased number of people.

In the pure DHW scenario, where space heating is neglected,
the size of the electric back-up heater is reduced to only 20% of
the heat pump capacity, and specific storage size is increased to
529 l per kWth HP. Indicating that storage is used for peak coverage
and charged over a longer time period.

5.2.2. Influence of PV size
Fig. 11 shows technology sizing for the PV scenarios with an

allowed storage �T  of 10 K and Fig. 12 shows the results for a �T
of 20 K.

In general, the results show that increased PV size does not influ-
ence the size of the heat technologies, but the need for storage
increases moderately, especially for PV sizes up to 50 kWp.

With increasing PV and a �T  of 10 K, the heat pump capac-
ity remains almost unchanged, the electric back-up heater size is
slightly decreased, and the storage is slightly increased. This indi-
cates that the thermal demand is the determining factor for sizing
of the HP and back-up heater, whereas the storage is affected by
the available PV.

When PV size is increased from 0 up to 5 kWp, the storage size
remains approximately unchanged. From 5 kWp  to 10 kWp, the
storage is increased by 13.5 l/kWp and stagnating from 10 kWp  up
to 20 kWp. Further PV increase up to 60 kWp, and 100 kWp, leads
to a storage growth of 4.5 l/kWp and 3 l/kWp, respectively. From

Fig. 11. Optimal system sizing with increased PV installation and an allowed storage
hysteresis of 10 K.

Fig. 12. Optimal system sizing with increased PV installation and an allowed storage
hysteresis of 20 K.

100 to 160 kWp, the storage is increased by 1.5 l/kWp. This clearly
indicates diminishing returns of increased storage after 20 kWp.

Fig. 11 shows that the storage size does not increase for PV sizes
from 10 to 30 kWp. The reason is explained in the following. If left
as free variable, the cost-optimal size of the PV is 9.3 kWp. In this
case, the electricity surplus in the morning and evening hours is
now frequently above the minimum required for heat pump oper-
ation and is directly used in the HP. As a consequence, the need
to store heat for the late afternoon hours decreases. Beginning at
9.3 kWp, the objective function hence enters a flat minimum up to
30 kWp. A further reason that the storage is not increasing is that
PV generation appears mainly in summer where thermal demand
is mostly for DHW. As a result already for small PV sizes the stor-
age is sufficient to cover DHW demand until the next day. Hence
increasing the storage offers only limited additional benefits. This
corresponds well with the findings of more detailed studies on PV
self-consumption with heat pumps reported in [10,14,6].

When the maximum allowed �T of the storage is increased to
20 K (see Fig. 12), a change in storage capacity is hardly observed
up to 60 kWp  installed PV capacity. From that point onwards, an
almost negligible growth of 0.5–0.84 l/kWp is observed. Thus, the
option of allowing higher storage temperatures in situations with
PV production removes the need for larger storage from an invest-
ment point of view. However, increasing the storage temperature
comes with a loss of efficiency, which should be examined in
detailed simulations.
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Fig. 13. Optimal system sizing with increased price variability and an allowed stor-
age  hysteresis of 10 K.

Fig. 14. Optimal system sizing with increased price variability and an allowed stor-
age  hysteresis of 20 K.

5.2.3. Influence of variable electricity price
Fig. 13 shows the system sizing with increasing variable elec-

tricity prices with an allowed storage �T  of 10 K, and Fig. 14 shows
the results for a �T  of 20 K. Generally, increasing price variability
leads to slightly larger heat pump sizes, increased storage capacity
and changed sizing of the electric back-up heater.

Up to 40% price variability, the storage size increases non-
linearly, the size of the heat pump remains almost unchanged
(increased by 2.5%) and the size of the electric back-up heater is
decreased by 8%. From 40% onwards, the storage size increases lin-
early up to 1903.5 l at 100% price variability, where it is charged
in hours of low electricity prices. From 60% price variability, the
installed heating capacity of the electric back-up heater starts to
slightly rise again, which is due to the increased occurrence of
negative electricity prices.

Allowing the storage to be overheated, increases the capacity of
the heat storage even though its volume is unchanged. As shown
in Fig. 14, the electric back-up heater’s capacity is immediately
reduced due to the increased storage capacity. The storage size
remains unchanged up to a variability of 40% and then increases
up to 1638 l, while the electric back-up heater capacity is increased
by 40%.

Comparing the variable price scenario to the PV scenario, it can
be seen that variable prices lead to a stronger increase in storage
size than PV. The reason is that price variability occurs during the
whole year and thus also in times with high thermal demand when
there is sufficient load to be shifted. Whereas in the case of on-site

Table 3
Comparison of optimised storage sizing results with recommended values.

Base-line New Un-ref. 6 Pers. 18 Pers.

Number of persons 12 12 12 6 18
DHW demand [MWh/a] 12.6 12.6 12.6 8.8 16.7
Heating demand [kWh/a] 25.8 13.1 70.6 25.8 25.8
Heat  covered by HP [%] 93 92 93 93 93

Storage optimized [l] 809 922 1009 609 870
Storage lower value [l] 635 577 816 454 791

Storage middle value [l] 1420 1101 2431 1239 1576
Storage upper value [l] 1903 1423 3423 1722 2059

PV, shifting mainly occurs in summer and during changing season
when space heating demand is comparably low. Hence, larger stor-
age size with PV does not offer the same benefits as with variable
electricity prices.

6. Discussion

In this section, the findings are further analysed and compared
to recommended sizing procedures. Additionally, the influence of
selected model assumptions is discussed.

6.1. Comparing the results to recommended sizing procedures

The main question of this study is whether HP system sizing
procedures need to be adjusted when variable prices and PV will be
increasingly introduced in the residential sector. In the following,
the findings of this study are compared to the manufacturers rec-
ommendations for sizing described in Section 2. The main numbers
are listed in Table 3.

As shown in Section 5.1.1, the share of heat covered by the
heat pump, resulting from the optimisation results, is around 93%,
whereas the recommended value according to [20] is above 95%.
Hence, the model chooses a slightly smaller HP size than rec-
ommended. However, the numbers are so close that it can be
concluded that today’s recommendations lead to almost optimal
heat pump and electric back-up heater sizes.

Regarding the optimised storage size when compared with the
results of current sizing recommendations (see Section 2), three
different storage sizes are calculated:

(a) A lower storage size without blocking hours, where the mini-
mum  needed storage size for safe HP operation is ensured, see
Eq. (4)

(b) A middle storage size, accounting for blocking hours and assum-
ing a building with high thermal inertia, see Eq. (6).

(c) An upper storage size, accounting for blocking hours and assum-
ing a building with low thermal inertia, see Eq. (7).

The needed storage size for DHW is calculated using Eq. (3), and
added to the buffer tank for all three storage cases.

The results in Table 3 show that the optimised storage values
lie 9–37% above the lower size of the manufacturers recommenda-
tions. This indicates that for the given scenarios, even for a variable
speed heat pump, a small storage is economically interesting.

When the storage sizing accounts for blocking hours and high
thermal inertia of the building and the hydronic system, the recom-
mended storage size is approximately 1.2–2.4 times the optimised
values. Sizing according to the middle and upper storage values,
leads to storage sizes that are 1.5–3.4 times the optimal solution.
Hence, sizing respecting blocking hours leads to suboptimal big
storage sizes from an investment point of view. On  the other hand,
blocking-hours have not been included in the optimisation model,
if done so, larger storages might have been experienced.
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Comparing the sizing recommendations with the results
obtained by varying electricity price and PV size, shows that the
currently recommended storage sizes are sufficient to cover most
of the scenarios. Thus, most heat pump systems found in the field
today can be seen as smart grid ready, although controls need to
be adjusted. For the scenarios allowing overheating of the storage
(�T = 20 K), the need for larger storage is almost eliminated, even
when compared to the lower value of the sizing recommendations.

6.2. Assessing model assumptions

One reason that optimisation results are favouring smaller stor-
age sizes is due to the optimal control, which utilises the installed
storage capacity in the best possible way. Another reason is the
perfect foresight, which eliminates the need for safety margins
for storage and unit sizing, since there is no such thing as an
unexpected event in the calculations. Further, since the storage is
modelled as a mixing tank serving both space heating and DHW
demand, the volume can be used for both purposes and thus more
efficiently than in a real system – even if stratified. Nevertheless,
the calculated results are close and consistent with current recom-
mendations.

For variable speed heat pumps, the efficiency decreases with
increasing the thermal output from part load towards full load
conditions. In the current MILP model formulation, to avoid non-
linearity, heat pump efficiency is set independent of the part load
ratio. Hence heat pump operation at full load conditions is not
penalized in the objective function. This probably leads to smaller
heat pump sizes and a more aggressive operation of the heat pump
and the storage.

7. Conclusion

Variable end-use prices for electricity and increased penetration
of PV in the residential sector, offer new possibilities and challenges
for heat pump operation. In this work, the optimal investment and
operation strategy for an ASHP system is analysed using MILP. The
sizing results are compared to currently applied sizing procedures.
The findings show that today’s heat pump and back-up heater sizing
is close to the optimisation results and does hardly change if PV
and variable electricity prices are introduced. However storage size
changes depending on the scenario.

In the scenarios where installed PV capacity is below 30 kWp
(corresponding to 2.5 kWp  per person) and where the variable
share of the electricity price is below 40% (±3.8 D ct/kWh), a stor-
age increase of maximum 30% compared to the reference scenario is
sufficient. However, if the storage is allowed to be overheated, even
in these scenarios, no change in sizing is necessary. Even though this
might come at a cost of increased storage losses and decreased heat
pump efficiency.

Hence, based on the given system and price assumptions, the fol-
lowing statements concerning future sizing procedures are made:

1. Thermal demand determines and will determine the sizing of
the heat pump and the electric back-up heater.

2. With on-site PV, additional storage capacity of 4.5–9 l/kWp is
beneficial. However, if overheating of the thermal storage is
allowed, investing in larger storage is not economically viable
under current conditions.

3. The optimal PV size for the given case study is between 9.3 and
20 kWp, which corresponds to a range of 0.8–1.6 kWp  PV capac-
ity per person.

4. With variable electricity prices, the need for storage capacity
rises. Also if overheating of the storage is allowed, additional
storage capacity is economically viable. However, up to a price

variability of 40%, no or only modest storage increase is needed.
This need could be further reduced when actively using the
building’s thermal mass.

5. Current system sizing procedures correspond well with the find-
ings of the optimisation, and if sizing recommendations are
applied in a conservative way (see middle range in Table 3), this
will result in sufficiently large storage capacity for the majority
of the scenarios. Thus, control might be of more importance than
sizing for enabling flexibility from heat pumps.

As a conclusion, the current system sizing as applied in the Ger-
man  residential sector today, does not need radical changes if PV
or dynamic prices are introduced. They can thus be seen smart
grid ready, given the prior that optimal or close to optimal control
schemes are applied. Storage sizing for blocking hours as applied
in Germany already leads to sufficient or even too large storage
capacity. The storage capacity could be used in a more optimal way
than done today, by changing controls and allowing higher storage
temperature, providing flexibility for the power system and end
customers.

If increased storage and HP capacity is politically wanted
or needed to increase flexibility, strong economic incentives or
reduced specific investment costs have to applied to motivate heat
pump users to invest.

8. Outlook

The findings of this study will be further tested in detailed sim-
ulations to investigate the effect of imperfect controls, decreasing
part load efficiency of the heat pump and storage stratification on
the presented results. The role of actively using building’s thermal
mass will be investigated in future studies.
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The authors regret that the paper contains an error, which does change Table 3, but does not change the conclusion. Table 3 should look
like this:

Table 3
Comparison of optimised storage sizing results with recommended values.

Base- line New Un- ref. 6 Pers. 18 Pers.

Number of Persons 12 12 12 6 18
DHW  Demand [MWh/a] 12.6 12.6 12.6 8.8 16.7
Heating Demand [MWh/a] 25.8 13.1 70.6 25.8 25.8
Heat  Covered by HP [%] 93 92 93 93 93
Storage Optimized [1] 809 922 1009 609 870
Storage Lower Value [1] 635 577 816 454 791
Storage Middle Value [1] 875 752 1381 694 1031
Storage Upper Value [1] 1297 1060 2266 1116 1453

And the fifth paragraph in Section 6.1 should state this:
“When the storage sizing accounts for blocking hours and high thermal inertia of the building and the hydronic system, the recommended

storage size is approximately 0.8–1.4 times the optimised values. Sizing according to the middle and upper storage values, leads to storage
sizes that are 1.2–2.3 times the optimal solution. Hence, sizing respecting blocking hours leads to suboptimal big storage sizes from an
investment point of view. On the other hand, blocking-hours have not been included in the optimisation model, if done so, larger storages
might have been experienced.”

The authors would like to apologise for any inconvenience caused.
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� Study of complexity vs. performance of controllers for a variable speed heat pump.
� Rule based, predictive and model predictive controls (MPC) tested.
� Results show importance to consider different KPIs for controller testing.
� MPC outperforms other control approaches, even with forecast error.
� Larger storage only beneficial with MPC.
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a b s t r a c t

The influence of different control strategies and boundary conditions on heat pump system performance
are investigated in this study and the trade-off between complexity and performance of different con-
trollers is addressed. For this purpose five different control approaches for a variable speed air source heat
pump in a multi family house are compared for three different use-cases. The used controls differ in com-
plexity and the use of external input data like price and weather forecasts. The use-cases are: Constant
electricity prices, time variable electricity prices and PV self-consumption. Four different rule-based con-
trollers are compared to a convex MPC approach, presented in this work.
Results show that the MPC approach reduces annual operating cost by 6–11% for constant electricity

prices and 6–16% in the case of variable electricity prices. Rule-based approaches lead to cost reductions
of 2–4%. MPC could increases PV self-consumption from 56% to 58% up to 64–71%. The rule base
approaches are found computationally less demanding and easier to design. However fine-tuning has
been considerable work and with changing boundary conditions rules had to be readjusted. It showed
that increasing thermal storage without MPC is not beneficial and optimised controls are a prerequisite
to benefit from increased storage sizes.

� 2017 Elsevier Ltd. All rights reserved.

1. Changing boundary conditions and new opportunities for
heat pump controls

Three developments will change the way heat pumps (HP) will
be operated. First, the integration of heat pumps into smart grids
[1]. In this context managing the demand side will be increasingly
important to balance an increased electricity generation from fluc-
tuating renewable sources. It has been shown that heat pumps,
connected to thermal storage or actively using the building’s ther-

mal mass, can provide flexibility in operation, which can be used
for tasks in the power system. In this context time variable electric-
ity prices can be used as a way to align heat pump operation with
the needs of the power system, which influences the boundary
conditions for HP operation.

The second development is an increase of on-site photovoltaic
(PV) electricity generation and the motivation to self-consume an
optimal share of the generated electricity. This will influence the
choice of control strategy and the boundary conditions for HP
operation.

The third development is the availability of forecasts and cheap
computation capacity on a controller level, which led to an exten-
sion of existing control approaches by:
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1. The use of forecasts for loads, PV electricity and prices to derive
a control trajectory.

2. The use of heuristics or optimisation methods to derive a con-
trol trajectory.

Those approaches now compete with existing rule-based non-
predictive approaches.

A central question is to which extend additional information
and additional complexity improves controller performance, and
to what extend new control approaches are needed to successfully
integrate heat pumps into a smarter and increasingly renewable
electric system? Furthermore the question is how the different
control strategies and smart grid boundary conditions will impact
heat pump system operation?

1.1. Previous work

Advanced controls for heat pump systems have been studied in
the past mostly with a focus on model predictive controls (MPC).
First studies on MPC with heat pumps for space heating under time
variable electricity tariffs have already been presented in 1988 [2].
The maximum principle of optimal control is applied to derive con-
trol trajectories which are reported to be optimal. The solution has
bang-bang characteristics and the control task is reduced towards
finding an optimal switching point for the heat pump. [3] uses a
linear optimal control formulation for MPC to control heat pumps
used for heating residential buildings with a floor heating system.
Thermal capacity of the building is used to shift electricity con-
sumption to periods with low electricity prices. For the given case,
cost savings of 25–35% are reported. In [4] linear MPC is used to
control a multi energy system comprising of a heat pump, slab
cooling, an electric water heater, lead-acid battery storage, and
photovoltaic panels. The building energy system is operated with
respect to day-ahead and real-time prices. [5] presents MPC of
domestic heat pump directly connected to a Danish single-family
house. Using a constant COP, a linearised building model and a
convex cost function, the optimal control problem is solved using
a convex solver. For the given case the resulting savings on an
example winter day are within the range of 7–12% compared to
a conventional control approach. [6] presented a set of model pre-
dictive control approaches using a time dependent COP formula-
tion and a linearised building model. This was done for the case
of On-Off heat pumps with pulse width modulation used for space
heating in single family houses. The objective was tracking a build-
ing reference temperature while minimising electricity costs,
which was achieved by solving a quadratic optimisation problem.
A cost reduction of up to 13% was reported. [7] extended the
approach towards adaptive controls, highlighting the importance
of parameter identification schemes and predictions. [8–10]
extends the MPC approach accounting for uncertainties in weather
predictions further. Stochastic MPC is used to satisfy temperature
constraints of different buildings at minimum costs. For the pre-
sented cases it was shown that the stochastic approach outper-
forms a conventional MPC approach. Iterative linearisation is
used to estimate a system model used for solving a convex optimal
control problem at each receding horizon step.

In [11] a comparison of convex and non-convex problem formu-
lation is presented for an On-Off heat pump, showing that the non-
convex formulation results in 4–6% less costs. This is extended in
[12] towards a variable speed heat pump. The focus of both papers
is on using building thermal mass and floor heating’s thermal iner-
tia as storage. ACADO direct multiple shooting is used to solve the
optimal control problem.

[13] compares a rule-based and a model predictive controller
for an energy management system including batteries, a ground
source heat pump, PV, shiftable appliances and thermal storage.

Dynamic programming is used to solve the resulting non-linear
control problem. Here the non-linearities in the heat pump are
respected. Stratification of the thermal storage is neglected. Differ-
ent scenarios for batteries and thermal storages size are investi-
gated. It is shown that the dynamic programming approach
significantly outperforms the rule-based approaches with respect
to annual operation costs, however with respect to self-
consumption the benefit of the dynamic programming approach
are not as dominant.

1.2. Contribution of this work

The previous studies highlight the potential of improved con-
trols with a focus on MPC. The considered performance criteria
are mostly annual operating cost or PV self-consumption rates.
Whereas a detailed analyses of the operation of the heat pump,
the storage and the back-up heater with respect to a more compre-
hensive set of key performance indicators (KPI) is missing. Fre-
quently this is not possible as the used models in the presented
studies do not cover non-linearities of the heat pump, stratification
of the thermal storage (also criticised in [14]) or are directly based
on the results of the optimal control problem.

By the use of appropriate models, controllers and a broad range
of key performance indicators this work provides a comprehensive
picture about the different controls options and important control
design parameters. Each controller is tested for different boundary
conditions and storage sizes.

In most studies MPC approaches are compared to one single and
often poorly designed controller for benchmark. This might lead to
an overestimation of MPC. This is why a considerable amount of
research time was spent to fine-tune the benchmark controllers.
Four different rule-base controllers, including a predictive con-
troller are compared to MPC to provide a differentiated picture of
the trade-off between complexity and performance. Furthermore
the MPC is assessed in the presence of forecast errors, with an
interesting result (see Section 4).

Some of the MPC approaches presented in literature are based
on non-linear programming methods, which can be computation-
ally intensive and might hinder deployment in the field. The pre-
sented MPC approach based on quadratic programming and is
lean enough to be implemented on real devices, as done in the
GreenHP project [15].

The depth of analyses and the discussion of results as shown in
this paper are more detailed than in any of the previous work,
thereby providing a more comprehensive picture of important
operational aspects and the trade-offs between the different con-
trollers and control goals, which are discussed in Section 5.

2. Models used

The different controllers are tested for a multi family house
with six living units, each with two residents, located in Potsdam,
Germany. The house is equipped with a variable speed air source
heat pump connected to a stratified thermal energy storage tank
for domestic hot water (DHW) and space heating (SH). DHW is pre-
pared using an external heat exchanger (fresh water station FWS).
A 10 kWp PV plant is mounted on the roof, southward oriented and
35� inclined. The modelled system is shown in Fig. 1 and explained
in the following.

2.1. Electricity and DHW demand profiles using synPRO

Electricity demand for appliances is modelled using the
stochastic bottom-up model synPRO. The approach is introduced
and validated in [16]. It is based on the Harmonized European
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Time-of-Use Survey [17], where 14,000 people noted their daily
time usage for three days. This information is used to build the
model.

Based on probability distributions for number of starts, start
times and durations of different activities an activity schedule for
each person in the building is generated. Individual activities are
then linked to their specific electric and DHW consumption foot-
print. The electricity consumption for household appliances is
based on measured data. The energy demand for each tapping is
calculated based on the volume flow rates as well as the hot and
cold water temperatures taken from VDI 2067 [18]. Further expla-
nation and validation of the electric and DHW load profiles are
given in [16,19] respectively.

2.2. Building heat load

The space heating load is calculated using a 5R1C building
model. The model is based on the simplified hourly method
according to DIN EN 13790 [20] for calculating heating and cooling
demands. The heat load model is presented and validated in [19].
Inputs to the model are irradiation, building physics and internal
gains. Internal gains are calculated based on building occupancy
and the use of electric devices, obtained from the synPRO beha-
vioural model [16].

2.3. Heat distribution system

For heat distribution in the building a radiator system is used.
The needed supply water temperature for space heating Tsupply is
calculated via an ambient temperature Tamb;t dependent heating
curve:

Tsupply ¼ a0 þ a1Tamb;t þ a2T
2
amb;t ½�C� ð1Þ

8Tamb;t 6 15 �C

The coefficients ai vary depending on the type of heat distribution
system. Here radiators, which require a supply temperature of
56.5 �C at �10 �C are used. The coefficients are: 46.316, �1.12,
and �0.0106 respectively.

2.4. Storage and hydraulic layout

The stratified storage is modelled using the plug-flow principle
presented in [21]. The storage is discretised into N nodes. For each
node the equation for mass- and energy transfer is solved. All flows
coming into the storage are stratified to the layer with the closest
temperature to the incoming streams.

The top third of the storage is used for DHW and the bottom
part is used as buffer for space heating. The water for DHW is sup-
plied to a heat exchanger (fresh water station) where the heat is
transferred to the incoming city water. A heat exchanger efficiency
of 0.95 is assumed.

The heat pump is supplied from two levels of the storage. In
DHW operation the heat pump is supplied from the top level of
the storage. In space heating mode water from the bottom of the
storage is supplied to the heat pump.

2.5. Heat pump

The model scheme of the used variable speed air source heat
pump is depicted in Fig. 2. Different control decisions directly or
indirectly influence efficiency and thermal output of the heat
pump unit. Those are changes in water mass flow, changes in com-
pressor and fan speed, and changes in water inlet temperature.
Furthermore changes in ambient air temperature influence the
conditions on the evaporator side of the heat pump and thus heat
pump efficiency and thermal capacity. To account for those effects
a semi-empirical heat pump model comprising the main compo-
nents of the heat pump is used. The component submodels are
briefly described in Table 1. Thermal inertia is represented by ther-
mal mass nodes located in the condenser and the evaporator. The
model is based on a simple refrigerant cycle. A moving surface
approach is taken to iteratively determine the areas for desuper-
heating and condensing in the condenser unit. The thermodynamic
library CoolProp is used to determine the fluid properties at differ-
ent temperature and pressure conditions. The evaporator and con-
denser are modelled using semi-empirical models for heat transfer,

Fig. 1. Modelled parts of the building energy system.

Fig. 2. Schematic drawing of the modelled heat pump components.
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a dynamic energy balance equation and thermophysical properties
of the refrigerant. The compressor is modelled using a variable
isentropic efficiency dependent on compression ratio [22]. Inverter
efficiency and drive losses are accounted using a characteristic
curve. Please refer to the supplementary material [23] for more
details.

2.6. Electric back-up heater

An electric back-up heater is installed at the outlet of the heat
pump to supply heat in the case when heat pump thermal capacity
is not sufficient. The conversion efficiency from power to heat g is
set to 0.98. The power of the electric back-up can be modulated
continuously between 0% and 100%.

2.6.1. Heat pump and back-up heater sizing
The heat pump is sized for mono energetic operation at the

norm ambient air temperature Tair;norm ¼ �14 �C, where a heating

load of _Q SH;norm ¼ 16 kW has to be covered. To cover the domestic
hot water load a capacity 0.2 kW/occupant [33] is added in total
2.4 kW. The total HP thermal capacity at A-14/W55 is 18.4 kW.
To cover colder days a back-up heater of 8 kW is added.

3. Controls

The target of controls is to satisfy the thermal demand at lowest
possible cost. This means keeping the temperatures at the top layer
of the DHW and at the space heating part of the storage at the set-
points so that the heat required from the building is provided at
the needed temperature level. Furthermore the heat pump’s mini-
mum on- and off-times have to be respected. Different types of
controls with different level of complexity and ICT requirements
are implemented To make use of on-site PV or time variable prices.

3.1. Rule-based controllers (RBC)

Rule-based controllers use expert rules for determining the con-
trol signals. Those rules are based on available information and
measurements. Temperature sensors, smart metre data, a clock
and predictions are used to design four different rule-based con-
trollers explained in the following.

3.1.1. Thermal controller (RBC-T)
The thermal controller (baseline) uses the temperature differ-

ence between the top layer storage sensor Ts and the set-point
Ts;set to adjust the speed vcomp of the compressor using a P
controller.

vcomp ¼ vcomp;min þ KP � Ts;set � Tsð Þ ð2Þ

The RBC-T controller does not use any information except the tem-
perature readings. The controller operates within a temperature
band (hysteresis) of 10 K. After being switched on the heat pump
is operated for 10 min at optimum compressor speed vcomp;opt before
the P controller is activated. DHW operation is favoured over space
heating as the building itself provides some thermal inertia to allow
for small violations of the space heating supply temperature. To
avoid frequent HP starts, a minimum run-time of 10 min and a min-
imum pause-time of 20 min are implemented.

If the HP is not able to supply the demand an electric back-up
heater supports the HP. The electric back-up heater is activated if
the heat pump is in operation longer than 15 min. and the storage
is 10�C below the set-point.

3.1.2. Timer controls (RBC-Timer)
A timer is used to overrule the temperature set-points of the

thermal controller to increase or avoid heat pump operation at cer-
tain times. In times where heat pump operation is favourable the
upper hysteresis for the storage temperature is increased by 5 K
and in times where operation should be avoided it is reduced by
5 K. The time slots are tailored to the use-cases.

The allowed temperature hysteresis in the storage is reduced
before 9:00 and increased from 11:00 to 14:00 in order to increase
PV self-consumption. The controls are activated if the ambient
temperature exceeds 10 �C to avoid PV friendly operation at days
with little irradiation.

In case of time variable electricity prices the day is divided into
high, medium and low price time slots. At high price the controller
hysteresis is reduced and at low price it is increased. The time slots
are based on an analyses of the electric price profile shown in Fig. 6
(b) and are static during the whole year. High price time slots are
7:00–12:00 and 17:00–21:00 and the low price time slot is from
2:00 to 6:00.

3.1.3. Rule-based PV optimised controller (RBC-PV)
To maximise self-consumption from on-site generated PV the

thermal controller is extended to reduce grid feed-in. A smart
metre is used for information about current net electricity con-
sumption. If excess PV electricity is available and exceeds the min-
imum required power for the heat pump to operate, the heat pump
is switched on. A PID controller is used to adjust compressor speed
to minimise electricity feed-into the grid. During this operation the
maximum allowed storage temperature is set to 60 �C. The con-
troller is presented, tested and explained in more detail in [34].

3.1.4. Predictive rule-based controller (PRBC)
This controller uses a prediction of thermal load, electricity

price and PV generation. Ambient temperature, thermal load, PV

Table 1
Components and submodels used for the heat pump model.

Component Model Refs.

Inverter and drive Efficiency correlation depending on part load ratio [24,25]
Compressor Isentropic efficiency dependent on pressure ratio and built in pressure ratio [22]
Desuperheater Moving surface, assuming dew-point conditions at outlet
Desuperheater refrigerant side Dittus Boelter [26]
Desuperheater water side Dittus Boelter [26]
Condenser Moving surface, e, NTU, dynamic energy balance [27,28]
Condenser refrigerant side Nusselt theory [22]
Condenser water side Modified Dittus Boelter [29]
Subcooler refrigerant side Constant heat exchanger efficiency
Expansion valve Isenthalp expansion [30]
Evaporator e, NTU, dynamic energy balance [27,28]
Evaporator refrigerant side Pierres correlation [31, p. 8:25]
Evaporator air side Heat transfer – mass flow correlation [31]
Refrigerant Thermodynamic library Coolprop [32]
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generation and electricity prices are predicted for the next 24 h.
Depending on the use-case the controller has two modes:

PV mode: Heat pump operation is scheduled to fulfil the pre-
dicted thermal demand, whilst maximising PV self-consumption.
If PV generation is available three cases can occur:

1. PV generation is sufficient to satisfy the thermal demand
running the HP at optimum compressor speed: HP operates
at optimum compressor speed when a threshold PV gener-
ation is exceeded.

2. PV generation sufficient to satisfy the thermal demand run-
ning the HP with increased compressor speed: PV is used by
adjusting compressor speed.

3. PV generation is not sufficient to satisfy the thermal
demand: The HP will run at a the needed compressor speed
to fulfil the thermal demand during times when PV genera-
tion is available.

Variable price mode: The storage should be charged at times of
minimum cost. For that purpose the thermal output and the
expected COP of the HP are calculated for different compressor
speeds. Depending on the chosen compressor speed the needed
operational hours to fulfil the thermal demand are calculated. For
each set of compressor speed and operation hours, the heat pump
operation scheduled along the price signal using a greedy heuristic.
The solution for the compressor speed which yields the minimum
total costs is selected and applied. The maximum allowed storage
temperature is set to 60 �C for both operation modes.

3.2. Model predictive controller (MPC)

In model predictive controls (MPC) a simplified systemmodel is
used to predict the effects of the controls (inputs) on the system
state in each time step. Prediction of external influences (e.g. the
thermal loads) on the system can be included to find an optimal
control signal. To obtain the control signal an optimisation (opti-
mal control) problem is solved in each time step covering the com-
plete prediction horizon. The problem is dependent on the current
system state, a prediction of external influences and the underlying
system model. The first element of the optimised control sequence
is applied to the system. In the next time step the procedure is
repeated. Fig. 3 shows a schematic overview of the MPC set-up,
detailed explanation is provided in the supplementary material
[23]. There are three states that are considered in the optimisation
model. Two states represent the storage temperatures of the DHW
part and the space heating section respectively. The controls are
the heat pump heat flow to the DHW or to the space heating zone

of the storage and the heat from the electric back-up heater to the
two zones.

3.2.1. Formulation of optimisation problem
The objective of the optimal control problem that is solved at

each time step, is to find a control trajectory u� that minimizes
the cost-function J. The total cost is the sum of the stage cost l at
each time-step over the prediction horizon N. l represents the
time-varying cost which is a function of the state variables (x),
inputs (u), known disturbances (z), and the cost vector (c) for elec-
tricity prices.

argmin
Ut

XN�1

k¼0

lðctþkjt;utþkjt;xtþkjt ; ztþkÞ ð3aÞ

s:t:
utþkjt 2 Uðt þ kÞ; 8k ¼ 0;1; . . . ;N � 1 ð3bÞ
xtþkjt 2 Xðt þ kÞ; 8k ¼ 1;2; . . . ;N ð3cÞ

The subscript ‘t þ kjt’ assigned to these variables represents value of
the variable at time step t þ k as predicted at time step t. The system
is modelled as linear time invariant system:

_xðtÞ ¼ AxðtÞ þ BuðtÞ þ EzðtÞ ð4Þ
A represents the influence of the system on itself that is the

losses in the heat storage, B represents the influence of the controls
on the system that is it accounts for the amount of heat produced
by the heat pump relative to the storage and E represents the influ-
ence of external disturbances, such as SH and DHW demand and
cellar temperature, on the system. Eq. (4) discretised and added
to the optimal control problem in the condensed form. Further
all the controls and states have to be within the allowed range
U;X , adding the above constraints to the optimal control problem.

3.2.2. Objective function and constraints
The relationship between compressor speed and COP is non-

linear as shown in Fig. 4. Increasing compressor speed increases
COP up to a certain point, due to reduced losses in the compression
process. From that point onwards heat pump efficiency decreases
with increased compressor speed due to a decreasing specific heat
exchanger surface and increasing losses in the compression pro-
cess. COP in the optimal control problem formulation is separated
in two regions: one above and one below the optimal point. For
these regions COP is approximated using Taylor linearisation. Fur-
thermore the separate operation modes are considered. Those are
DHW, SH, PV. Each operation mode is considered by introducing
a virtual heat pump unit. Each virtual unit has individual costs
depending on price and the corresponding Taylor coefficients for
the individual operation points. The virtual units are linked via
the constraints.

The transformation of the continuous optimisation result to the
individual operation times is done via duty cycle, splitting the
operation times of the heat pump into DHW and SH operation.
As the compressor requires a minimum speed to operate, the pos-
sible control signal is semi continuous. This is solved by post-
processing the optimisation results rejecting too low compressor
speeds. Hence the mixed-integer characteristics of the problem
are omitted by post-processing the solution.

Minimum required and maximum allowed temperature in the
storage and the temperature dependent available heat pump
capacity are used as constraints. An estimation of the available
heat that can be produced using PV electricity is used as con-
straints for the PV case.

The resulting optimisation problem is convex quadratic in the
objective function and linear in the constraints. It is solved using
cvxopt [35].Fig. 3. Description of the MPC procedure.
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For more details on the formulation and implementation of the
MPC approach please read the supplementary material [23].

3.2.3. Coupling MPC to system model
The MPC is coupled to the detailed model. The MPC sends the

requested heat and the operation mode (DHW or SH) and receives
the temperature of the DHW and SH storage. As the storage is
stratified there is no single temperature representing the state of
the storage. The storage tank is equipped with 4 sensors, one at
the top and bottom of each zone. The top sensors in each zone
are used for the MPC, as they were found to deliver the best results
in terms of cost reduction and temperature violations, which is dis-
cussed in Section 5.

3.3. Use-cases for controller comparison

To test the performance of the controllers under different
conditions, three use-cases are simulated for each controller. The
different cases are shown in Fig. 5. Those cases are:

1. Thermal: In this case a constant electricity price of
19 ct/kWh is applied and no PV is considered.

2. PV self-consumption: In this case a 10 kWp plant
southwards oriented and 35 � inclination is installed on
the building. A feed-in tariff of 12.3 ct/kWh is paid and the
electricity price is constant.

3. Variable el. prices: In this case the time variable electricity
price based on the day-ahead spot price and no PV plant is
applied. The price c is constituted of a fixed share of
10.5 ct/kWh and a variable share based on the day-ahead
spot price for electricity at EEX, which is multiplied by two
to increase the variability of the pricing structure, leading to:

cel ¼ 10:5þ 2 � cEEX ½ct=kWh� ð5Þ

Each use-case is simulated with four different storage sizes to
evaluate the impact of design on controller performance. Addition-
ally a sensitivity analyses towards forecast errors is performed for
the MPC.

4. Results

This section presents the simulation results for the different
use-cases and control approaches. General operational aspects
are highlighted in the first part and the controller performance is
assessed in the second part. The investigated system is a multi-
family house, where an air-source heat pump is connected to a
stratified storage tank and used for space heating and the prepara-
tion of domestic hot water. Climate and price data is used for Pots-
dam, Germany, year 2012. Fig. 6(a) shows the average daily
demand profiles for space heating and domestic hot water as well
as the PV production. Fig. 6(b) shows the average daily electricity
prices for the variable price scenario. The simulations are done
with a 10 s time-resolution for one year using the simulation
framework COLSIM [21].

4.1. Operational characteristics

The way the heat pump and thermal storage are operated is
depending on the control approach and the use-case. To investi-
gate and demonstrate how the controls effect the main operational
characteristics, HP electricity consumption over time and storage
temperature over time are used. The presented results are simu-
lated using a 3000 l thermal storage.

Fig. 5. Implemented controllers, use-cases representing different boundary conditions, and sensitivities.

Fig. 4. Electricity demand and COP of the HP model for different compressor speed, ambient temperature and HP input temperatures with _mwater ¼ 0:8 kg=s,
_mair ¼ 0:942 kg=s.
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4.1.1. Thermal (RBC-T)
Fig. 7 shows the heat pump compressor power and the temper-

ature in the top level of the storage applying the rule-based ther-
mal controller. The link between HP operation and thermal
demand is visible, particularly during cold winter days. In Fig. 7
(b) it can be seen, that the top level temperature of the thermal
storage stays within the bounds of 45 �C and 55 �C. During hours
of high DHW loads, storage temperature decreases. During the
coldest time of the year (around day 30) the space heating set-
point temperature is close to 60 �C and the DHW part of the storage
has also to be heated up to this temperature. Besides that no sys-
tematic use of the storage can be observed.

4.1.2. PV-Follow (RBC-PV)
HP operation and top layer storage temperature using the rule-

based PV adjusted controller are shown in Fig. 8 for the PV use-
case. During summer times and changing season at times with suf-
ficient PV the heat pump is operated for PV self-consumption.

Leading to heat pump operation mostly during morning hours. This
has the disadvantage that the storage is heated already early in the
day and kept at around 60 �C during the afternoon, which leads to
losses. Furthermore the ambient temperature during that time of
the day is comparably low. Operating the heat pump during the
afternoon could improve COP. It shows that the heat pump is only
operated for 1–2 h to charge the storage. Storage capacity and low
thermal demand during that time of year are the limiting factors to
longer HP operation.

During winter times the HP is operated as in the thermal case
and space heating demand determines operation.

4.1.3. Timer controls (RBC-Timer)
HP operation and top layer storage temperature using the timer

control are shown in Fig. 9 for the PV and the variable price use-
case. The time intervals with changed hysteresis can be clearly
recognised. Optimising towards PV self-consumption leads to
two short operation intervals of the heat pump. During this time

Fig. 6. Yearly average daily profiles for space heating (SH) and domestic hot water (DHW) demand, PV generation and the variable electricity price (right). Shaded areas show
the 0.25/0.75 percentiles.

Fig. 7. Heat pump power and storage top layer temperatures using RBC-T.
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storage temperature is increased stepwise. Compared to the PV-
follow controller the HP is operated at higher compressor speed
during those intervals and the storage reaches its maximum tem-
perature later in the day. Optimising towards time variable elec-
tricity prices leads to increase operation during late night and
avoided operation during evening hours. A clear pattern of heating
and cooling down of the DHW storage part can be observed.

4.1.4. Predictive rule-based controller (PRBC)
HP operation and top layer storage temperature using the pre-

dictive rule-based control are shown in Fig. 10 for the PV and the
variable price use-case. For the PV case a shift of heat pump oper-
ation towards times with excess PV can be observed. During this
time the controller overheats the storage to increase PV self-
consumption. Compared to the RBC-PV storage is heated later in
the day and operation is distributed more evenly. Furthermore
the storage reaches its maximum temperature comparably later
during the day.

In the case of time variable electricity prices the PRBC leads to
HP operation at high PLR during the night, when electricity prices
are low. This operation is not favourable for COP. The storage is
charged only once per day at high temperature. This is due to using
a greedy heuristic that tries to operate the HP at the lowest price
time slots.

4.1.5. Model predictive controller (MPC)
HP operation and top layer storage temperature using model

predictive controls are shown in Fig. 11 for the PV and the variable
price use-case.

For the PV case, using the presented MPC leads to HP operation
during the afternoon at comparably low compressor speed. The
MPC uses the PV electricity as late as possible in the afternoon
and stores sufficient heat to cover the DHW demand during the fol-
lowing morning.

For the variable price case two main operation windows of the
heat pump can be recognised, leading to two charging cycles for
the storage. The first one ranges from 2 am to 5 am and the second
operation window ranges from 1 pm to 4 pm. Furthermore the use
of the prediction and optimisation allows the MPC to keep the stor-
age temperatures low during most times of the year only heating it
up when directly needed. Which leads to high COP and reduced
losses.

4.2. Performance characteristics

Evaluating heat pump operation and the performance of con-
troller has many aspects that should be considered. For this pur-
pose the following indicators are suggested:

� Annual operation cost: The annual electricity cost for the heat
pump and the back-up heater are used to quantify the monetary
performance. The feed-in tariff is used for the cost of self-
consumed electricity from the PV plant.

� Energy demand: Total electricity demand of the heat pump and
the back-up heater

� Self-consumption rate: Self-consumption of the PV electricity
by the building and its heating system is used to quantify the
use of renewable electricity.

� Seasonal performance factor: The seasonal performance factor
defined as the ratio of the annual heat demand for space heating
Q sh and DHW QDHW over the used electricity Wel for heat pump
and the back-up heater is used.

SPF ¼ Q SH þ QDHW

Wel
½�� ð6Þ

� Temperature violations: The total time of violations of the min-
imum allowed temperature at the outlet storage layers for DHW
and SH are used as criteria for comfort, which in this case is sim-
ilar to the tracking performance of the controls.

� Back-up heater usage: Total operating hours of the back-up hea-
ter are used to investigate the quality of controls and for better
interpretation of the energetic parameters.

� Heat pump usage: Part load ratio (PLR) of the HP and the total
number of HP starts gives indication of how the heat pump is
used.

4.2.1. Comparison of control approaches
Fig. 12 shows the key results of the one year simulation for the

different use-cases (big columns), controllers (small columns) and
storage sizes (colour of dots).

The results show that the potential savings in annual electricity
cost using adjusted controls is between 2% and 16%. In the case of
constant electricity prices (thermal case) using the MPC leads to
cost savings of 6–11%. The number of comfort violations could be
reduced almost to zero for DHW and SH at the cost of increasing

Fig. 8. Heat pump power and storage top layer temperatures using the RBC-PV.
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annual operation hours of back-up heater up to 50–150 h. This is
done mainly to keep the heating curve set-points at all times. Nev-
ertheless SPF could be increased by 3–12% mainly due to heat
pump operation at lower compressor speed.

In the case of variable electricity prices the results show that the
annual electricity cost could be reduced by 6–16% for the MPC, 2–
4% for the Timer. The PRBC reduces costs by 2% for the 6000 l stor-
age but increases the cost for all other storage sizes by 1%, due to
increased electricity consumption. Introducing time variable elec-
tricity prices led to increased electricity consumption for all con-
trollers. Reasons for this are operation at higher compressor
speeds, operation during night time where outdoor temperatures
are lower and operation at higher water temperatures to charge
the storage. This can be seen in Figs. 7–11. Increased compressor
speed and increased storage temperatures lead to lower COPs of
the heat pump and storage losses. Those losses can overcompen-
sate the potential gains obtained by a ”smart”, price oriented, oper-
ation (see PRBC). However as storage is operated at higher
temperatures the hours of comfort violation are reduced.

In the PV self-consumption use-case, adjusting controls leads
to reduced annual electricity costs and increased PV self-

consumption, compared to the RBC-T. The possible increase in
self-consumption is between 4 %pt and 15 %pt. The strongest
improvements are found for the MPC controller followed by RBC-
PV controller. For the MPC controller all indicators are improved
for storage sizes up to 3000 l. Up to a storage volume of 3000 l
SPF and self-consumption are increased simultaneously in the
MPC case, which is not the case for RBC-PV controller, where
increased self-consumption is mainly achieved by overheating
the storage during hours of PV availability. The PRBC controller
leads to an increase of self-consumption of approximately 2–4%.
Generally the PRBC approach leads to similar results to the non-
predictive rule-based controllers.

4.2.2. Influence of forecast error
To test the MPC under realistic conditions, forecast errors have

been introduced. Those are indicated by err in Fig. 12. A persistence
forecast (”yesterday-is-today”) is used for price, ambient tempera-
ture, space heating and DHW demand.

It is found that the negative influence of forecast errors on
annual operation cost is marginal. Cost reduction in all cases could
still be achieved with predictive controls. A reason for this is a high

Fig. 9. Heat pump power and DHW storage top layer temperatures using the Timer.
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day to day auto correlation in the demand, price and PV data. The
structure of the electricity price, the heat load and the PV genera-
tion is similar from day to day.

Introducing imperfect forecasts in all cases led to a more fre-
quent violation of storage temperatures and thus comfort. How-
ever those violations led to lower storage temperatures, which
can result in energy savings at the expense of comfort violations.

4.2.3. Influence of storage size
The influence of storage size in the different scenarios is clearly

visible. For all use-cases increasing storage size leads to reduced
comfort violations and reduced switching of the heat pump.

For constant electricity prices and the RBC-T controller, increas-
ing storage size leads to increased electricity consumption and
increased annual operation costs, due to increased storage losses
with increased size. Using an MPC in this use-case leads decreasing
electricity costs with increasing storage size. However the cost
benefits having a storage larger than 1500 l seem negligible, even
with improved controls.

In the case of time variable electricity prices a similar trend can
be observed. Increasing storage size leads to lower SPF for all rule-
based approaches. Annual operation costs are lowest for the 6000 l

case but the cost benefits having a storage larger than 1500 l seem
negligible. Using an MPC leads to the lowest costs with the 6000 l
storage, here the benefit of increasing the storage is more pro-
nounced than in the constant price case. However when consider-
ing investment costs, space requirements and effort using a 6000 l
storage questionable.

In the case of PV increasing the storage volume leads to
increased self-consumption rates for the tailored control
approaches. From an annual electricity cost perspective there
seems little justification for increasing the storage volume for the
rule-based controllers. For the MPC controller the annual operation
cost benefits of increasing storage volume decreases from 3000 l
onwards.

For all use-cases the reduction in annual operation costs
achieved by increasing storage are marginal or even negative for
the rule-base approaches. Hence it can be concluded that to profit
from larger storage volumes advanced controls are a must.

5. Discussion and recommendations for HP controller design

The control strategies currently used for most of the heat
pumps installed have a great potential to be improved. The results

Fig. 10. Heat pump power and DHW storage top layer temperatures using the PRBC.
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show that the improvement by using improved rule-based controls
is between 2% and 4% and can be further improved by using predic-
tive control and MPC leading up to 16% operating cost reduction.

The reduction in operating costs when combining large storage
and MPC has to be seen with respect to the needed investment cost
and space requirements for storage as well as the cost for addi-
tional hardware for computation and the needed communication
infrastructure for advanced controls. The achieved cost reductions
should also be seen with respect to the selected pricing structure
and might change in absolute numbers if a different electricity
price and feed-in tariff is chosen and the chosen PV (see
citeFischer2015f).

With respect to the performance of the individual controllers
the presented results represent a status, where each controller
had been fine-tuned and a set of choices was made that influences
the performance of each controller.

5.1. Recommendations

During the process of modelling and simulation the following
lessons have been learned and are recommended to be considered
when developing heat pump controllers:

� Be clear about your priorities! It shows that different control
objectives are conflicting and a trade-off has to be made. E.g.
in the MPC case the back-up heater is used intensely to always
keep the storage temperature within the limits at the cost of
efficiency. The results for the variable price case and the PV case
show that changed operation leads to lower annual operation
costs and higher self-consumption at the cost of increased elec-
tricity demand.

� Be clear about the needed level of complexity! It is shown that
well tuned rule-based approaches can yield improvements that
are only 2–5% points lower than those of the MPC approach.
From a computational point of view those approaches were
highly favourable and also the time designing the rules was
shorter than the time used to design the MPC. However fine-
tuning of the rules was non trivial and rules had to be adjusted
for each minor change in the system or the boundary
conditions.

� Be clear about the needed level of robustness against changing
boundary conditions! It showed that the results in this study
were very sensitive towards tuning of the different controllers.
Changes in temperature settings, sensors used for temperature
tracking, preferred compressor speed and back-up heater oper-

Fig. 11. Heat pump power (left) and DHW tank temperatures (right) for MPC.

D. Fischer et al. / Applied Energy 204 (2017) 93–105 103



ation strategy could change the results. In the work leading to
the presented results, MPC showed the most robust behaviour
against changes in the model, controls parameters and changes

in the load profiles. However setting up the MPC and coupling it
to forecasts and connecting it to the system showed to be a
challenging task.

� Optimise your temperature settings! It turned out that temper-
ature settings in the storage, in terms of dead-band and maxi-
mum allowed temperature had a significant impact on the
results. Increasing the allowed overheating temperature for
the ”smart” controls led to results where no improvement could
be found. As a consequence we strongly suggest for further MPC
formulations to take storage temperature into consideration
directly. This makes the model most likely non-linear but might
be worth the complexity (see also [11,12]).

� Choose the right sensors! The way the sensors in the storage
were used strongly influenced the results in the MPC case.
The storage is equipped with 4 sensors one at the top and bot-
tom of each zone, resulting in three options for the MPC:

1. Using the top temperatures Ts;top.
2. Using the bottom temperatures Ts;bot.
3. Using an estimated temperature between top and bot-

tom T̂s.
It was found that only relying on the top level sensors, led to
good tracking performance but relatively low temperatures in
the bottom of the tank. This leads to energy savings but large
parts of the storage remained unused.
Using the bottom sensor resulted in high temperatures in large
parts of the storage for a long time. Here the energy losses out-
weigh the advantage of using the whole tank.
Using an estimated temperature in the storage is suggested in
[36]. The authors stated that assuming a linear profile between
two sensor values, leads to a robust initial profile estimate. The

storage temperature estimate T̂s;i for each part i sent to the MPC
is:

T̂s;iðtÞ ¼ Ts;top;iðtÞ � Ts;bot;iðtÞ
2

þ DT i ½K� ð7Þ

An offset DTi is used as a tuning parameter to adjust the temper-
ature constraints of the MPC controller. This led to results, with
moderate use of the storage without overheating the storage too
frequently.
In the presented case the best results where achieved using only
the top level sensors. It was found that choosing, positioning and
using the different storage temperature sensors is a non-trivial
task and strongly depends on the control approach and the strat-
ification quality of the storage.

� Consider use-case, storage size and designated controls! Inter-
estingly it showed that no single storage size was superior for
all use-cases. Far more the findings of this study show that
the optimal storage size depends on the use-case and the imple-
mented controllers. This should be considered when designing
heat pump systems and controls. Further when including
investment costs as done in [37] the optimum size will most
likely be even smaller.

6. Conclusion

In this study five different approaches to control a variable
speed heat pump in a multi family house have been compared
for three different use-cases. The used controls differ in complexity
and the use of external input data like price and weather forecasts.
The use-cases are: Constant electricity prices, time variable elec-
tricity prices and PV self-consumption. Four different rule-based
controllers are compared to a convex MPC approach, presented
in this work.

It showed that MPC outperforms the other control approaches
in all three cases in terms of annual operation cost, efficiency

Fig. 12. Key results (annual values for the simulated year) for the different
controllers and the use-cases.
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and comfort. However the effort of modelling and adjusting con-
trols to the case should be considered. The less complex rule-
based approaches have been found to yield about 2–4% decreased
costs compared to 6–16% for the MPC approach. The rule-based
approaches are found computationally less demanding and easier
to design. However fine-tuning rule-based controllers demands
considerable effort and rules need to be continuously adapted to
the varying boundary conditions.

The negative cost impact of prediction errors, using a ”yesterd
ay-is-today” forecast have been found almost negligible, which is
good as it could reduce the complexity for MPC forecasting. How-
ever this finding should be investigated in more detail. Tempera-
ture settings and allowed temperature ranges are found a
decisive parameter in design of controllers and should be included
in the MPC formulation. It has shown that optimising heat pump
operation under variable boundary conditions such as variable
electricity prices or self-consumption on-site PV potentially leads
to lower seasonal efficiency on heat pump system level.

An investigation of different storage sizes showed that use-case,
control strategy and storage sizing are strongly inter-connected
and any change in one can have an immense effect on the best
choice of the others. Consequently, an integrated solution includ-
ing the designated use-case, dimensioning and controls should be
introduced at the early design phase of the system.
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Abstract

This work is part of the paper entitled "Comparison of control approaches for variable speed air source heat pumps considering time
variable electricity prices and PV" [1] and contains details on system modelling and the design of the model predictive controller.
A semi-empirical model of variable speed air source heat pump is presented. The heat pump model is a dynamic model, where the
main components and heat transfer characteristics are modelled.

In the second part of this work a convex MPC formulation for a variable speed air source heat pump connected to thermal
storage is presented. This formulation is novel and treats important aspects such as mixed-integer characteristics, non-linearities
and improved robustness.

Keywords: Heat pump model, Variable speed air-source heat pump, Model predictive controls, Quadratic programming
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1. Introduction

This document explains the heat pump model and the con-
vex MPC formulation used in [1]. It provides additional infor-
mation about the general methodology of modelling a variable
speed air source heat pump and the relevant equations. Valida-
tion with measured data, which is shown in Section 2.5.

The presented convex quadratic MPC approach is novel and
has been use successfully in a simulation study and in lab tests
at Fraunhofer ISE within the GreenHP project [2]. Section 3
presents the formulation and implementation of MPC and sim-
ulation model.

2. Heat pump model

The heat pump model is used in dynamic system simulation,
with a focus on control development for smart grid integration
of heat pumps. Thus system dynamics and efficiency were in
the focus of model development. When integrated in a building
different control decisions are made by the heating system con-
troller of the building that directly or indirectly influence the
heat pump. Those include changes in water mass flow, changes
in compressor and fan speed, and changes in water inlet temper-
ature. Changes in ambient air temperature influence the condi-
tions on the evaporator side of the heat pump.

The heat pump unit is modelled using sub models of the main
components. A simple refrigerant cycle as shown in Figure
1 is used. The evaporator and condenser are modelled using
semi empirical models for heat transfer, a dynamic energy bal-
ance equation and thermopyhsical properties of the refrigerant.
Thermal inertia is placed in two thermal mass nodes: one in
the condenser and one in the evaporator. A moving surface ap-
proach is taken to determine the heat exchanger surface areas
used for desuperheating and condensing in the condenser unit.
The thermodynamic library CoolProp [3] is used to determine
the fluid properties at different temperature and pressure condi-
tions. Frosting of the evaporator is neglected and will be part of
future work.

The compressor is modelled using a variable isentropic effi-
ciency dependent on compression ratio [4]. Inverter efficiency
and drive losses are accounted using a characteristic curve. The
individual sub models are listed in Table 1 explained in the fol-
lowing.

2.1. Compressor
A scroll compressor is used to compress the refrigerant

vapour at the outlet of the evaporator. It is assumed that the
refrigerant mass flow enters the compressor with a constant su-
perheat of 5 K and the evaporation pressure pevap. Neglecting
the volumetric efficiency the refrigerant mass flow is depen-
dent on the compressor speed, the inlet conditions and the swep
volume of the compressor. According to [4] the mass flow is
calculated to:

V̇ =
Vswep · f

60
[m3/s] (1)

ṁref = V̇ · ρref,in [kg/s] (2)

Figure 1: Schematic drawing of the modelled heat pump components.

The enthalpy increase of the fluid during compression is calcu-
lated as:

∆hreal =
∆hcomp,is

ηis
[J] (3a)

∆hcomp,is =hout,is(pcond, sin)

− hin(pevap, Tin) [J] (3b)
ηis =ηbuiltin · ηmech [-] (3c)

The enthalpy of the refrigerant at the compressor inlet hin and
for isentropic compression ∆hcomp,is is calculated using the
fluid library CoolProp. It is assumed that the fluid leaves at
condensation pressure pcond. Isentropic compressor efficiency
ηis is influenced by:

1. Mechanical losses accounted for by ηmech = 0.8.

2. Losses due to over and under-compression of the refrig-
erant accounted for by the pressure ratio dependent effi-
ciency ηbuiltin .

The compression efficiency ηbuiltin is calculated according to
[4]:

ηbuiltin =
π
γ−1
γ

real − 1

π
γ−1
γ

builtin − γ−1
γ · π

−1
γ

builtin · (πbuiltin − πreal)− 1

[-] (4)

Where πreal is the actual pressure ratio and πbuiltin design pres-
sure ratio of the scroll.

πreal =
pcond

pevap
[-] (5)

πbuiltin = νγbuiltin [-] (6)

νbuiltin is the built in volumetric ratio of the compressor, which
can be obtained from the compressor data sheet. γ is the poly-
tropic exponent of the refrigerant.

γ =
cp
cv

[-] (7)

2



Table 1: Components and submodels used for the heat pump model.

Component Model Reference

Inverter and drive Efficiency correlation depending on part load ratio [5; 6]
Compressor Isentropic efficiency dependent on pressure ratio and built in pres-

sure ratio
[4]

Desuperheater Moving surface, assuming dewpoint conditions at outlet
Desuperheater refrigerant
side

Dittus Boelter [7]

Desuperheater water side Dittus Boelter [7]
Condenser Moving surface, e, NTU, dynamic energy balance [8; 9]
Condenser refrigerant
side

Nusselt theory [4]

Condenser water side Modified Dittus Boelter [10]
Subcooler refrigerant side Constant heat exchanger efficiency
Expansion valve Isenthalp expansion [11]
Evaporator e, NTU, dynamic energy balance [8; 9]
Evaporator refrigerant
side

Pierres correlation [12, p. 8:25]

Evaporator air side Heat transfer - mass flow correlation [12]
Refrigerant Thermodynamic library Coolprop [3]

2.1.1. Electric drive
In losses in the electric drive are added to the refrigerant. The

drive efficiency ηel,drive is dependent on the current operating
point x [5].

ηel,drive =0.98 · exp

(−7.5

x

)
− 0.25 · x

100
[-] (8)

x =
Pdrive

Pdrive,max
[-] (9)

2.1.2. Inverter
The total electricity demand is calculated as the sum of power

for the drive Pdrive and the inverter losses Ploss,inv:

Pel,demand = Pdrive + Ploss,inv [W ] (10)

Inverter losses are taken into account using a characteristic
curve for the inverter efficiency [6].

ηinv = 0.98 · exp

(
−60 · Pinv

Pinv,0

)
[-] (11)

The efficiency depends on the operation point of the drive re-
spectively the inverter Pinv in relation to the nominal operation
point Pinv,0.

2.1.3. Compressor operating map
Mechanical considerations such as lubrication limit compres-

sor operation. The usable compressor speed range is made de-
pendent on the condenser and evaporator temperature using the
compressor operating map shown in Figure 2. Such operation
maps are provided by compressor manufacturers.
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2.2. Evaporator

The evaporator unit is modelled using a in-stationary energy
balance:

Cevap
dTevap

dt
=ṁref · (hevap,in − hcomp,in) + Q̇air [W ] (12a)

Cevap =mevap · cp,evap [J/K] (12b)

all the thermal inertia of the refrigerant and the heat ex-
changes are summarized into Cevap. The change of the
evaporator temperature dTevap

dt depends on the enthalpy flow
ṁref · (hexpv,out − hcomp,in) and the heat transferred from the air
to the evaporator unit Q̇air.

To calculate the transferred heat the ε − NTU method is
used. For the case of one sided phase change heat exchanger
efficiency ε is calculated to:

ε = 1− e−NTU [-] (13)

The number of transfer units NTU is dependent on the overall
heat transfer coefficient UA and the stream with the lowest heat
capacity Cmin

NTU =
UA

Cmin
[-] (14)

Cmin is assumed to be the air stream:

Cair = cp,air · ṁair [J/sK] (15)

The transferred heat from air to the refrigerant is then calculated
to:

Q̇air,evap = ε · Cair · (Tair,in − Tref,in) [J] (16)

The total heat transfer from air to refrigerant depends on the
heat transfer from air to wall, the heat conduction within the
walls and the heat transfer from wall to the refrigerant. It is
calculated to:

UA =

(
1

Aref · αref
+

δwall

Awall · λwall

+
1

Aair · αair

)−1
[W/K] (17)

The heat transfer coefficient of the air side is calculated us-
ing a empirical equation stated in [12] for forced convection
in air coils with a finn-spacing of 4 mm and air velocities of
vair = 2 - 4 m/s.

αair = α0 · (
ṁair

ṁair,0
)0.5 [W/m2K] (18)

The coefficient αair is determined using characteristic values for
heat transfer α0 and mass flow ṁair at the reference point 0.

The heat transfer coefficient αref on the refrigerant side is
calculated using the Nusselt number Num. The Nusselt num-
ber is approximately calculated using Pierre’s equation [12, p.
8:25] for the heat transfer of refrigerants in fan-coils assuming
complete evaporation which has been shown to be reliable for

a number of refrigerants.

Num = 0.01 · (Re2 ·Kf )0.4 [-] (19a)

Num =
αm · dH

λ
[-] (19b)

Kf =
∆h

l · g [-] (19c)

Re = 4
ṁrefλ

π · d · µ [-] (19d)

2.3. Condenser unit

Condensation and sub cooling of the refrigerant leaving the
compressor is done in three stages:

1. The superheated refrigerant vapour is cooled down to the
dew point.

2. The fully saturated vapour is condensed to the boiling
point

3. The fully condensed liquid refrigerant is further sub cooled

In each stage the refrigerant has a different phases and the heat
transfer equations are different. Each stage is modelled sepa-
rately as subcooler, condenser and desuperheater. It is assumed
that the refrigerant pressure in the subcooler, condenser and
desuperheater are the same.

2.3.1. Desuperheater
In the desuperheater the refrigerant vapour is cooled down to

the dew-point. The transferred heat from the refrigerant to the
water is calculated to:

Q̇desup =ṁref ·∆Tdesup [W ] (20a)
∆Tdesup =(href,desup,in − href (pcond, Tdesup,out)) [K] (20b)

The temperature of the water leaving the desuperheater is cal-
culated to:

Tw,out = Tw,in +
Q̇desup

ṁw · cp,W
[K] (21)

Assuming equal geometry of the plate heat exchanger on the
water and refrigerant side and neglecting the heat conduction
resistance of the plates, the heat transfer coefficient in the desu-
perheater is calculated to:

Udesup =

(
1

αref
+

1

αw

)−1
[W/m2K] (22)

The heat transfer on the water and refrigerant side is calculated
using the Dittus-Boelter equation for turbulent flow over a flat
surface [7].

Nu = 0.0243 ·Re0.8 · Pr0.3 =
α · dH
λ

[-] (23)

Re =
ρ · v · dH

µ
=

ṁ

µ · b [-] (24)
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To calculate the area needed to cool down the refrigerant vapor
the logarithmic mean temperature difference ∆Tlm between the
streams is used.

Adesup =
Q̇desup

Udesup ·∆Tlm
[m2] (25)

As it can be seen the needed surface Adesup area is dependent
on the water temperature after condensation of the refrigerant,
which is calculated in the condenser part.

2.3.2. Condenser
In the condensing part the refrigerant enters at dew-point

conditions and leaves fully condensed [13]. The in-stationary
energy balance at the condensing part is calculated to:

Ccond
dTcond

dt
= ṁref · (hdesup,out−hk,out)− Q̇cond,W [W ] (26)

To calculate the transferred heat Q̇cond,W the ε − NTU method
is used analogue to Section 2.2. For this the water side and re-
frigerant side heat transfer coefficients are needed. The heat
transfer of the water side is calculated using the modified
Dittus-Boelter equation presented in [10].

αw = αw,0 ·
(
ṁ · µ0

ṁ0 · µ

)0.64

·
(
Pr

Pr0

)0.32

[W/m2K] (27)

Heat transfer of the refrigerant during condensation is modelled
using Nusselt theory for condensation according to [4].

αref =1.47 · λfl ·
(

µ2
fl

ρfl · (ρfl − ρg) · g

)− 1
3

·Re− 1
3 [W/m2K] (28a)

Re =
ṁ · dH
µl ·A

[-] (28b)

2.3.3. Subcooler
The subcooler unit is modelled assuming a constant heat ex-

changer efficiency ε = 0.85. The transferred heat in the sub-
cooler Q̇sc is calculated to:

Q̇sc =ε · Cmin ·∆Tmax [W ] (29)

ε =
∆T

∆Tmax
[-] (30)

Here, ∆Tmax is the maximum possible temperature lift for the
subcooler. Cmin is minimum heat capacity stream.

2.4. Valve

The expansion valve is modelled assuming an isenthalp ex-
pansion process [11] resulting in

h(pin,Tin) = h(pout,Tout) [J/kg] (31)

The needed thermophysical properties are obtained using Cool-
Prop.

2.5. Validation of the HP model

To validate the heat pump model measured data from a test-
rig using R407c are used. The heat pump model has been cal-
ibrated for the reference point 0. Then temperatures and mass
flow of the incoming streams as well as compressor speed were
changed according to the data from the test rig. Figure 3 shows
the validation results for COP and heat generation for the used
heat pump model.
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Figure 3: Comparison of the calibrated heat pump model with measured data
for different operating conditions.

3. Model predictive controller (MPC)

The target of the controls for the given system is to mini-
mize the cost for the heat supply of the building whilst satis-
fying the comfort requirements of the occupants. This can be
achieved in various ways: First the system efficiency of heat
pump, storage and building could be maximised whilst mini-
mizing storage losses. Second, in the presence of variable elec-
tricity prices, heat pump operation could be aligned to exploit
the pricing structure. Third, in the presence of solar thermal
resources and/or PV those should be used in the best possible
way. Each of the explained approaches are suitable and depend-
ing on the daily situation the resulting control signals over the
day would be different. It has been shown [14; 15] that model
predictive control is suitable for handling changing conditions,
minimizing operation costs whilst respecting limitation in the
use of the technical equipment and comfort requirements (con-
straints).

Figure 4, shows a schematic overview of the MPC set-up.
To obtain the control signal an optimal control problem is for-
mulated and solved in each time step. The formulation is based
on the current system conditions, a prediction of external in-
fluences and the future system state. A model of the system is
used to evaluate the effects of the controls on the system state
and to compute the optimal control solution. The first part of
the computed solution is applied to the system. In the next time
step the procedure is repeated.

3.1. Targeted MPC formulation

The target of controls is to find a control trajectory u∗ that
minimizes the cost-function J . The total cost is the sum of
cost l at each time-step summed over the prediction horizon N .
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Figure 4: Description of the MPC procedure.

For an efficient numeric solution a linear-quadratic formulation
of the objective function is targeted, using the quadratic costs
R and the linear costs r. This leads to the following optimal
control problem, which is solved repeatedly at each time step:

u∗ = argmin
U ′t

J(u, z) (32a)

= argmin
U ′t

N−1∑

k=0

l(ct+k|t,ut+k|t, xt+k|t, zt+k) (32b)

= argmin
U ′t

uTRu + rTu (32c)

The function l represents the time-varying cost which is a func-
tion of the state variables (x), inputs (u), known disturbances
(z), and the cost vector (c) for electricity prices. The subscript
‘t+k|t’ assigned to these variables represents value of the vari-
able at time step t+ k as predicted at time step t.

To obtain linear constraints the system dynamics should be
represented in linear state space representation. Leading to

ẋ(t) = Ax(t) + Bu(t) + Ez(t) (33a)
y(t) = x(t) (33b)

A represents the influence of the system on itself, B represents
the influence of the controls on the system and E represents the
influence of external disturbances on the system. It is assumed
that the state variables (x) are fully observable, i.e. all system
temperatures are measured and identical to the outputs. After
integration Equation 33b can be written in discrete-time state
space representation as:

xk+1 = Adxk + Bduk + Edzk (34a)
yk = xk (34b)

This adds the following to the optimal control problem:

where:
xt+k+1|t = Adxt+k|t + Bdut+k|t + Edzt+k (35a)
∀k = 0, 1, ..., N − 1 (35b)
xt|t = x(t) (35c)

Further all the states and controls have to be within the allowed
range U ,X , adding the following constraints to the optimal
problem formulation:

s.t.
ut+k|t ∈ U(t+ k),∀k = 0, 1, ..., N − 1 (36a)
xt+k|t ∈ X (t+ k),∀k = 1, 2, ..., N (36b)

To bring the presented problem to the targeted form to be solv-
able as a quadratic program (QP) the following challenges need
to be overcome.

3.2. Challenges

The optimal control problem for this case is non-linear as
the heat pump efficiency is non-linearly dependent on ambient
temperature, temperature of the water entering the heat pump
and the part load ratio. Further as the compressor requires a
minimum speed, the possible control signal is semi continuous.

To provide heat on different temperature levels either for do-
mestic hot water preparation or for space heating, the heat pump
system can be operated in two different operation modes. In
each mode different parts of the stratified storage are used. Thus
hybrid system characteristics are the result.

If a PV plant is present and sun is shining, this leads to a
second source of electricity with its own price. The amount
of electricity usable from PV is limited and time variant. As a
result the constitution of the cost vector in the objective function
is case dependent.

As forecasting occupancy, heat-load and domestic hot wa-
ter consumption is error-prone situations where the system is
brought out of the feasible range may occur. This should not
lead to a shut-down of the MPC controller. In such a case the
controls should bring back the system to a feasible state.

In the following the steps to overcome the described chal-
lenges and formulate a quadratic problem are explained.

3.3. Step 1: Setting up the objective function

First the objective function is created. For this purpose elec-
tricity consumption and electricity cost for all time-steps is re-
quired.

3.3.1. Transforming the hybrid, non-linear heat pump model
As stated the HP behaviour is non-linear as the heat pump

efficiency is non-linearly dependent on ambient temperature,
temperature of the water entering the heat pump and the part
load ratio. Further as the compressor requires a minimum
speed, the possible control signal is semi continuous. Figure
5(a) shows the relationship between compressor speed and COP
for different air and water temperatures. The curves clearly
show a maximum at around 1900-2100 rpm. Increasing com-
pressor speed first increases COP up to a certain point, due to
reduced losses in the compression process (denoted opt). From
that point onwards the heat pump efficiency decreases with in-
creased compressor speed due to a decreasing specific heat ex-
changer surface and increasing losses in the compression pro-
cess. The resulting COP above and below the optimal point can
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Figure 5: Part load efficiency of heat pump and linearisation for the optimal
control model.

be approximated as:

COP =





(a0 +a1Tsup + a2Tamb) · (1 + a3PLR)

∀0 ≤ PLR ≤ PLRopt
(a0 +a1Tsup + a2Tamb) · (1 + a4PLR)

∀PLRopt < PLR ≤ 1

(37)

where Tsup is the temperature at the heat pump outlet. This
temperature is approximated as the set-point temperature and
thus known beforehand. Tamb is the temperature of the ambient
air, which is also available as predicted value. The part load
ratio PLR of the heat pump is approximated to:

PLR =
rpm

rpmmax
≈ Q̇HP

Q̇HP,max
(38)

The electricity consumption of the heat pump in the two ranges
is calculated to

Pel,HP =
QHP

COP
= f(Tamb, Tsup, Q̇HP) · Q̇HP (39)

= f(x,u, z)u)

Again this equation is split into two separate regions. To bring
this equation to a convex quadratic form, a first order Taylor
approximation with respect to Q̇HP is done, leading to:

f(Tamb, Tsup, Q̇HP) ≈ f(Tamb, Tsup, Q̇HP)

∣∣∣∣
Q̇HP=Q̇0︸ ︷︷ ︸

b0

+
∂f

∂Q̇HP

∣∣∣∣
QHP=Q0︸ ︷︷ ︸
b1

·(Q̇HP − Q̇0) (40)

The coefficients b are computed for every time-step, using the
analytical derivation, Equation 37 and predicted temperatures.
Assumption: The COP in the lower part load range is assumed
to be independent of part load. This property will later be
favourable to avoid switching and treat the minimum compres-
sor speed.

Pel,HP =





b0 ·Q̇HP

∀0 ≤ Q̇HP ≤ Q̇opt

(b0 +b1 · (Q̇HP − Q̇HP,opt)) · Q̇HP

∀Q̇opt < Q̇HP ≤ Q̇HP,max

(41)

To formulate the optimization problem the heat pump operation
range is split into two regions. One above (+) and one below
(-) the optimal operation point. For this purpose virtual heat
pumps HP+, HP− are introduced. The electricity demand is
calculated to:

Pel,HP =Pel,HP+ + Pel,HP- (42)

COP below the optimum is set to constant as shown in Figure
5(b). Which leads to a linear dependency of Pel,HP-.

Pel,HP- =b0 · Q̇HP-

∀0 ≤ Q̇HP- ≤ Q̇opt (43)

COP below above the optimum is set linearly dependent on
PLR as shown in Figure 5(b). Which leads to a quadratic de-
pendency of Pel,HP+:

Pel,HP+ =b0 · Q̇HP+ + b1Q̇
2
HP+

∀0 < Q̇HP+ ≤ Q̇HP,max − Q̇HP,opt (44)

As the COP ofHP− is higher or equal thanHP+, the optimal
solution of this problem will result in:

Q̇HP- = Q̇opt∀ Q̇HP+ > 0 (45)

The heat pump is now discretised into a linear and a quadratic
part. Note that due to the nature of an optimal solution the Q̇HP-
will be used within the allowed range before Q̇HP+ is going to
be used.

3.3.2. Dead zone treatment

The property of Q̇HP- being linear and having lower costs as
Q̇HP+ is part of the solution to overcome the minimum rpm re-
quirement of the compressor. First since the minimum rpm is
relatively low, a solution in this range is not frequent if the heat
pump is properly sized. Second the property of linear problems
to favour bang-bang solutions reduces the chance to operate in
the lower compressor range. The heat pump would be either
switched off or running at least with minimum rpm (this could
be observed in the optimization results). Third in the unlikely
case that the solution is below the minimum compressor speed,
this solution is ignored by the heat pump controller and is not
applied. The resulting error will be corrected in the next solu-
tion step of the closed loop control system.
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3.4. Step 2: Setting up the system model

The system states x are the temperatures of the DHW and the
SH part of the storage.

x = (TS,DHW, TS,SH)T (46)

Equating the heat flows for the storage gives the following
continuous-time equations for the temperature change over
time Ṫ :

CS,DHWṪS =κS ·AS · (Tenv − TS)︸ ︷︷ ︸
Q̇SLoss

+Q̇HP

+ Q̇STC + Q̇BH − Q̇DHW − Q̇SH (47)

Ci is the heat capacity and Q̇i the heat flows in and losses.

3.4.1. Treating hybrid system characteristics: DHW and SH
operation

As already stated to provide heat on different temperature
levels either for domestic hot water preparation or for space
heating, the heat pump system can be operated in two different
operation modes. In each mode different parts of the stratified
storage are used resulting in hybrid system characteristics. For
each operation mode the target temperatures and hence the COP
coefficients and their Taylor coefficients are different.

Figure 6: Schematic of the optimal control model of the building energy system
[16]

A new virtual heat pump is introduced and the LTI Model of
the storage is extended. Figure 6 shows the full representation
of the system. The energy balance equations for storage are
now extended. For the top layer, where hot water for DHW is
stored the balance is formulated to:

CS,DHWṪS,DHW =κS ·AS,DHW · (Tenv − TS,DHW)︸ ︷︷ ︸
Storage loss

+ Q̇HP,DHW + Q̇STC

+ Q̇BH,DHW − Q̇DHW (48)

For the lower layer, where hot water for space heating is stored
the balance is formulated to:

CS,SHṪS,SH =κS ·AS,SH · (Tenv − TS,SH)︸ ︷︷ ︸
Storage loss

+ Q̇HP,SH + Q̇BH,SH − Q̇SH (49)

The linking between the heat pump instances is done by linked
constraints and by cross-coupling terms in the R Matrix. Thus
by introducing a new input variable for the two operation modes
and discretising the thermal storage the hybrid system charac-
teristics are relaxed. The time division between DHW and SH
operation is done via duty cycle. The solution of the MPC prob-
lem is used to determine the cycling length for each operation
mode. Cycles below the minimum runtime of the HP are ig-
nored.

3.4.2. Account for heating technology capacity

The thermal capacity of the heat pump is temperature de-
pendent and included as time variant bounds. It is computed
using the ambient temperature Tamb and the target temperature
Tsupply:

0 ≤ Q̇HP ≤ Q̇HP,max (50)

Q̇HP,max = f(Tamb, Tsupply) (51)

The electric back-up heater thermal capacity is time-invariant:

0 ≤ Q̇BHi ≤ Q̇BH,max (52)

3.4.3. Account for the use of PV

If a PV plant is present and sun is shining, this leads to a
second source of electricity with its own price. The price of PV
electricity is determined by the feed-in tariff as the opportunity
cost. Further the amount of electricity usable from this source
is limited and changing with time. As a result the constitution
of the cost vector in the objective function is case dependent.
To account for that another pair of virtual heat pumps (one for
DHW and one for space heating) is introduced and added to the
LTI system equations. In the objective function the electricity
cost for those heat pumps are assigned.

The limited availability of PV electricity adds a new con-
straint:

Q̇HP,PV,DHW + Q̇HP,PV,SH ≤ Pel,PV · COP (53)

The availability of PV electricity is forecasted and also the COP
is estimated beforehand. Further for the sake of reducing the
dimensions of the optimisation problem the virtual PV heat
pumps are given the same continuous characteristics as Q̇HP+.

3.4.4. Account for the use of a solar thermal collector

The energy coming from the solar thermal collector is lim-
ited by the availability of solar energy Q̇STC,max. This gives the
estimated time-varying bounds on the solar input variables:

0 ≤ Q̇STC ≤ ¯̇QSTC (54)

To avoid an overheating of the storage the solar thermal collec-
tor output can be regulated by the controls.
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The inputs of the resulting optimal control problem are:

u = (Q̇HP-,DHW, Q̇HP+,DHW, Q̇HP,PV,DHW,

Q̇BH,DHW, Q̇STC,DHW, Q̇HP-,SH,

Q̇HP+,SH, Q̇HP,PV,SH, Q̇BH,SH)T (55)

3.4.5. State constraints: Temperature limits
The hot water from storage layers must be supplied at a tem-

perature within a certain range to guarantee the satisfaction of
occupants’ comfort requirements. For this purpose the storage
layers must be maintained within a desired temperature range.
For the domestic hot water part this leads to the time-invariant
constraints:

TDHW,min ≤ TS,DHW ≤ THP,max (56)

Moreover, considering stratification, the temperature of the up-
per storage layer (TS,DHW) must be greater than the temperature
of the lower storage layer (TS,SH).

THC ≤ TS,SH ≤ TS,DHW (57)

Further the temperature of the space heating part of the stor-
age TS,SH must be equal or bigger than the minimum required
temperature THC of the heating system

THC = a0 + a1 · Tamb + a2 · T 2
amb (58)

Equation 58 represents the heating curve where THC is the
minimum supply water temperature for space heating depend-
ing on the ambient temperature.

3.4.6. Robustness and feasibility
To guarantee feasibility of the optimization problem even in

the case of initial conditions x0 that are out of bounds a feasibil-
ity funnel is introduced. The bounds are relaxed by the value of
the initial bound violation. The relaxation is then tightened so
that after a few steps the upper and lower bounds are at the in-
tended value xi,t|t. The adjusted bounds x∗i,t+k|t are calculated
using:

x∗lb,t+k|t = xlb,t+k|t +min(0, (x0 − xlb,t|t)) · ak (59a)

x∗ub,t+k|t = xub,t+k|t +max(0, (x0 − xub,t|t)) · ak (59b)

Where a is the tightening factor

0 ≤ a < 1 (60)

The value chosen for a is 0.9.

3.5. Solution

The resulting optimisation problem is convex quadratic in the
objective function and linear in the constraints. The solution is
done with the quadratic programming using cvxopt[17], where
the problem is solved using an interior point method.

3.6. Coupling of MPC and plant

The MPC controller is connected to the plant via sensors and
actors. The calculated control step is communicated to the ther-
mal system controller, which is operating to keep the system
within the allowed range and to take control in case the optimal
control problem can not be solved. As the MPC formulation
operates with one state for each part of the storage an observer
is used to map the four measured states to two states in the op-
timal control problem formulation.

Figure 7: Control hierarchy and coupling of MPC and plant

3.6.1. Actors
In the building control hierarchy the MPC controller is at the

highest level. The solution of the MPC is the optimal control
trajectory, (heat pump operation) over time and the correspond-
ing calculated state trajectory (temperatures in the storage and
the building). The control of the hydronic system, i.e. pumps,
valves, the compressor is done by a low level system controller.
The solution of the MPC is parse to the low level controller
as set-points for heat pump and back-up heater thermal output.
Further the calculated states are used as set-point temperatures
in the storage and the building. All actuators in the hydronic
system are controlled via PID controls to track the set-points.

3.6.2. Sensors
As in the used state-space model the temperature of the build-

ing and the storage are represented with three states. The stor-
age is equipped with 4 sensors one at the top and bottom of each
zone, resulting in three options for the MPC:

1. Using the top temperatures Ts,top.

2. Using the bottom temperatures Ts,bot.

3. Using an estimated temperature between top and bottom
T̂s.

It was found that only relying on the top level sensors, led to
good tracking performance but relatively low temperatures in
the bottom of the tank. This leads to energy savings but large
parts of the storage remained unused.

Using the bottom sensor resulted in high temperatures in
large parts of the storage for a long time. Here the energy losses
outweigh the advantage of using the whole tank.
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Using an estimated temperature in the storage is suggested in
[18]. The authors stated that assuming a linear profile between
two sensor values, leads to a robust initial profile estimate. The
storage temperature estimate T̂s,i for each part i sent to the MPC
is:

T̂s,i(t) =
Ts,top,i(t)− Ts,bot,i(t)

2
+ ∆Ti [K] (61)

The value ∆T is used to adjust the temperature constraints
of the MPC controller so that the top level boundaries are re-
spected, without overheating the storage too much.
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a  b  s  t  r  a  c  t

In 2013  83%  of energy  in  the  German  residential  sector  is  used for the  preparation  of  domestic  hot water
(13%)  and  space  heating  (70%).  Thermal  demand  profiles  are  essential  to correctly  determine  operation
and  sizing  of  heating  technologies.  In this  work,  the  stochastic  bottom-up  approach  for electric  loads  is
extended  to  cover  domestic  hot  water  (DHW)  and  space  heating  demands.  The  approach  is  presented
for  individual  buildings  and  residential  areas,  validated  and  compared  to currently  used  approaches.  A
behavioural  model  is  used  to  determine  DHW  tappings,  electric  appliance  use  and  temperature  settings  of
the  building.  Building  heat  load  is calculated  using  a simplified  physical  model,  to allow  for  realistic  energy
demand  profiles,  efficient  model  parametrisation  and fast  computation.  A randomisation  approach  for
building  heat  load  based  on  a  clustered  building  typology,  a variation  of building  parameters  and  heating
settings  is  presented  which  allows  the  simulation  of  larger  quantities  of  similar  buildings.  Validation
against  measured  data for German  single  family  houses  shows  a correlation  of the  typical  daily  load
profile  for DHW  consumption  of  0.92  and  a mean  relative  error  of  3%  and  for  space  heating  0.89  and  9%
respectively.

© 2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

In 2013, 28% of Germany’s total final energy consumption was
caused by the residential sector,1 highlighting its importance for
reaching climate reduction targets. 17% of the final energy con-
sumption in households was caused by electric appliances, 13% by
the preparation of domestic hot water (DHW) and 70% by space
heating [1], highlighting the importance of the thermal demand. In
the context of the German “Energiewende” and the introduction of
stricter efficiency regulations, the energy supply concepts of neigh-
bourhoods and buildings will change considerably. In this context
energy demand profiles for heat and electricity will be increasingly
important.

First, a change in heat generation technology from gas boilers
towards thermal-electric systems like heat pumps and micro com-
bined heat and power (CHP) units will lead to altered electricity

∗ Corresponding author at: Fraunhofer Institute for Solar Energy Systems,
Freiburg, Germany.

E-mail address: David.Fischer@ise.fraunhofer.de (D. Fischer).
1 http://www.umweltbundesamt.de/daten/private-haushalte-konsum/

energieverbrauch-der-privaten-haushalte, Accessed on 19.04.2016

demand profiles of buildings and neighbourhoods. Second and
as a consequence, electricity demand profiles will be closely
linked to thermal demand [2,3] and show different characteristics
regarding daily and yearly patterns compared to today. Consistent,
interlinked demand profiles of electric and thermal demand
are important for utilities, district heating and electric network
operators and planners, to correctly design energy grid and supply
concepts for buildings and neighbourhoods.

For this purpose a high number of diverse thermal and electric
load profiles are needed, since for design and simulation of distri-
bution grids or district heating networks a high number of different
buildings need be considered. The diversity of the load profiles must
be respected to avoid aggregation of peaks and capture occurring
smoothing effects [4]. Currently applied methods, which are dis-
cussed in Section 1.1, rely on standardised load profiles, reference
load profiles or detailed physical models. Those methods have the
shortcomings of not accounting for diversity, stochastic effects and
a interconnection between electric, domestic hot water and space
heating demand, or requiring high modelling effort. Further, user
behaviour plays a key role in when and how energy is used in
buildings and is often not sufficiently modelled and correctly rep-
resenting user characteristics. It is one of the remaining modelling
challenges in residential energy models.

http://dx.doi.org/10.1016/j.enbuild.2016.04.069
0378-7788/© 2016 Elsevier B.V. All rights reserved.
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In this work a method to model and simulate single buildings as
well as entire residential areas is presented, showing ways how to
overcome the identified shortcomings.

1.1. Thermal load modelling

In the following two sections selected approaches to determine
the thermal demand for space heating and domestic hot water
(DHW) are discussed.

1.1.1. Space heating
Standardised load profiles method: In this approach an aver-

age load profile (sometimes referred to as synthetic load profile) is
derived from measurements, usually linked with outdoor temper-
ature and scaled to a specific annual energy demand. Those profiles
are often publicly available and provided by gas and electricity dis-
tribution companies. Since the method is based on a vast number of
datasets which are averaged, resulting profiles can be seen as valid.
The drawback of using standardised load profiles is that those pro-
files represent a large number of buildings or occupants and thus
show usually low variation. They only partly reflect individualities
in the building due to different physical building properties or the
inclusion of solar gains. Ref. [5] uses a scaled version of the Dutch
standardised load profile to calculate the demand and the daily
load profiles for houses in an electric distribution grid simulation.
For German applications, Ref. [6] uses an average load profile for
heating gas provided by a gas distribution company as heat load
profile for German households.

Reference load profiles method: A representative annual load
profile is selected from measurements. From that, representative
days for different climate classes are extracted and recombined
in accordance to the desired climate data. An example are the
VDI 4655 reference profiles for DHW, space heating and electricity
demand [7,8], created to simulate CHP units in buildings. In that
case 12 representative days are extracted from measured values,
depending on the weather conditions, weekday and outdoor tem-
perature. From those representative days, one year with custom
weather data can be sampled and scaled to the right annual energy
demand. The disadvantage of using VDI 4655 reference load pro-
files is that only limited numbers of reference buildings and days
are provided. For same climate data and building type the resulting
load profiles are of identical shape.

Statistical methods: A statistical model is built based on mea-
sured data. Purely data-driven methods to determine building heat
load can be found in [9,10], where regression methods are used.
The resulting profiles show good accuracy in predicting known
buildings, but suffer from predicting new buildings or respecting
building dynamics.

Physical models: A model of the building based on lumped
energy balance equations and physical building properties is
utilised to calculate heat loads. Depending on the level of detail
required, the elements of the building are modelled individually
with respect to their physical properties. Whereas those mod-
els show high accuracy predicting thermal load, they often suffer
from correctly reflected user behaviour. The strength of physical
models is in investigating the influence of building material and
control strategies on thermal comfort and energy use. Additionally,
dynamic effects and solar gains are taken into account. The weak-
ness of those bottom-up models is that often a lot of information
needs to be known to be able to build a model. Further computation
time increases with model complexity and the number of thermal
nodes.

RC-Network models: Physical models with a reduced complex-
ity. A number of simplified RC-Network representation models
have been proposed to decrease engineering effort and computa-
tion time. Ref. [11] concludes that with a 4R2C-Model the accuracy

of representing thermal load is similar to those of a more com-
plex model. DIN EN 13790 [12] presents a widely used calculation
procedure for hourly heat loads where a 5R1C-Network represen-
tation of the building is chosen. This approach offers the possibility
of efficiently calculating thermal building loads with comparable
accuracy to more detailed model, which was  shown in [13].

A challenge in all physical models is to correctly reflect user
behaviour, which has been shown in [14] to significantly influence
building energy performance.

1.1.2. Domestic hot water
The methods for DHW consumption modelling are similar to

those applied for space heating demand. Reference load profiles are
suggested in VDI 4655. Using reference or standardised load pro-
files has the drawback of not capturing stochasticity and smoothing
effects that appear when many households are simulated together.
In IEA Annex 42 [15] a set of two representative synthetic
DHW load profiles is suggested, generated with a stochastic
approach.

The importance of stochastic load profiles has been realised by
Jordan and Vajen [16,17] who, motivated by observations of mea-
sured data, derive a set of 4 tapping classes – short tapping, medium
tapping, bathing, showering. For those tappings a probability distri-
bution for the daily time of occurrence has been constructed. From
that distribution daily tappings with a fixed length are sampled.
During the course of the year this probability is adjusted, depend-
ing on the day of the week, season and holidays. Their method has
been implemented in the software tool DHWcalc.

A stochastic bottom-up approach for DHW based on a
behavioural model using Markov chains was presented in [18]. In
that work a tapping schedule is derived for different DHW activities
in households and linked to a specific energy demand.

1.2. Value added by this work

The approaches suggested by other authors provide valuable
ideas and inputs to the model introduced in this article. The three
main shortcomings of the existing approaches, which have been
identified with respect to modelling residential areas, and which
are consequently treated in this paper are (1) the lacking intercon-
nection of heat load, DHW demand and electric demand, (2) the
lack of representing diversity, especially when a high number of
load profiles is needed, and (3) the missing possibility of investi-
gating a change in occupant type or building physics without high
implementation effort.

Among the core ideas and solutions presented in this work are:

1 The combination of physical and behavioural models.
2 Respecting different user types by including socio-economic fac-

tors.
3 The use of a building model to calculate thermal demand, with

respect to building physics and the activity of the occupant.
4 Coupling electric, DHW and space heating demand, based on

behavioural data.
5 The use of clustered building types combined with a randomisa-

tion approach to efficiently model residential areas.
6 The use of stochastic bottom-up approaches to increase load pro-

file variability and allow for aggregation.

With the introduced approach it is possible to model electric-
ity demand (see [19]), space heating demand (see Section 2.3) and
DHW demand (see Section 2.2) of entire residential areas with rea-
sonable modelling effort and computation time. The combination
of behavioural and physical models to generate energy demand
profiles is presented in Section 2. Its potential is demonstrated in
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Fig. 1. General model structure and calculation flow of the synPRO residential
energy demand model.

Section 3 by comparing simulation results to measured data and
commonly used load profiles.

2. The synPRO model for DHW and space heating load

The presented approach extends the synPRO model [19] for the
generation of electricity demand profiles to thermal demand. The
aim of developing this model is to create consistent, realistic energy
use profiles with a high time resolution for electric and thermal
energy demand in residential buildings and residential areas. The
focus is set on reduced modelling effort and computing time while
respecting the diversity of buildings, occupants’ daily routines and
comfort settings. Fig. 1 shows the inputs to the models, which are
occupant type, building type and weather data, as well as the under-
lying model structure.

The model is based on a combination of a physical model with
a behavioural model. The behavioural approach allows to account
for the specific behaviour of building occupants which are distin-
guished by their socio-economic factors.

2.1. Time of use data as model foundation

The data set used to calibrate the behavioural model is the Ger-
man  version of the Harmonised European Time of Use Survey (HETUS
[20]). For this study people were asked to fill in a diary for three
days. For each 10 min, activities based on a predefined list were
reported. The survey resulted in a set of 32,000 diary days from
7,200 households [21]. Socio-economic factors such as age, working
pattern and housing situation were noted.

The dataset was analysed and information of daily activities
such as their starting time and duration combined with socio-
economic factors were extracted and built the foundation of the
behavioural model. An example of the derived probability distri-
butions is shown in Fig. 2 for hygiene activities.

The following activity categories are used in the presented
model: (1) occupants’ presence at home, (2) sleeping, (3) hygiene
and (4) cooking activities. For the adjusted space heating settings,
the presence at home and sleeping are used. Hygiene and cooking
activities are used to model DHW consumption.
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Fig. 2. Used probability distributions for hygiene activities for a household with 2
full-time working occupants.

2.2. Domestic hot water model

Domestic hot water consumption is strongly influenced by user
behaviour. Times and durations of DHW consumption as well as
temperature settings depend on the individual preferences. The
energy needed to heat up the water Q̇dhw(t) at time t depends on
the tapped mass flow ṁ, the temperature of the hot water at the
tapping point Tw,h and the nominal cold water temperature Tw,c,0

[22]. A loss term Q̇losses accounting for circulation losses is optionally
added if this applies to the building. The resulting energy balance
is defined as:

Q̇dhw(t) = fseason(t) · [Q̇losses(t) + ṁ(t) · cw · (Tw,h(t) − Tw,c,0)] [W]

(1)

where fseason is a factor correcting for the fluctuating cold water
temperature as explained in Section 2.2.4 and cw is the specific
heating capacity of water.
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Table  1
Mapping of duration to probabilities for hygiene activities.

Duration [min] Probability [%]

Handwash Shower Bath Nothing

<10 75 0 0 25
10–25  30 20 0 50

>25  30 30 15 15

2.2.1. Behavioural model
A schedule for the activities cooking, hand washing, shower and

bathing is generated and linked with specific tapping profiles to
create a DHW demand profile for each household. In this schedule,
the time and duration of the activities are noted on a ten second
base and then converted to a specific energy consumption. The
probability distributions used to generate the schedule differ for
each socio-economic factor. Further, a distinction is made between
working days, Saturdays and Sundays. Thus the model accounts for
socio-economic factor specific behavioural patterns and the alter-
ation during the course of a week. The generation of an activity
schedule is done in three steps:

1. Determination of the number of starts:
The first step for the generation of a DHW load profile is to deter-

mine how often DHW consuming activities take place for each day.
A probability distribution of the daily frequency for each activity
is derived from an evaluation of the time of use survey data. From
this distribution the number of starts is sampled. In Fig. 2(a) the dis-
tribution for the number of starts is shown exemplary for hygiene
activities.

2. Determination of the time of tapping:
With the information of how often an activity is performed dur-

ing the course of the day, the start time is sampled. Therefore a
second probability distribution is used which is shown in Fig. 2(a)
for hygiene activities.

3. Determination of the duration:
The duration of a certain activity is dependent on the time an

activity is started. It is sampled from a joint probability distribution
which is start time dependent. The joint probability distribution for
hygiene activities is shown in Fig. 2(c) for working days.

The hygiene information, which is given in the HETUS data, is
linked to a specific hygiene activity like hand washing, showering
or taking a bath using the duration of each activity. Depending on
the hygiene activity’s duration, the likelihood of showering or tak-
ing a bath is determined. The corresponding values are provided in
Table 1. Hygiene activities below 10 min  are set to hand-washing,
while for an activity length between 10 and 25 min  either hand-
washing or shower is selected. For a duration of more than 20 min
either shower, bathtub or hand-washing is possible. It is also pos-
sible that a hygiene activity is performed without considerable
tapping, like brushing teeth, this is accounted for by introducing
a “Nothing” activity.

2.2.2. Mapping of activities to energy
For each specific activity a tapping profile is constructed. One

tapping is characterised by the hot water temperature, volume flow
rate and total tapped volume and is generated by sampling from
uniform distributions. The value range for temperature, volume
flow rate and total tapped volume is based on VDI 2067 and pre-
sented in Table 2 and [22]. Eq. (1) is used to calculate the resulting
energy demand for each tapping.

The described steps yield the calculated mass flow rates and
tapping temperatures for each ten second time step of the year.

2.2.3. Circulation losses
In addition to the energy needed to directly heat the water for

tapping, losses in the piping system due to the continuous hot water

Table 2
Most important tapping points and corresponding temperatures, volume flow rates
and volume per tapping based on [22].

Tapping point Temp. [◦C] Flow [l/min] Volume [l]

Handwash 38–42 3–8 0.25–1.5
Shower 38–42 9–11 12–60
Bathtub 38–42 9–11 100–130
Cooking 48–52 3–8 0.25–10
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Fig. 3. Course of the cold water temperature over the year.

circulation are taken into account. If the DHW system of a building is
designed with a circulation pump, circulation losses can add a con-
siderable share to the DHW demand. Based on measurement results
and the discussion presented in [23] a loss value of 9–14 kWh/m2 a
for each square meter living space is added to the annual DHW
demand. The chosen value is dependent on the building energy
class used for the calculation of the space heating load.

2.2.4. Seasonal effects
The cold water temperature of the water supply system impacts

the DHW energy demand [24]. The incoming water needs to be
heated to the desired hot water temperature and its temperature
depends on the season. Based on [24], the following equation is
used to determine the input temperature depending on the mean
yearly ambient temperature Tamb:

Tw,c(nday) = Tamb − 3K · cos
(

2�

365
· (nday − ndays,offset)

)
[K] (2)

where the offset ndays,offset is included, based on the coldest day of
the year and on the temperature change delay due to the laying
depth of water piping. This method is based on the ground temper-
ature calculation of [25] and meets the cold water seasonality as
described in [23].

In Fig. 3 the cold water temperature over the course of the year
is shown. The energy demand for DHW and circulation losses, cal-
culated with a nominal cold water temperature of 10 ◦C in Eq. (1),
is adjusted using the seasonal factor fseason.

fseason(nday) = 1 + Tw,c,nominal − Tw,c(nday)
�Tw,0

[−−] (3)

where fseason is the seasonal effect of the cold water temperature on
the DHW demand; Tw,c,nominal is the nominal cold water temper-
ature; �Tw,0 is the nominal temperature difference between cold
and hot water Thus the influence of the cold water temperature is
taken into account for the circulation losses of the DHW piping.

2.3. Space heating model

The purpose of the space heating model is the ability to simulate
an entire residential area of which the most important factors
should be captured but still keep model complexity low. For
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Fig. 4. 5R1C building model.

modelling the space heating load, it is assumed that the heating
load of a building is mainly dependent on two factors:

1. The behaviour of the building’s occupants. It effects set-points
for indoor temperature, ventilation and internal loads.

2. The building physics. It influences heat losses, solar gains and
dynamics.

Energy demand for space heating is calculated using a dynamic
building model and a behavioural model.

2.3.1. Behavioural model
User behaviour influences temperature settings and internal

gains of the building. Internal gains through the physical presence
of persons and the use of electric appliances are calculated with:

Q̇g,int (t) = Pel(t) + npers(t) · 65.0 [W] (4)

For each present person npers in the building, an internal gain
of 65 W is assumed. The electricity consumption Pel of appliance
use is added. To determine the presence at home the behavioural
model explained in Section 2.2 and [19] is used.

Ref. [14] shows that occupants’ presence in the building has
a significant impact on heat demand and increases the building’s
space heating consumption. This is due to ventilation and increased
comfort requirements. To account for that, the temperature set
point of the building model is dependent on the time of day and
the presence of occupants in the house.

Troom,set(t) = Tsetpoint(t) + �Tuser(t) · npers,active(t) [K] (5)

The room temperature set point for space heating Tsetpoint(t) is
increased by �Tuser for each person npers,active that is at home and
not sleeping. It is assumed that temperature comfort requirements
depend on the time of day and the duration of presence. The tem-
perature set point is increased depending on the time of day and
number of people present: Before 8 a.m. by 0.1 K/person, until 4 a.m.
by 0.2 K/person and by 0.4 K/person in the evening.

Electricity, DHW and space heating demand are implicitly inter-
connected by using the same behavioural model and data set.

2.3.2. Building model
Space heating demand is modelled using a 5R1C-Network rep-

resentation, which is based on the simplified hourly method as
described in DIN EN ISO 13790 [12]. Fig. 4 shows a schema of
the model. The model inputs are the building’s physical proper-
ties, ambient temperature, irradiation, temperature set points and
internal gains. For the calculation, three temperature nodes are
taken into account. The air node of the room, a node for the interior
wall surfaces and a mass node.

The energy balance of the building is set between the supplied
heat from the heating and the sum of transmission losses Q̇l,trans,
ventilation losses Q̇l,vent minus solar and internal gains, Q̇g,sol and
Q̇g,int respectively, and the heat used for temperature change of the
building mass Cm at each time step.

Q̇sh = Q̇l,vent + Q̇l,trans − Q̇g,sol − Q̇g,int − Cm
�Tm

�t
[W]  (6)

The resulting node temperatures for a given heat load at each
time step are directly calculated solving the equations for the RC-
Network as described in [12]. The required heat to maintain the
desired room temperature is calculated iteratively by numerically
solving the energy balance and the node temperature equations.

2.3.3. Stochastic modelling of residential areas
When modelling residential areas, the main challenge is to

derive representative space heating and DHW load profiles for
a great variety of building types and occupants. The generation
of DHW and electric load profiles for a great number of house-
holds is straightforward using the presented stochastic bottom-up
approach. The calculation of space heating loads is more labour-
intensive and input data-dependent since the building properties,
areas and orientation have to be considered. Access to information
about the most important building parameters can be hard. For
simulation studies, detailed building properties and it’s orientation
are frequently unknown. Aggregation of existing measured data or
models of few entities can lead to unwanted effects, such as peak
summation, high profile course simultaneity or lacking variation in
the load profiles.

This is why the stochastic bottom up approach is combined
with a database of representative buildings and a randomisation
approach. The key component is a set of 36 representative build-
ings. Based on the building stock and physical data provided in [26],
representative classes have been extracted and are distinguished
by:

• Building type: single family house, terraced house, small and
large multi family house.

• Year of construction: before 1978, from 1979 to 2001, from 2002
to 2016.

• Energy standard: normal, usual refurbishment, advanced refur-
bishment.

For each class the model parameters for the 5R1C are implemented.
By using the described buildings an entire residential area can be
approximately simulated with fast computation time.

Within each building class the heat load profiles differ since the
internal gains and user comfort settings are generated using the
behavioural model (Section 2.3.1). Further diversity in load profiles
is reached by a randomisation of:

• Heating set-points,
• activation time, duration and set-point temperatures for day and

night program,
• the mean temperature limit when the heating system is taken

into and out of operation and
• building orientation to modify the hour and amount of solar gains.

In addition the area of windows and outside walls are linked to
the living space, allowing for a further variation of heat demand by
varying living area.

3. Validation

Model validation is done by comparing simulated load profiles
to measured data. The data used is obtained from the research
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Fig. 5. Duration curves for a set of 6 DHW profiles, showing the mean profile and
the quartiles.

project WPmonitor [27]. In this field trial the operation of heat
pump systems in over 100 single family and terraced houses was
measured from the beginning of 2011 until the end of 2013 with
1 min  time resolution. From this dataset 10 single family houses
constructed after 1978 and located in different places in Germany
were selected for validation according to data quality and available
data points.

For each measured household 10 synthetic load profiles (synPRO
profiles) were generated with a 15 min  time resolution using the
corresponding building and occupant class. The climate data set
of the test reference year for the location of Potsdam (TRY04) was
chosen to obtain ambient temperatures and solar irradiation. For
each measured load profile, one synthetic load profile was  selected
having the smallest deviation in annual energy consumption. The
generated profile is scaled to match the yearly energy sum of the
measured data.

Validation focus is the representation of load characteristics by
means of the annual duration curve, the correct representation of
seasonal fluctuation and the representation of the characteristic
daily load profile, since the aim of model development is generat-
ing realistic load profiles rather than exactly representing a given
entity.

The key performance indicators used for the comparison of two
profiles are peak value, root mean square error (RMSE) and Pear-
son’s correlation coefficient. All indicators are computed on 15 min
time resolution.

3.1. Domestic hot water model

For validation the generated DHW profiles are compared to the
measured profiles. In a second step the synthetic load profiles are
compared to measured data, VDI 4655 (single family house), IEA
Annex 42 (1 min  data with a consumption of 100l d−1) and DHWcalc
load profiles.

3.1.1. Annual duration curve
The distribution of the different DHW profiles on an annual base

is shown in the annual duration curve depicted in Fig. 5. The annual
sum of the profiles is 1400 kWh. The peak value for the mean curve
of the measured data is 16.3 kW and 19.7 kW for the synthetic pro-
files. The correlation coefficient between the mean duration curves
is 0.99 and the RMSE is 0.1 kW.  In the hours with medium and high
load the synthetic values are considerably higher than the mea-
surements. The overall variation in the synthetic data matches the
observed variation in the measured demands.

3.1.2. Daily load profile
A comparison of the mean daily load profiles for the whole year

is shown in Fig. 6. It shows that the range of synthetic load profiles
fits well within the range of measured profiles. The morning and

Fig. 6. Average daily load profile with quartiles for a set of 6 DHW profiles.
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the evening peaks are captured. It shows that the synthetic profiles
have higher values in the 0.75 quantile during early evening hours.
Correlation coefficient between the mean daily profiles is 0.92. The
RMSE between the mean profiles is 40 W.  From hour 5 to 10 the
distribution of values between measured and synthetic shows a
high consistency. During the late morning hours demand and vari-
ation of the measured values is between 5% and 45% higher than in
the synthetic data. During early evening hours the synthetic DHW
demand profile shows a wider spread of values and a 60% higher
demand.

3.1.3. Seasonal fluctuation
To analyse the seasonal fluctuation, the standard deviation of

the mean daily energy demand is plotted on a monthly base in
Fig. 7. Days with no DHW tappings in the measured data were
removed from the synthetic load profiles to correct for holidays.
It shows that the seasonal fluctuation of the DHW  energy demand
is captured by the model with a correlation of 0.94. The day to day
variation, showed as the standard deviation in the plot, is similar
for the measured and the synthetic data.

3.1.4. Impact of socioeconomic factor and circulation losses
To demonstrate the impact of user groups on the DHW model

the yearly energy sums per person for the different socio economic
factors are listed in Table 3. It can be seen that with increased

Table 3
Simulated annual energy demand for DHW without circulation losses in kWh  per
person.

Socio-economic factor Occupants

1 2 3 4 Mean

Family x x 563 521 542
Fulltime workers 500 492 476 411 470
Fulltime partime 571 518 533 497 530
Retired 692 598 x x 645
All  groups 603 587 557 557 576
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Table 4
Characteristic values and correlation of synthetic and measured data for DHW pro-
files with an annual sum of 1400 kWh.

Annual peak
[kW]

Daily profile
correlation [–]

RMSE [kW] Duration curve
RMSE [kW]

Measured 4.2 x x x
synPRO 6.2 0.92 0.03 0.01
DHWcalc 18.6 0.92 0.03 0.19
VDI  12.5 0.59 0.08 0.12
IEA  26.9 0.86 0.04 0.30
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Fig. 8. Average daily load profile and hourly quartiles for DHW for the whole year
when aggregating 10 single family house profiles.

number of persons the specific energy demand is reduced. This is
due to reduced demand for cooking, which is a shared activity, and
shorter durations of the hygiene activity for more people in the
household. Table 3 shows further that specific DHW consumption
varies up to 37% between the groups. Retired people consume the
most and full time workers the least.

The mean DHW consumption for a mix  of all socio-economic
factors is 576 kWh  per person and year, which fits well within the
range of 380–720 kWh  per person and year stated in [22].

3.1.5. Comparison with available load profiles
For the simulation of residential areas and district heating

networks, the influence of aggregation on the load profiles is impor-
tant. In the following, aggregation properties of the synPRO profiles
are demonstrated and compared with measured data, the IEA Task
42, VDI 4655 and DHWcalc load profiles described in Section 1.
For each measured household a load profile has been generated
with the discussed methods, scaled to match the demand of the
measurements and then have been aggregated with other profiles.

The main results are shown in Table 4 and a comparison of the
mean daily load profiles is shown in Fig. 8. The typical daily profiles
correlate between 0.59 and 0.92 with the measured data. Differ-
ences appear when the distribution of values is investigated using
the annual duration curve as shown in Fig. 9. The peak values of the
different methods differ up to factor 6.1.

3.2. Space heating model

For each measured household a corresponding building class
was selected and 10 synthetic profiles were simulated. The syn-
thetic load profile with the smallest summed deviation in monthly
energy consumption over the year was selected for the correspond-
ing measured houses. The measured space heating demand profiles
are compared to the synthetic profiles in the following.

3.2.1. Annual duration curve
Fig. 10 shows the distribution of the annual heating load for

the set of measured and synthetic load profiles. The peak value of
the mean profile is 8.8 kW for the measured single family houses
and 7.4 kW for the synPRO data. RMSE is 200 W.  The distribution of
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Fig. 9. Duration curve comparison of the characteristics when aggregating 10 single
family house DHW profiles.

Fig. 10. Duration curves for space heating.

the synthetic profile values matches well with the measured pro-
files. During the hours of high heat demand, the measured values
show higher loads. Between hour 2500 and 4000 the synthetic load
profiles show higher variability than observed.

3.2.2. Daily load profile
The mean daily load profiles for the whole year, winter and

changing season are shown in Fig. 11. It can be seen that the syn-
PRO model maps the typical characteristics of the measurements.
The correlation between measured and synthetic profiles are 0.9
for the whole year, 0.91 for winter days and 0.88 for days in the
changing seasons. RMSE is 240 W for the mean daily profile of the
whole year. During evening hours the simulated heating demand
is 14% below the measured values and during late night and early
morning is 16% higher. The effects of the occupants’ presence on
temperature settings can be observed around hour 6 and 19, espe-
cially during winter days, and is more extreme in the 0.75 quartile
of the measured data than in the synthetic profiles. During chang-
ing season, the variation in measured values corresponds well with
the simulated values, whereas during winter the measured values,
especially during afternoon hours, show a lower variation than the
synthetic data.

3.2.3. Comparison with VDI 4655 profile
In Figs. 12–14 the mean hourly space heating demand for the

houses are shown for the measured data, the synPRO data and data
generated with VDI 4655. The annual peak values are 5.5 kW for
the measured, 6.8 kW for the synPRO and 4.2 kW for the VDI 4655
profiles. For the synPRO data and the measurements, solar gains
are leading to lower heat loads during the day. This can not be
observed in the VDI profiles. The effect of seasons is also clearly
visible. The difference in TRY data to the measured data leads to a
different time of the year with maximum heat load. The variation
in heat load depending on radiation and ambient temperature is
captured more realistic in the synPRO model than when using the
VDI reference load profiles. This is especially true during late spring
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Fig. 11. Daily space heating load profiles, mean value and quartiles.

Fig. 12. Measured space heating load for each hour of the year.

Fig. 13. SynPRO space heating load for each hour of the year.

Fig. 14. VDI 4655 space heating load for each hour of the year.

time, when heat load is low. The RMSE for the mean daily profile of
VDI 4655 and synPRO to the measurements is 0.25 kW and 0.11 kW
respectively. For that case Pearson’s correlation coefficient is −0.11
for the VDI 4655 profiles and 0.94 for the synPRO data.

4. Conclusion

For the design and simulation of energy concepts for residen-
tial buildings and areas, simple methods to generate consistent
demand profiles for electricity, space heating and domestic hot
water demand are needed. Time-dependent characteristics of res-
idential energy demand depend strongly on user behaviour which
needs to be accounted for in models. The presented modelling
approach is based on the coupling of behavioural and energy bal-
ance models and stochastic modelling. This allows the generation of
realistic and consistent load profiles for space heating, domestic hot
water and electricity for buildings and residential areas. The model
for electric appliance use presented in [19] has been extended in
this work to include thermal demand.

It has been shown that the typical hourly, daily and yearly
characteristics of the domestic hot water profile are correctly cap-
tured by the synthetic load profile. The advantage of the presented
stochastic load profiles is that smoothing effects are accounted for
when aggregating more than one housing unit. This has been shown
by comparison with measured data, VDI 4655, IEA Annex 42 and
DHWcalc load profiles.

For space heating, the presented method generates approxi-
mate but realistic heat load profiles for buildings even with limited
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data available. The model is based on a combination of the sim-
plified hourly method [12] with a behavioural model, a set of
standardised buildings and randomisation of control parameters
and building properties. A comparison to measured data of sin-
gle family houses showed a correlation between 0.88 and 0.91 for
the typical daily and monthly characteristics. During the late night
hours and early morning hours the calculated heat demand exceeds
the measured demand which might indicate a potential weakness
of the 5R1C-network representation and should be addressed in
further research. A comparison with VDI 4655 reference load profile
shows that the seasonal and daily characteristics and stochasticity
are better represented by the developed model. The possibility of
randomisation of building types and parameters, occupant types
and comfort settings allows simulating residential areas with rea-
sonable modelling effort.

The model will be used for the design of energy supply con-
cepts for houses and residential areas and for investigation of the
impact of different heating technologies on the electric distribution
network.
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a  b  s  t  r  a  c  t

Approximately  27%  of  the European  energy  consumption  is  caused  by  the  domestic  sector,  where  19%  of
the  end  use  energy  demand  is  caused  by electric  devices.  To  investigate  the factors  at  play,  a  stochastic
bottom-up  model  for the  generation  of electric  load  profiles  is introduced  in  this paper.  The  model  is
designed  for  investigating  the  effects  of occupant  behaviour,  appliance  stock  and  efficiency  on  the  electric
load profile  of  an  individual  household.  For  each  activity  of a person  in  the  household,  an  electric  appliance
is  used,  and  its  electricity  consumption  is  linked  to measured  electric  load  traces  with  a  time  resolution
of  10  s. Probability  distributions  are  incorporated  for  when  and  how  often  an appliance  is operated.
Duration  of  operation  is  given  as  probability  density  conditional  on the  start  time.  Shared  use  of  an
appliance  by  multiple  persons  is included  in  the  model.  Seasonal  effects  are considered  by using  changing
probability  sets  during  the  course  of the year.  For  validation,  seven  subgroups,  which  reflect  typical
household  configurations,  were  formed  and  tested  against  measured  field  data  from  430  households  in
9 different  cities  across  Germany.  The  results  showed  an  accuracy  of 91%  and  a correlation  of  up to  0.98.

©  2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction

In this paper a stochastic bottom-up model, referred to as syn-
PRO, for generating synthetic electric load profiles for German
households is introduced.

1.1. Motivation

Energy consumption in the domestic sector contributed to about
27% of the final energy consumption in the 28 EU countries in 2012
[1]. Understanding the energy consumption in this sector forms the
basis for measures being taken both regarding efficiency and flexi-
bility matters. Load profiles play an important role for the planning
and control design of energy systems [2,3], as they contain informa-
tion on the energy demand on an hourly or sub-hourly scale. This
information is critical for determining the capacity of the energy
systems, e.g. the electricity distribution grid, and the way they are
operated. When working with the design and operation of domestic
energy systems typically three main questions arise:

∗ Corresponding author at: Fraunhofer Institute for Solar Energy Systems,
Freiburg, Germany. Tel.: +49 761 4588 5429.

E-mail address: David.Fischer@ise.fraunhofer.de (D. Fischer).

1. Which energy technology should be used?
2. What is the optimal sizing?
3. Which control strategy should be applied?

The answers to these questions are often highly dependent
on the load profiles assumed. Similar questions arise during the
process of planning distribution grids. In many cases pre-made
standardised load profiles [4,51] or load profiles based on statisti-
cal analysis derived from field measurements [6–11] are used. The
level of the time-resolution plays an important role for the system
sizing and controller design of domestic energy systems [12]. Mea-
sured data with high time-resolution are first of all hard to retrieve
and may suffer from measurement errors or limitation to only a few
datasets. The latter can lead to an over-adaptation of the results to
the input load profiles. Especially when considering larger living
units, like multifamily houses or quarters, the combination of a few
available measured load profiles can lead to statistically irrelevant
outcomes. Aggregation of a limited number of load profiles will lead
to a summation of peaks while neglecting smoothing effects that
may  occur.

The use of a stochastic model for the generation of load pro-
files can overcome these drawbacks, since each output load profile
will most certainly be different from the ones already gener-
ated. However, in addition to the above mentioned lack of data,
purely descriptive methods also lack insight into the processes

http://dx.doi.org/10.1016/j.enbuild.2015.01.058
0378-7788/© 2015 Elsevier B.V. All rights reserved.
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causing the observed values, e.g. the occupancy pattern, appliance
stock and the way appliances are being used. This is becoming
increasingly important in the future as the electrical load pro-
files are expected to change due to more efficient appliances and
the deployment of distributed generation [13]. Demand response,
which targets classical household appliances such as dish wash-
ers, washing machines and dryers [14,15], may  automatically shift
the load patterns according to the electricity price or grid tariffs.
The on-going change of lifestyle towards a situation where fam-
ilies have both parents working full time, could also impact the
household load profiles. Urbanisation, the tendency towards lower
occupancy levels, and people’s income creating a demand for more
appliances may  cause different consumption patterns than in the
past. Therefore, a bottom-up model helps to gain more insight into
how user behaviour and the appliance stock influence the electric
load profiles. The synPRO model introduced in this work is on a
long term perspective intended to cover all aspects of domestic
electricity use such as electric appliances, heating, cooling, domes-
tic hot water preparation as well as electric vehicles. Thus helping
system engineers at building, district and city level to answer the
three questions introduced in the beginning. In the first step, which
is described in the following work, focus is on electricity demand
caused by the use of electrical appliances in households, used for
non-thermal applications. By the use of the synPRO model, high res-
olution electric load profiles may  be derived for the domestic sector
while taking into account consumption patterns of the occupants,
the stock of technical appliances in different household categories
in addition to seasonal effects.

The paper is structured as follows. A brief review of existing
models for electrical load profiles is presented in Section 1.2 along
with the improvements and differences to the approach developed
in this work. A detailed description of the simulation model for
synthetic load profiles can be found in Section 2. In Section 3 the
synPRO model is calibrated for the German domestic sector and val-
idated against over 430 measured German households. A discussion
of the findings and a conclusion will close this paper.

1.2. Modelling domestic electricity demand

In literature two common approaches for modelling domes-
tic electricity demand can be found. These are statistical models
and bottom-up models. Statistical models are based on a set of
measured load profiles. The models aim to describe and repro-
duce the characteristics of the input data and intend to partly
explain its variance based on selected input parameters such as
season, temperature or household-size. Statistical models based on
a decomposition of measured data to extract patterns on different
time scales, such as seasons and weekdays, can be found at Wang
[6]. Pedersen [7] uses regression to model temperature depended
energy consumption in households and stochastic processes to
describe the temperature independent part. A further regression
based approach can be found in [8] where a multiple linear regres-
sion model was applied to describe total electricity consumption,
maximum demand, load factor and time of use. Socio-economic
factors like dwelling type, number of bedrooms, head of household
age and household composition where used as model input.

Decomposition based on the frequency domain characteris-
tics of the load profile is described by McLoughlin and Magnano
[9,16]. In [16] an autoregressive moving average is used to describe
stochastic processes on a shorter time-scale. A top-down approach
based on a reproduction of the cumulated density function of the
load profile is presented by Bucher [10]. Stephen [11] uses a Gauss-
ian mixture model to cluster measured load profiles and generate
synthetic load profiles from the learned clusters. A method for con-
structing reference load profiles using representative days from
measured data are introduced in [51,4].

The introduced – data driven – models can reproduce the ana-
lysed data and help to understand the main influence factors.
However, they commonly suffer in explaining and investigating the
effects of user behaviour. This drawback is overcome by the use of
bottom-up models. This approach is based on modelling occupant
behaviour and relates the energy consumption to it. All bottom-
up models referred to in the following use a stochastic process for
generation of load profiles. The bottom-up models differ in three
aspects:

• Level of detail occupant behaviour is modelled.
• Level of detail of appliance data used for generating the electric

profile.
• Stochastic approach used.

Capasso [17] introduced a stochastic bottom-up model in 1994
based on time of use survey conducted in Italy. Start and duration of
individual activities where modelled and an electric load attached
to each activity. In 2005 Yao [18] published a stochastic method
for British households based on national energy statistics and peo-
ple present in the household – for the latter occupation patterns
where assumed. In 2006 Paatero and Lund [19] model the starting
of individual appliances as random process, depending on season
and a social factor. The data used for calibrating the model comes
from various statistics. In 2009 Armstrong [20] describes a method
to generate 5-min electrical consumption profiles for single-family
detached households. She groups the consumers into low, medium
and high consumers all having a different power factor. Based on
total energy use statistics and normalised energy use profiles, a
simple random process is used to determine the number and the
time of a switching event.

From 2008 to 2010 Richardson [21–23] introduced a model for
describing occupancy, light usage and domestic electricity demand.
The used concept of active occupancy covers the number of active
people in a household. Active occupancy is modelled as Markov-
chain and the transition probabilities are constructed using the
time of use survey [24] for Britain. In 2009 the concept of active
occupancy for lighting was  taken over and extended by Widén
[25–27]. He also extended the concept including a Markov-chain
process for a set of energy consuming activities and including
variable transition probabilities during the day. The model was
further extended to cover the consumption of domestic hot water
in Swedish households. In 2012 Zeilinger introduces an approach
similar to Paatero’s and extends the model to cover three-phase
electricity characteristics for selected appliances. A comprehensive
review on modelling techniques before 2009 can be found in [28].

The synPRO-model introduced in this work seeks to improve the
previous models by combining their strengths and extending the
methods with new ideas. Specifically, synPRO takes into account:

• Influence of household-specific socio-economic factors:
As daily routines of the occupants as well as the amount and

types of electrical appliances used in households are influenced
by socio-economic factors such as family status or working pat-
tern, the scope of characterising households is extended by using
working pattern (3), age (3), housing type (3) and family situation
(2) as socio-economic factors. This forms 14 different household
classes of which 4 will be demonstrated in this work. For each
class of household, the user behaviour and the appliance stock is
modelled separately.

• Distinction of type of day:
Most of the models introduced in the past account for weekdays

and weekends. In this work the model considers three categories:
Working days, Saturdays and Sundays as measured data show
that Saturdays and Sundays show different behavioural patterns.

• Correlation between duration and start-time of an activity:
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Table 1
Share of domestic electricity demand by appliance.

Appliance Electricity demand shareb (%)

Office equipment 14.5
Entertainment 13.3
Laundrya 13.1
Fridge 12.0
Lighting 11.1
Cooking 10.1
Pumps 7.4
Dish washing 5.9
Freezer 5.3
Other 7.4

a Includes drying.
b Source: [30], without electrical domestic hot water.

In most former models, the duration of an activity was consid-
ered independent of its starting time. In this work the activity
duration and start-time are linked by a conditional probability
distribution.

• Seasonal user patterns:
Seasonality highly effects heating and lighting demand as

demonstrated in [21]. SynPRO additionally considers that the
daily utilisation pattern of all appliances included is also changing
with the seasons and thus extends the scope of seasonal effects.

• High time-resoluted sample data:
Electricity consumption for each appliance is achieved from

measurements of 10 s [29]. Through this, the resulting electricity
load profiles are able to incorporate power peaks occurring on a
sub-minute level.

A further distinction is the stochastic approach used to generate
the load profiles, which is based on a three step procedure for the
number of starts, start times and duration of each activity (see Sec-
tion 2.2). All probabilities are based on the information provided in
the national time of use survey for Germany[24].

Summed up, synPRO offers a sophisticated approach to gener-
ate stochastic electricity load profiles for the domestic sector. In
the following, the method for modelling domestic electric energy
consumption is explained.

2. Method

SynPRO, a model for synthetic load profiles, is based on the
premise that domestic electricity use is caused by the operation of
technical appliances. Each appliance has its individual load trace
depending on the appliance, the duration, and the intensity of
use. The usage frequency and intensity strongly depend on the
behaviour of the user. In Section 2.1 the main drivers and the most
important appliances in domestic electric energy consumption are
listed.

The general model approach, based on a separation of the con-
sumption into user driven and user independent, is introduced in
Section 2.2. This is followed by a detailed description of the model
(Sections 2.2–2.6).

2.1. Drivers of domestic energy consumption

Energy consumption in domestic dwellings can be split into:

1. Thermal energy – energy used to enhance thermal comfort such
as heating and cooling of the dwelling as well as the preparation
of domestic hot water.

2. Electrical energy used for daily activities.

The latter is in the focus of this paper. Table 1 depicts the com-
mon  structure of domestic electricity use in German households,

Fig. 1. Model structure of synPRO.

which is directly reflected in the model. Over 92% of the elec-
tricity demand in dwellings is caused by 9 principal categories of
appliances. Electricity used for heat generation and cooling is not
regarded in this work. The use of heating pumps for the circula-
tion of the water in the hydronic system is considered since it is
not seen as part of the heat generation and thus energy transfor-
mation process but as part of the domestic electric system. The
resulting electricity consumption of each appliance for an individ-
ual household depends on the energetic standard of the appliance
as well as the way and the frequency the appliance is used. The
model structure introduced in the following is tailored to reflect
these understandings.

2.2. The synPRO model structure

Domestic electricity demand is separated in user dependent
demand, like cooking and user independent demand, like fridges.
Energetic standards and usage intensity of each appliance play an
important role when modelling electricity use. The most important
steps in the calculation procedure (see Fig. 1) are:
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1. Each household is characterised by socio-economic indicators.
Household size, age of the occupants, working pattern and family
status are chosen to classify the persons in the dwelling to a
certain household group.

2. Based on the household class the appliance stock is defined for
the simulation (see Section 2.3).

3. The activity data which contains information of appliance usage
in each household group is loaded (see Section 2.4).

4. For each day of the year a usage profile for every appliance is
generated. This is based on the daily number of starts, start-times
and the corresponding duration of use.

5. An electric load profile for each appliance is generated by linking
appliance use to measured load traces of each appliance.

6. The generated load profiles for all appliances are aggregated for
the considered household. The result is a specific electric load
profile with high time resolution for the individual household.

Each step is explained in more detail in the following.

2.3. Selection of socio-economic factors and household appliance
stock

Socio-economic factors like age, family status and employment
have a significant influence of how and when energy is used dur-
ing the day. This is due to differences in lifestyle of the occupants
and the available appliances present in a household. In synPRO the
household type is categorised by the following features:

• Number of people in each household (from one to four).
• Family (2 parents + x children).
• Age in years (<30, 30–65, >65).
• Housing-type (SFH: single family house, SDH: semi-detached

house, S/B-MFH: small/big multi-family-house).
• Working pattern (F: full-time, P: part-time, N: not employed).

For each category the appliance stock of the dwelling is differ-
ent. Statistical data presented in [31] is used to select the typical
appliance stock depending on the category of the household.

2.4. Modelling activity-based appliance use

The main task in generating an electric load profile based on
appliance use, is to determine when an appliance is in use. Fre-
quency, start time and duration of use are taken to model appliance
use. A stochastic approach based on sampling from probability
distributions has been chosen in order to take into account the
variability of occupant behaviour during the day, week and year.

2.4.1. Determination of the daily usage
The daily usage of appliances describes how often an appliance

is used by a single person of the household. The number of starts
at a given day is sampled from a probability distribution, which is
derived from the time of use data [24]. Fig. 2 shows this distribu-
tion for the number of starts per day for watching TV. Probability
distributions are provided for workdays, Saturdays and Sundays to
account for differences in daily routines.

2.4.2. Determination of the start time
Once knowing the number of starts for each day, the start time

of an event is determined. Again a stochastic approach, based on
probability distributions is taken. The probability distribution for
starting to watch TV on different weekdays is shown in Fig. 3. The
data are smoothed in this model using Gaussian kernel density esti-
mation (KDE) to reduce noise. A further reason for using KDE is to
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Fig. 2. Distribution of daily number of starts for watching TV.

Fig. 3. Probability of a start at a given time of day for watching TV.

Fig. 4. Joint probability of the duration of use and the start time of an activity. TV
usage on Saturdays shown as an example.

generate a continuous probability distribution which can be used
for sampling on a 10 s time-scale.

2.4.3. Determination of the duration
Eventually the duration of operation for each appliance has to be

determined. Analysing the time of use data (see Section 3.2.1), a cor-
relation of start time with the duration of an activity was  observed.
This is implemented into the synPRO model, by relating the opera-
tion time to the start time of an appliance using a joint probability
distribution. The use of this correlation is a distinct feature of the
model presented in this paper. A joint probability distribution for
watching TV on Saturdays is shown in Fig. 4.

2.4.4. Simultaneous and conflicting use of appliances
Simultaneous use of appliances describes the usage of the same

appliance from different people at the same time – like watching TV
together. This effect is essential in multi person households since
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the number of appliances in a dwelling is finite and the probability
of more than one person wanting to use the specific appliance is
greater than zero. To include shared appliance use in the model a
co-use-factor is introduced. This factor states the probability that a
appliance is used by multiple persons. The co-use factor is extracted
from the time use survey (see Section 3.2.1), where information of
doing a specific activity together with another person in the house-
hold is provided. If an appliance is already in use and an additional
person wants to use the same appliance at a given time, binary
sampling (true or false) using the co-use-factor decides whether
the appliance is shared or the case of conflicting use appears.

Conflicting use of appliances describes the blocking of an appli-
ance if it is already occupied and shared use is not taking place. If
despite the introduction of the co-use-factor conflicting use occurs
a re-run of the sampling process is started until persons, activities
and appliances match.

2.4.5. Seasonal effects
Seasonal effects describe the change in the load profile during

the year. Load profiles on a summer day differ from those in win-
ter. It can be seen in [21] that ignoring seasonal effects leads to
differences in modelled and measured energy use during the year.
Seasonal effects are also considered in the generation process of
standardised load profiles for Germany [4]. This is done by having
different profiles and by scaling them according to the time of year.
In this work seasonal effects are accounted for in three ways, (1)
light use, (2) the operation of the heating pump in the hydronic
system and (3) the use of appliances. The use of light, described
in Section 2.5.1, is dependent on the occupancy of the dwelling as
well as on the solar irradiation, which varies during the course of the
year. The operation of the heating pump, used for pumping water
through the heating circuit depends on the outdoor temperature
and has a considerable share of the domestic electricity demand in
Germany, listed in Table 1. The heat generation system is defined
to be operating if the daily mean outdoor temperature is below at
15 ◦C and is not covered in more detail in this work.

The third component of the seasonality in electricity-use is
changes in the daily activity of the household members. An analysis
of the time of use survey showed that starting times did not change
greatly during the year for most activities. However the number of
starts during a day changed depending on the season. This leads to
a change in overall daily use of the appliances. Therefore the distri-
bution for the number of starts is modified to account for seasonal
differences. The probability distributions of daily use are generated
for summer and winter. Linear interpolation is used to derive the
distributions for a given day in the year.

2.5. Modelling appliance operation

The electrical appliances used in synPRO are classified into three
main groups:

1. Directly used appliances, which are switched on and used for a
certain duration (e.g. TV).

2. Finite state appliances (as suggested in [32,33]) which undergo
a finite set of states depending on the operation mode (e.g. dish-
washer).

3. Continuously running appliances – like routers or fridges – which
account for most of the base load in the domestic load profiles.

2.5.1. Directly used appliances
Directly used appliances (like TV) are switched on and are used

for a certain time during the exertion of an activity (like watching
TV). The usage duration linked to the start time (see Section 2.4.3).

Lighting is a special case of a directly used appliance. If a per-
son is in the dwelling, not sleeping and the global irradiation Ig is

below a threshold (Ig,max) lights are switched on. The more peo-
ple are active at home (nactive) and the darker it gets, the more
light is used. The light usage value increases linearly between 0
and 1, with decreasing solar irradiation between 30 W/m2 (Ig,min)
and 60 W/m2(Ig,max). The electricity used for lighting (Pel,l) at time
t is calculated:

Pel,l(t) = nactive · Pel,l,pp(t) · Ig,max − Ig(t)
Ig,max − Ig,min

(1)

where Pel,l,pp is the individual light use for a person.

2.5.2. Finite state appliances
Hardt [33] describes the concept of finite state appliances as

“... a model (that) allows for an arbitrary set of discrete states and
transitions”. SynPRO considers washing machines, dishwashers and
dryers as such appliances. For this group the duration of use is fixed
by the programme the appliance is operated. The used programme
is sampled randomly from a number of predefined programmes.
Different programmes are for example the operation-mode of a
washing machine (7 programmes) or dishwasher (3 programmes).

Tumble driers are modelled as fixed programme appliances (7
programmes), their starting time is linked to the washing machine,
as driers are only needed if laundry is taken out of the washing
machine. If a household is in possession of a drier it is running with
a certain probability after the washing is finished. The time between
the end of a washing operation and the start of the dryer is sampled
from a uniform distribution between 10 and 60 min.

A special case of finite state appliances is meal preparation. The
combination of appliances used for the preparation of a specific
dish is included as a single load trace. Electrical load traces have
been measured for 11 meals such as boiled eggs or pasta with sauce.
These are used to account for the different possibilities of combined
appliance use in meal preparation. The selection of meals depends
on the sampled duration of the activity LS. The probability P for a
specific meal X being prepared depends is:

P(X) = 1
|LS − LX| (2)

The sampled activity duration LS and LX the time needed for
preparation of meal X are used for meal selection.

2.5.3. Continuous appliances
Continuous appliances are accounting for the electric base-load

in domestic energy consumption. The three main reasons for base-
load are stand-by power demand, refrigeration and communication
appliances. Fridges and freezers are modelled as pulsing appliances,
assuming a discrete power value when the compressor is working.
The pulsing character of refrigeration appliances is spread over the
simulation period. The duration of On-times and Off-times of the
compressor is sampled from a Gaussian distribution.

Communication appliances such as internet routers and house
phones are modelled as constantly running base-load throughout
the whole simulation period given that dwelling has internet and
telephone access.

Even switched-off appliances use a small amount of power when
not plugged-off, which is accounted for in the model by a constant
power value. An additional power demand is presumed for all other
appliances, which are not explicitly modelled. The additional power
demand is added as a base-load and determined in the calibration
process (see Section 3.2).

2.6. Appliance load traces

A database of measured load profiles is used to link appliance
usage to an electrical load profile. The load profiles are generated
by slicing the measured load profiles taken from [29] into a start-up
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Table  2
Groups of households divided by household size and working pattern used for fur-
ther investigation.

Group label Persons in household Working pattern Sample size N

1FF 1 1 full-time 89
2FF  2 2 full-time 78
3FF  3 2 full-time 43
4FF  4 2 full-time 32

2NN 2 2 unemployed 137
2FN 2 1 full-time 37

1  unemployed
2FP 2 1 full-time 20

1  part-time

phase and a steady state phase. The load profile for a given length
of operation is assembled by concatenation of the different parts.
When an appliance is switched on the start-up part is taken and
combined with the steady state load trace, which is repeated so
that the profile length equals the length of the time the appliance
is in use. Combining the operation schedule for each appliance with
its load trace leads to the yearly load profile of each appliance.

3. Validation

For the validation process measured load profiles of 430 house-
holds, acquired within the Intelliekon project [34], were used.
The load profile data have a 1 h resolution and were measured in
Germany between December 2009 and November 2010. The data
were divided into groups representing different socio-economic
features, which are listed in Table 2. To work with a clean dataset
outliers and incomplete time series were removed. The validation
process contained two steps. First, the model was  calibrated using
national statistics [30] for an application for German households.
Second, selected groups were simulated and the results compared
to the measured data. For each group 100 households where sim-
ulated for one year.

3.1. Households selected for validation

Validation aims to investigate the ability of the model to account
for differences in load profiles related to socio-economic factors as
described in Section 2.3. Household size and working patterns were
selected as group specific features. Table 2 presents the selected
groups and the number of clean samples in the validation data. For
the validation process only groups with a minimum of 20 clean
samples, were selected. Household size varies between one and
four inhabitants with at least two fully employed inhabitants (FF).
For a 2-person household the working patterns are differentiated
into workers (F), non-workers (N) and part-time-workers (P). This
results into four groups that are listed in Table 2.

3.2. Modell calibration and input data

Before using synPRO, the model has to be calibrated for German
households. The following data needs to be provided:

• The activity distributions which are the probability distributions
for the daily use, start-time and duration of an event, depending
on the starting time.

• The appliance stock in the individual households.
• Typical energy use of the appliances.

3.2.1. Data used
For the activity and appliance stock distributions the German

part of the Harmonized European Time Use Survey (G-HETUS), sup-
plied by the German Statistic Office was used [24,35]. The survey

contains activity diaries for around 14,000 individual persons in
5200 households on two  weekdays and one weekend-day in a
10 min  resolution. In each diary three questions are asked for each
time-slot.

• What were you doing? (Primary activity)
• What else were you doing? (Secondary activity)
• Were you alone or with somebody you know? (Used for calcula-

tion of the co-use factor see Section 2.4.4)

For each country an individual list of possible activities is used to
cover country-specifics. The activities recorded range from “Going
for a walk with the dog” to “Cleaning of the Flat”. For the pur-
pose of this work activities, that are connected to the most relevant
household appliances listed in Table 1 were selected and evaluated.

Additional to the activity diaries, the survey contains an appli-
ance stock statistic for the interviewed households. These data are
used for generating the appliance stock distributions in the sim-
ulations. For the use of computers and internet appliances the
statistical input data from the G-HETUS from 2002 are used. It was
adjusted to accomplish the simulation of computer and internet
usage in 2009 and further on. According to [36] the usage dura-
tion changed by factor of 1.86 and the daily usage changes from
the G-HETUS value of 24.9% to a daily usage of 75.9% for all house-
holds [36]. The availability of computer and internet access has also
changed per household up to 83.5% and 79.4% respectively [35].

3.2.2. Calibration to typical energy use of appliances
Measured data [29] were used for the appliance load traces and

the resulting energy demand. Energy consumption of appliances
relating to refrigeration, cooking and lighting strongly depends on
the size of the household. Calibration of the model was done with
a survey of the Northrinewestphalian Energy Agency, [30] which
contains the typical yearly energy demand for appliance groups and
household sizes. The following parts of the model were calibrated
to account for the typical appliance energy consumption according
to the household size:

• Refrigeration appliances
The yearly energy demand of refrigeration appliances is mainly

determined by their size. The data in [30] show that smaller
households have also smaller refrigeration appliances or even
fridge-freezers. The refrigeration appliances are scaled to a yearly
energy demand depending on the household size in the model.

• Cooking
Kitchen usage depends on the household size, as the amount

groceries are dependent on the amount of people. Energy
intensive kitchen appliance profiles are more likely in bigger
households than in smaller households, which is taken into
account with respect to the total energy consumption for cooking
provided in [30].

• Lighting
The energy demand for lighting is calibrated for active occu-

pancy in the building between one and four persons. The
electricity needed for lighting increases by 120 W,  0 W,  85 W and
170 W,  for each additional person. The lack of additional light-
ing demand for the second inhabitant is due to a shared usage of
lighting in 2-person households as the data indicates [30].

• Additional power demand
The calibration of additional power demand including standby

use and other appliances which are not exactly distinguished by
the model leads to a base-power value of 25 W (see 2.5.3)

After calibrating the model for the German households, syn-
thetic load profiles were generated and compared against the
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Fig. 5. Comparison of yearly energy demand for the selected groups.

measured profiles. A detailed description of these results is given
in the following section.

4. Results

In the following measured and simulated load profiles using the
synPRO model are compared and the yearly, monthly, daily and
hourly electricity demand is analysed.

4.1. Measures of model quality

The quality of the model is described by two indicators:
Correlation analysis is used to assess the similarity for all data

points N of measured and simulated load curves.
The mean relative error Err,  defined as the relative difference at

each data point i between measurement yi and simulation xi:

Err = 1
N

N∑

i=1

|yi − xi|
yi

(3)

is used to account for the error.

4.2. Annual demand

The comparison of the yearly electricity demand is shown in
Fig. 5. It can be seen that within the measured data there is consid-
erable variance in the yearly electricity demand within the selected
subgroups. The simulated load data have a similar yearly demand
compared to the validation group but shows less intra-group vari-
ance. The differences in the yearly mean electricity demand are
below 5.2% in all cases.

4.3. Monthly demand and seasonal effects

Fig. 6 shows the mean daily electricity demand on a monthly
basis for group 4FF. The model and the measured data show up to
13.2% variation in daily demand during a month. Spread in the mea-
sured data is higher than in the synthetic data. Regarding the mean
values the measured data show a seasonal trend, which is also vis-
ible in the synthetic load profiles. It can be seen that in summer
and winter synPRO is slightly underestimating the used electricity
whereas in the changing periods of the year the modelled electric-
ity demand is higher than the measured demand. A comparison of
yearly electricity demand (see Section 4.2) shows that during the
course of the year the errors almost level out. The resulting error for
all groups can be found in Table 3. Correlation is mostly above 0.9
which indicates, that synPRO captures the general shape and thus
the seasonal pattern. The overall relative error in the mean daily
energy demand is below 6%.
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Fig. 6. Comparison of the mean daily energy demand per month for group 4FF.

Table 3
Model evaluation for mean daily electricity demand per month

Group Correlation R Err (%)

1FF 0.92 4.5
2FF 0.96 2.9
3FF  0.86 4.7
4FF  0.88 4.6

2NN 0.96 3.7
2FN  0.95 4.1
2FP  0.96 5.7

Table 4
Key values for model evaluation based on the 24 h average load profile.

Group Correlation R Err

Sat. Sun. Wd.  All Sat. Sun. Wd.  All

1FF 0.98 0.97 0.95 0.96 6.1 10.7 9.7 8.8
2FF  0.97 0.93 0.90 0.92 7.2 11.5 16.1 12.7
3FF  0.96 0.96 0.96 0.96 8.3 11.2 9.9 9.7
4FF  0.98 0.96 0.97 0.97 8.8 9.3 9.9 9.0

2NN 0.93 0.90 0.96 0.95 10.1 12.3 9.9 9.9
2FN  0.93 0.85 0.91 0.91 10.8 15.9 11.6 10.7
2FP  0.90 0.93 0.96 0.95 11.6 14.9 10.3 10.4

4.4. Daily demand profile

One key interest in developing synPRO is to describe the shape
of the daily load profiles in detail. The mean daily energy demand
profile is used in many applications from tariff design to the sizing
of system components. Fig. 7 shows the mean daily load profile and
the standard deviation for working-days, Saturdays and Sundays.

It can be seen that the shape of the measured profiles and
the synthetic load profiles is similar. Table 4 contains correlation
coefficients and relative errors of the mean daily load profiles. In all
cases, correlation is above 0.9 and in the best case 0.98. The relative
error is between 8.8% and 16.1%. During working days the syn-
thetic load profile shows a slightly higher load during night times.
Generally synPRO matches the characteristics of the measured pro-
file. During Saturdays and Sundays the characteristic shape of the
load profile shows a mid-day and an evening peak. Both can be
found in the synthetic profiles as well. During weekends the peak
at midday is slightly higher in the measured data than in the sim-
ulated load. As indicated by the displayed graphs, the model tends
to underestimate the load during the afternoon at weekends.

4.5. Hourly demand

Fig. 8 shows the hourly load duration curve for the synthetic
and measured data. Both data series were pre-sorted as load
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(b) Sunday
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(c) Workin g Day

Fig. 7. Profile traces of the daily average synthetic and measured data for different
weekday categories for 4FF.

duration curves for a complete year. Afterwards the mean pro-
file and standard deviation were calculated. The duration curve
shows that the mean general distribution of loads in the synthetic
load profile is almost identical to the one in the measured data,
whereas variance is higher in the measured data compared to the
synthetic profiles. The extreme values of the measured data are
about 5.8% to 16.9% higher than the peak value of the synthesised
load. This can also be seen in the carpet plot shown in Fig. 9 which
shows the hourly load for the measured and the synthetic load pro-
files for each hour of the year. The peak values of the measured
data at certain points are not reflected in the synthetic data. It
can also be seen that the general characteristic in terms of weekly
patterns, stochasticity, evening peak and seasonal fluctuations are
captured by the model. As already seen in the daily load plots the
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Fig. 8. Load duration curve for the synthetic and measured load profiles of group
4FF. The mean values (solid line) and the standard deviation (dashed line) are shown.

Fig. 9. Hourly load values for one year for synthetic and measured load profiles of
group 4FF.
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Fig. 10. Hourly load values for one week for a single synthetic and a single measured
load profile of group 4FF.

consumption peak at lunchtimes is underestimated in particular at
weekends.

In Fig. 10a comparison of a single synthetic load profile with a
single measured profile is shown. For both profiles it can be seen
that the characteristic hours and the values of the peaks are cap-
tured. The change in the load profile from one day to another that
is reflected in synPRO, can be also observed in the measured data.

4.6. Discussion of results

A comparison of the synthetic load data with measured data
shows that the synPRO model is able to capture the general char-
acteristics of the electric load profiles for German households.
The variation of the data visible in the yearly electricity con-
sumption and the daily mean values (Figs. 5 and 6) is mostly
covered by the model. The reasons why  not all variation is
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covered by the synthetic load profiles are differences in age
and type of the technical equipment used in the individual
households, and different electricity consumption habits of the res-
idents.

The match of the daily load profiles with measured data is
summarised in Table 4 and shows correlation values above 0.9 for
all groups. It can be seen in Fig. 7 that the lunchtime peak is under-
estimated by the synPRO model. A reason for this could be, that
sampling of cooking profiles using the duration of the cooking pro-
cess leads to a choice of too little energy intensive meals. This may
further indicate, that the measured load traces used in the model for
cooking are less energy intensive than for a typical cooking process
at lunchtime.

In Fig. 9 the hourly load values of one year are compared. Over-
all, the general characteristics are very well reflected in the model.
It can be seen, that at some days the peak values are lower in syn-
PRO than in the measured data. This is because the stochasticity
assumption in the model overestimates the independence of the
load profiles of the different households to each other and leads to
a smoothing of aggregated load profiles. Certain events like Christ-
mas  show very unique and specific consumption patterns, where
many households do the same activity at a specific time. Clearly
visible in Fig. 9 day 358, almost all households show a similar load
profile and a very high intra group correlation at day 358. In the
sum of all load profiles such behaviour leads to extreme values in
the aggregated load profile. Such extreme events can explain part
of the missing peak values and will be included in future versions
of the model (see Section 6).

5. Conclusion

In this paper a model to generate individualised, stochastic
load profiles was introduced. The model was calibrated for Ger-
man  households by using national statistics about appliance stock,
time of use [24], and appliance energy demand [30]. A one year
simulation of 100 households for different subgroups was under-
taken to generate synthetic load profiles, which were compared to
measured data from 430 households. The results show that syn-
PRO reaches an accuracy of 91% for the mean yearly, monthly and
daily energy consumption for each group investigated. The intra-
group variance of energy demand and the load peak at lunchtime
during the weekends can only partly be covered by the model so
far. Correlation of the daily measured load profiles with the model
results can reach up to 0.98 and the relative mean error lies between
8.8% and 16.1%. Seasonal effects are addressed in synPRO by incor-
porating behavioural change of the inhabitants, operation of the
pumps for heating and light usage. This leads to a change in the
load curve during the year, which is consistent with the measured
data.

The strength of the model is the fact that stochasticity is cov-
ered, individuality of load profiles for different socio-economic
groups can be integrated, and that the electric load profile of an
household can be explained by the use of appliances. This sup-
ports research in a wide range of fields aiming at energy efficiency,
demand side management and increased applicability of PV sup-
ply. Load-shifting with household appliances and change of the
load profile to a price are just some examples of possible applica-
tions. The model can also be used for simulating loads in electrical
distribution networks.

The synPRO model extends the existing stochastic model
approaches and brings a valuable input to the discussion of bottom-
up modelling for domestic electricity use, such as incorporating a
correlation between duration and start time of an activity, a dis-
tinction of weekdays, high resolved measured data and changed
behaviour based on seasons.

6. Further work

Since electrical load in the domestic sector is heavily influenced
by thermal applications such as electric showers or heat pumps
further work will address the influence of thermal-electric heat
generation technologies. Electric vehicles will play an increasing
role in residential electricity demand and will be included in the
model. Further study will be conducted to find ways to include
extreme events (like Christmas) into the model to enable a bet-
ter representation of yearly peak loads in electrical networks. A
detailed comparison with standardised load profiles will be under-
taken to show the benefits and drawbacks of both approaches.
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