~ A Service of
’. b Leibniz-Informationszentrum

.j B I l I Wirtschaft
) o o o Leibniz Information Centre
Make Your PUbllCCltlonS VZSlble. h for Economics ' '

Bloess, Andreas; Schill, Wolf-Peter; Zerrahn, Alexander

Article — Published Version

Power-to-heat for renewable energy integration: A review
of technologies, modeling approaches, and flexibility
potentials

Applied Energy

Provided in Cooperation with:
German Institute for Economic Research (DIW Berlin)

Suggested Citation: Bloess, Andreas; Schill, Wolf-Peter; Zerrahn, Alexander (2018) : Power-to-heat
for renewable energy integration: A review of technologies, modeling approaches, and flexibility
potentials, Applied Energy, ISSN 0306-2619, Elsevier, Amsterdam, Vol. 212, pp. 1611-1626,
https://doi.org/10.1016/j.apenergy.2017.12.073,
http://www.sciencedirect.com/science/article/pii/S0306261917317889

This Version is available at:
https://hdl.handle.net/10419/200120

Standard-Nutzungsbedingungen: Terms of use:

Die Dokumente auf EconStor durfen zu eigenen wissenschaftlichen Documents in EconStor may be saved and copied for your personal
Zwecken und zum Privatgebrauch gespeichert und kopiert werden. and scholarly purposes.

Sie durfen die Dokumente nicht fiir 6ffentliche oder kommerzielle You are not to copy documents for public or commercial purposes, to
Zwecke vervielféltigen, 6ffentlich ausstellen, 6ffentlich zugénglich exhibit the documents publicly, to make them publicly available on the
machen, vertreiben oder anderweitig nutzen. internet, or to distribute or otherwise use the documents in public.
Sofern die Verfasser die Dokumente unter Open-Content-Lizenzen If the documents have been made available under an Open Content
(insbesondere CC-Lizenzen) zur Verfiigung gestellt haben sollten, Licence (especially Creative Commons Licences), you may exercise
gelten abweichend von diesen Nutzungsbedingungen die in der dort further usage rights as specified in the indicated licence.

genannten Lizenz gewahrten Nutzungsrechte.

-. https://creativecommons.org/licenses/by/4.0
Mitglied der
WWW.ECOMSTOR.EU K@M 3
. J . Leibniz-Gemeinschaft


https://www.econstor.eu/
https://www.zbw.eu/
http://www.zbw.eu/
https://doi.org/10.1016/j.apenergy.2017.12.073%0A
http://www.sciencedirect.com/science/article/pii/S0306261917317889%0A
https://hdl.handle.net/10419/200120
https://creativecommons.org/licenses/by/4.0
https://www.econstor.eu/
https://www.leibniz-gemeinschaft.de/

Applied Energy 212 (2018) 1611-1626

journal homepage: www.elsevier.com/locate/apenergy

Contents lists available at ScienceDirect

Applied Energy

Power-to-heat for renewable energy integration: A review of technologies, @ M)

Check for

modeling approaches, and flexibility potentials s

Andreas Bloess®”, Wolf-Peter Schill™*, Alexander Zerrahn”

& Workgroup for Infrastructure Policy (WIP) at Berlin Institute of Technology (TU Berlin), Strafle des 17. Juni 135, 10623 Berlin, Germany

P German Institute for Economic Research (DIW Berlin), Mohrenstr. 58, 10117 Berlin, Germany

HIGHLIGHTS

® We review model-based analyses of residential power-to heat options.

® We compare and categorize research scopes, methods, and findings.

® We identify state-of-the-art analytical model formulations.

® Findings: fossil fuel substitution, renewable integration, decarbonization.

® Heat pumps and passive thermal storage are particularly favorable options.

ARTICLE INFO ABSTRACT

JEL classification:

A flexible coupling of power and heat sectors can contribute to both renewable energy integration and dec-

Co61 arbonization. We present a literature review of model-based analyses in this field, focusing on residential
D62 heating. We compare geographical and temporal research scopes and identify state-of-the-art analytical model
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formulations, particularly considering heat pumps and thermal storage. While numerical findings are idiosyn-
cratic to specific assumptions, a synthesis of results indicates that power-to-heat technologies can cost-effectively
contribute to fossil fuel substitution, renewable integration, and decarbonization. Heat pumps and passive
thermal storage emerge as particularly favorable options.

1. Introduction

Not only since the 2015 Paris Agreement [1], there is widespread
consensus that the use of renewable energy sources will play a major
role in the global response to the threat of climate change. In particular,
increasing shares of variable renewable energy sources such as wind
and solar power have to be integrated in different end-use sectors. In
this context, the coupling of power and heat sectors receives increasing
attention of researchers and policymakers alike. Compared to other
flexibility options and sector coupling strategies, linking the power and
heat sectors is often considered to be particularly promising because
both the costs of generating heat from electricity and the costs of heat
storage are relatively low [2]. Flexibly using renewable electricity for
heating purposes may (i) help to decarbonize the heat sector and (ii)
contribute to the power system integration of variable renewables by
providing additional flexibility.

* Corresponding author.
E-mail address: wschill@diw.de (W.-P. Schill).

https://doi.org/10.1016/j.apenergy.2017.12.073

In many industrialized countries, decarbonizing the heating sector is
a precondition for achieving ambitious climate policy targets; in par-
ticular, space heating accounts for substantial fractions of final energy
demand and greenhouse gas emissions [3]. Compared to the electricity
sector, the utilization of renewable energy sources lags behind in the
heat sectors in many countries. For example, Germany is often con-
sidered as an international front-runner with respect to the utilization
of wind and solar energy [4]. By the end of 2016, the share of renew-
ables in gross power consumption was nearly 32% in Germany, up from
around 3% in the early 1990s. In contrast, the renewable share in final
energy demand for heating and cooling was only around 13% in 2016,
up from 2% in 1990 [5]. Comparable developments can be observed in
other industrialized countries.

The integration of variable renewable energy sources requires ad-
ditional flexibility in the power system as the feed-in patterns of wind
and solar power are only partly correlated with electricity demand
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Fig. 1. Categorization of residential power-to-heat options.

[6-8]. There are many ways of providing such flexibility, for example,
flexible thermal generators, various forms of energy storage,’ demand-
side measures, grid-connected electric vehicles, geographical balancing
facilitated by transmission, as well as changes in design, siting, and
dispatch of variable renewables [10]. While generating heat from
electricity was traditionally not a preferred option in fossil fuel-based
power systems, the flexible use of electricity for heating purposes, often
combined with heat storage, has recently received increasing attention
as another — and particularly promising — source of system flexibility
[11].

While the benefits and challenges of power-to-heat options in power
systems with high shares of variable renewable energy sources are
beginning to be understood, the literature is still heterogeneous: ex-
isting power system and market models have been extended, and new
models have been developed. Applications focus on various geo-
graphical contexts, time horizons, and technologies. To consolidate the
evidence at hand and lay out avenues for future research, we devise a
structured account of model-based analyses of different power-to-heat
options in the international peer-reviewed literature. In particular, we
compare scopes, methodologies, and research questions and aim to
synthesize some common findings.

In doing so, we focus on power system effects of power-to-heat
technologies in the residential heating sector and largely exclude in-
dustrial heat applications. We further focus on power-to-heat options,
that is, turning electric into thermal energy, and not on the combined
generation of heat and power (CHP). We do not consider other sector
coupling strategies, for example, interactions between electric vehicle
batteries and the power system [12], or conversion paths like power-to-
gas or power-to-liquids [13-15].

The remainder of this article is structured as follows. In Section 2,
we categorize different power-to-heat options, that is, different ap-
proaches of using electricity in the residential heating sector. Section 3
introduces the methodology of our literature review. In Section 4, we
discuss the research scope of model-based power-to-heat analyses in the
international literature. Section 5 compares methodological approaches
and introduces analytical model formulations of heat pumps and heat

1 A dedicated review of electricity storage requirements for renewable energy in-
tegration is provided by [9].
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storage. In Section 6, we synthesize research questions and findings
with respect to, among others, cost effectiveness, integration of variable
renewables, and decarbonization. The final sections concludes, con-
nects to some market trends, and hints toward future research direc-
tions.

2. Residential power-to-heat options

There are different means to convert electricity into heat. Fig. 1
categorizes the most important options for the residential heating
sector.

Following the categorization provided in Fig. 1, we first distinguish
between centralized and decentralized power-to-heat options. Under the
centralized approach, electricity is converted into heat at a location that
may be distant to the point of actual heat demand, and (district) heating
networks are used to distribute the heat to where it is needed [16]. In
contrast, decentralized power-to-heat options make use of electricity
right at, or very close to, the location of heat demand. In reality, the line
between centralized and decentralized options is blurred as, for ex-
ample, heat may be jointly provided for only a few flats or houses in
local or neighborhood heating networks [17].

Second, some power-to-heat options involve thermal energy storage
while others do not. Centralized options always come with some extent
of storage because district heating networks have a certain thermal
storage capacity [18]. A heating network’s storage capability may be
further increased with dedicated (central) thermal storage facilities
which, depending on the storage size, may also allow for seasonal
storage. Decentralized options, in contrast, may come without energy
storage, which we refer to as direct heating. Other decentralized options
are combined with thermal energy storage (TES), referred to as storage
heating or TES-coupled heating. Such thermal energy storage may be
either internal or external with respect to the actual power-to-heat
element. An example for internal thermal energy storage are electric
storage heaters, which store thermal energy in a well-insulated solid
medium such as ceramic bricks. If such systems are equipped with
advanced communication and control equipment, they are also referred
to as “smart” electric thermal storage [19]. An example for external
thermal energy storage are hot water storage elements of standard
water-based residential heating systems. Aside from such active thermal
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Fig. 2. Interconnections of power-to-heat options with electricity and district heating networks.

Own illustration inspired by [26].

storage, which allows for controlled charging and discharging, there is
also the option of passive thermal storage (not depicted in Fig. 1). Here,
thermal energy is stored in the building mass or the interior and re-
leased in a non-controlled way [20-22].

Within these high-level categories, different technologies can be
distinguished, among them various kinds of heat pumps® and resistive
heaters. Centralized power-to-heat approaches either draw on large-
scale heat pumps that make use of geothermal (i.e. ground-sourced)
energy, waste heat or brine, or on large electric boilers, often in the
form of electrode boilers. In general, these options are also available in
the group of decentralized heating options coupled with external
thermal energy storage. Here, smaller-scale heat pumps are usually air-
or ground-sourced. Resistive heating comes in the form of electric
boilers or electric heating elements in boilers that are primarily fueled
by some other energy carrier such as natural gas. An example for the
latter, which is also referred to as hybrid heating, is a water-based re-
sidential heating system with a boiler that is primarily fueled with
natural gas and has an additional electric heating element [25].

Particularly in the heat pump literature, a related classification
distinguishes between monovalent, mono-energetic, and bivalent ap-
proaches [24]. For example, a monovalent system consists only of a
heat pump that is designed to cover the full heating energy demand in
all hours of the year. In a mono-energetic system, a heat pump may be
complemented by an electric heating element, which allows for smaller
heat pump dimensioning. Yet the energy source - i.e., electricity — does
not change. In contrast, bivalent systems draw on two heating options
with different energy carriers. An example for the latter is a heat pump
in combination with a fossil-fueled backup boiler.

More indirect ways of electric heating, such as the conversion of
electricity to hydrogen or methane which may then fuel a boiler, are not
depicted in Fig. 1 and are also not considered further in this review.
Likewise, Fig. 1 focuses on residential space heating and does not in-
clude details on domestic hot water provision. Yet most of the depicted

2 A much-cited review on heat pumps is provided by Chua et al. [23], a more recent
one by Fischer and Madani [24].
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options, with the exception of (smart) electric thermal storage, may also
be used to provide hot water.

Fig. 2 illustrates the interconnection of different power-to-heat op-
tions with electricity and district heating networks. Centralized power-
to-heat technologies draw electricity from the grid to generate heat,
using either large-scale heat pumps or electric boilers. Heat energy is
then transported to residential customers. In contrast, decentralized
power-to-heat options do not make use of heating networks. Fig. 2 also
indicates that most power-to-heat options involve some energy storage
capability.® From an energy system point of view, interactions between
different kinds of heat storage and electricity storage technologies are
of particular interest.

3. Methodology of this literature review

We conducted a systematic literature search of model-based ana-
lyses in leading peer-reviewed journals of applied and economic energy
research. To this end, we first screened the journals Applied Energy,
Energy, Energy Economics, Energy Policy, and Renewable and Sustainable
Energy Reviews for the keywords electric boiler, electric heating, electric
thermal storage, heat pump, and power-to-heat. A search in the Web of
Science Database resulted in a total number of 721 articles that ap-
peared between 2007 and 2016 in these journals. The keyword heat
pump lead to the most hits, and electric thermal storage to the least hits.
The number of articles featuring one or more of the keywords sub-
stantially increased between 2007 and 2016 as Fig. 3 illustrates. This
may be interpreted as an increasing academic relevance of power-to-
heat analyses. Yet the overall number of articles appearing in these
journals also grew. The share of keyword articles in overall articles,
thus, increased only moderately from 1.2% in 2007 to 2.6% in 2016.

Within the retrieved articles, we carried out both forward and
backward searches to identify relevant papers that the articles cite and
are cited by. Thus, the scope of journals broadened to include further

3 In addition, there may be a passive thermal energy storage capacity related to the
building mass. This is not depicted in Fig. 2.
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(and rather technology-oriented) outlets, among others Energy and
Buildings, Energy Conversion and Management or Journal of Cleaner
Production, and a few studies from the gray” literature. We took all
papers into account that appeared, also online first, until January 1,
2017. Out of this sample, we focused on the 46 articles that are most
relevant with respect to this review, and examined and compared these
in depth.

As we aim to provide a structured and detailed synthesis of the ef-
fects of power-to-heat technologies in power systems with renewable
energy sources, the depth of this review must necessarily be traded off
against its breadth: the main selection criteria were a traceable ex-
position and, for stringency of this review, a rather narrow focus on the
techno-economic assessment of residential power-to-heat in the context
of renewable energy integration. For instance, the large bodies of lit-
erature on household heating behavior and optimal design of specific
residential heating systems do not enter this review article. Evidently,
there is some level of discretion; we do not claim to render a complete
account of all published research on the topic. Nonetheless, we aim to
present a broad account of important approaches and findings.

4. Research scope: what research focused on so far

The reviewed literature on residential power-to-heat for renewable
energy integration is quite diverse. To provide some orientation, this
section describes the temporal scope, geographical coverage as well as
the analyzed technologies. See Table 1 for an overview.

Geographically, many applications focus on northern and western
Europe. Within Europe, there is relatively broad evidence on the
Nordic countries, specifically Denmark [28,31,41-43,52,55-59,671;
many studies also focus on Belgium [27,40,61-65], Germany
[30,32,33,38,39,44,45,53,54,60,69] as well as the UK [29,36,37,70]
and Ireland [25]. All countries have ambitious policies on long-term
decarbonization targets, for the case of Denmark and Germany largely
based on variable renewable energy sources, i.e. wind or solar photo-
voltaics (PV). Thus, research efforts are often directed toward managing
the new electricity demand in the residential heating sector in a flexible
way. Moreover, especially for Denmark, a developed district heating
system calls for research efforts on specific de-carbonization potentials
in this context.

Many studies have a long-term time horizon, often the years 2030
and 2050. Such long-term analyses allow the examination of scenarios

4 Some of these appeared as journal articles in 2017.
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with very high shares of renewables in electricity and heating sectors
which will have adequately evolved instead of legacy systems shaped
by currently installed capacities. Accordingly, many papers assume a
renewables share of 40-60% or higher. However, a number of studies
do either not explicitly state the share of renewable energy sources or —
if they do — do not specify the renewable technologies.

The range of heating technologies considered in the analyses is
broad. Centralized heating may be provided by CHP plants, heat
pumps, resistive heating or any combination of these technologies,
often combined with heat storage. The papers differ greatly with re-
spect to the level of technological detail; many applications represent
technologies in a rather stylized way. Decentralized heating is likewise
analyzed for a broad range of different technologies. Many analyses
implement some stylized model of heat pumps or resistive electric
heaters.” Hybrid heating technologies, explicitly considered in [38,66],
and smart electric thermal storage (SETS), explicitly considered in
[29,34,37,46], are not in the focus of most papers. A large share of
models also employs some kind of decentralized heat storage to shift
heating energy in time, often differentiated into passive and active
storage.

Beyond electricity and heating, not many papers take further sectors
into account; some applications explicitly model the mobility sector
[29,35,48,52,57,59,67] or the cooling sector [35,57]. While interac-
tions between the electricity and heating sectors can thus be con-
veniently focused on, broadening the scope to include further sectors,
which are likewise subject to de-carbonization, could provide com-
plementary insights.

Some model analyses comprise additional features such as the
provision of control power [33,52,57] and an explicit consideration of
behavioral incentives for households [65]. Also here, implementing
more markets or objectives could render a more detailed picture of the
dual challenge of decarbonizing the energy sector(s) and providing the
necessary flexibility.

5. Research methods and modeling approaches
5.1. Overview

Most publications considered in this review are techno-economic

S The reviewed studies often do not differentiate or are not explicit on the difference
between direct electric heating with fans or radiators and resistive TES-coupled heating,
as categorized in Fig. 1. We thus combined these approaches under the label resistive in
column 7 of Table 1.
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Table 1 (continued)
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[69]
[70]

Salpakari et al. 2016

Natural gas, H,

Vehicles

(Active)
Active

(v)/-

v/-

v/=/-

Germany

Schaber et al. 2013
Teng et al. 2016

Stochastic; intertia-

—/—/—-

2030, 2050 31, 47% in

United Kingdom

depend. freq. response

2030, 54% in

2050

v/-

—/—/—-

—/=/—

Up to 100%

wind

a

New York (City) n/s

[71]

Waite, Modi 2014

Notes: Check marks indicate central consideration of the technology, parentheses a secondary consideration. Abbreviations: DHW: domestic hot water; mCHP: micro combined heat and power; n/s: not specified; SETS: smart electric thermal storage;

transp.: transportation.

2 [64] draw on input data of 2013-2016; [66] 1999-2002; [71] 2005.
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partial equilibrium models of the energy sector. These models simulate
the operation — some also investments — of a power system over a de-
fined time interval. The objective often follows a cost-minimization
logic; assuming perfect competition and foresight among market actors,
results can be interpreted as market equilibrium outcomes. Many
models are long-standing projects that evolved from electricity sector
analyses into combined heat-and-electricity-system analyses. Table 2
structures the reviewed papers according to the general method, the
type of program, model name, time resolution, endogenous invest-
ments, and whether they provide explicit model formulations for
power-to-heat and heat storage equations.

An adequate additional treatment of the heat sector necessarily
leads to new challenges in model formulation and computability. The
majority of the reviewed articles are based on optimization, mostly cost
minimization. Prominent examples are the models BALMOREL
[28,42,43,47,48,55], TIMES [39,53,54,67], and energyPLAN
[35,41,52,57,59]. While the first two are cost minimization models,
energyPLAN seeks to minimize consumption of fossil fuels. Other ob-
jectives comprise welfare maximization [50], the minimization of re-
sidual load variability [34] or some kind of flexibility maximization
[40]. Most models apply linear programming (LP) or mixed-integer
linear programming (MILP) to carry out the optimization.

Among the MILP models, many analyses focus on the optimal op-
eration of the power system; integer variables allow for a greater level
of realism in the dispatch of technologies. Few MILP models ad-
ditionally consider optimal investment decisions [53,54,63,64],
which is computationally more convenient in LP approaches
[25,30,37,39,42,43,48,55,67,69]. This is also reflected in the temporal
resolution: combining a MILP with endogenous investment decisions
tends to come at the cost of a limited number of time slices compared to
the other works. While most of the reviewed models have an hourly
time resolution, many do not cover all hours of the year, but make use
of some time aggregation strategy. Few models have a sub-hourly re-
solution [36,40,50].

Some works do not rely on mathematical programming, but on
heuristic methods [29,32,36,44,45,58,66,71]. Here, technologies are
dispatched according to pre-specified hierarchies in case of renewable
energy surplus or shortage for a number of scenarios with different data
sets for demand, generation capacities or prices [29,66,71]. For in-
stance, Barton et al. [29] apply, in case of shortages, a priority list
which ranks storage discharging in the first place, followed by imports,
dispatchable generation, and finally load shedding. In contrast, power
surpluses are first used for storage charging, followed by fuel replace-
ment in industry, power-to-heat instead of fuel-to-heat, and finally
hydrogen production. In their greenfield simulation for Germany,
Henning and Palzer [44,45] design an iterative calibration process.
They aim to find optimal capacities of different energy conversion
technologies and energy efficiency measures in buildings. Also here, the
operation of all conversion capacities follows a strict hierarchy favoring
the use of renewable primary energies and higher conversion effi-
ciencies. Costs are calculated subsequently in order to compare the si-
mulations.

In addition, some papers explicitly devise specific mathematical
formulations to represent heat pumps and heat storage in power system
models. In the following, we discuss some common and some more
elaborated approaches. See Table 3 for an overview of the most im-
portant nomenclature.

5.2. Formulations for modeling heat pumps

5.2.1. Coefficient of performance

Eq. (1a) is the basic approach to represent electrical heat pumps. It
assumes a constant relation between power input B and heat output
Q'[HP, the average coefficient of performance (COP) COP®*¢, at any
point in time t [29,31,34,39,41,43,45,48,56,61,63,67]. This
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Table 2
Research method.
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Explicit formulations

Paper General method Type of Model name Time resolution Endogenous P2H Heat
program investments storage
Arteconi et al. 2016 [27] Cost minimization MILP - Hourly, one year - ) )
Bach et al. 2016 [28] Cost minimization LP BALMOREL Hourly, 12 weeks - - -
Barton et al. 2013 [29] Scenario assessment n/a FESA Hourly, one year N - -
Bauermann et al. 2014 [30] Cost minimization Stochastic LPs ~ E2M2, HeatSyM Time steps (days, Power, heat - -
hours)
Blarke 2012 [31] Cost minimization MILP COMPOSE Hourly, one year - - -
Bottger et al. 2014 [32] Analysis of potentials n/a - Hourly, one year - - -
Bottger et al. 2015 [33] Cost minimization MILP MICOES-Europe Hourly, one year - v v
Chen et al. 2014 [34] Minimization of residual QP - Hourly, one year - v v
demand variability
Connolly et al. 2016 [35] Simulation n/s EnergyPLAN Hourly, one year - - -
Cooper et al. 2016 [36] Building simulation n/s - 1 min, (90 days) - - -
Dodds 2014 [37] Cost minimization LP UK MARKAL 72 time slices (Power,) Heat - -
Ehrlich et al. 2015 [38] Cost minimization LP - Hourly, one year - v v
Fehrenbach et al. 2014 [39] Cost minimization LP TIMES Time slices Power, heat - -
Georges et al. 2014 [40] Flexibility maximization MILP - 15 min, 3.5 days - v v
Hedegaard et al. 2012 [41] Simulation n/s EnergyPLAN Hourly, one year - v 4
Hedegaard, Balyk 2013 [42] Cost minimization LP BALMOREL, building Hourly, 4 weeks Power, heat v v
add-on
Hedegaard, Miinster 2013 [43] Cost minimization LP BALMOREL, building Hourly, 5 weeks Power, heat
add-on
Heinen et al. 2016 [25] Cost minimization LP - Hourly Power, heat v v
Henning, Palzer 2014 [44,45] TIterative heuristic n/a REMod-D Hourly, one year - v v
calibration
Hughes 2010 [46] Data analyses, heuristic n/a - Hourly, one year - - -
simulation
Kirkerud et al. 2014 [47] Cost minimization LP BALMOREL 1768 time slices, - - -
52 weeks
Kiviluoma, Meibom 2010 [48] Cost minimization LP BALMOREL Hourly, 26 weeks Power, heat - -
Li et al. 2016 [49] Cost minimization NLP - Hourly, one year - v v
Liu et al. 2016 [50] Welfare maximization LP - 15 min, 2880 h - - -
Lund et al. 2010 [51] Simulation n/s EnergyPLAN Hourly, one year - - -
Mathiesen, Lund 2009 [52] Simulation n/s EnergyPLAN Hourly, one year - - -
Merkel et al. 2014 [53] Cost minimization MILP TIMES, customized Hourly, 48h Heat - v
Merkel et al. 2017 [54] Cost minimization MILP TIMES-HEAT-POWER 6048 h (heat), 48 time Power, heat - -
slices (system)
Miinster et al. 2012 [55] Cost minimization LP BALMOREL n/a Power, heat - -
Nielsen et al. 2016 [56] Cost minimization MILP - Hourly, 24h - v v
@stergaard et al. 2010 [57] Simulation n/s EnergyPLAN Hourly - - -
@stergaard, Andersen 2016  [58] Dispatch simulation n/a EnergyPRO Hourly, one year n/s ) W)
@stergaard, Lund 2011 [59] Simulation n/s EnergyPLAN Hourly, one year - - -
Papaefthymiou et al. 2012 [60] Cost minimization Stochastic PowerFys Hourly, one year - v v
MILP
Patteeuw et al. 2015 [61] Cost minimization MILP - Hourly, 48h - v v
Patteeuw et al. 2015 [62] Cost minimization MILP - Hourly, 48h - v v
Patteeuw et al. 2015 [63] Cost minimization MILP - Hourly, one year (Power, heat) - -
Patteeuw, Helsen 2016 [64] Cost minimization MILP - Hourly, one week (Power, heat) v v
Patteeuw et al. 2016 [65] Cost minimization MILP - Hourly, one year - v v
Pensini et al. 2014 [66] (Heuristic) Cost n/a - Hourly, 4 years Heat - -
minimization
Petrovié, Karlsson 2016 [67] Cost minimization LP TIMES-DK Time slices Power, heat -
Salpakari et al. 2016 [68] Minimization of residual MILP - Hourly, 24h - v v
load
Schaber et al. 2013 [69] Cost minimization LP URBS-D Hourly, 6 weeks Power, heat - -
Teng et al. 2016 [70] Cost minimization MILP ASUC Hourly, one year - - -
Waite, Modi 2014 [71] Dispatch simulation n/a - Hourly, one year (Pre-optimization) v -

Notes: Parentheses indicate a secondary consideration. Abbreviations: LP: linear program; MILP: mixed integer linear program; NLP: non-linear program; n/a: not applicable; n/s: not

specified; QP: quadratic program.

formulation is simple and allows convenient computability when there
are negligible variations in the COP over time [67].

< HP

__Q
~ copaverage

R L, (1)
However, in reality the COP strongly depends on the temperature
levels of the energy source, T*°"*, and sink, T*"*, as expressed by the

sink
Carnot-COP, COPc@™o! = L A low source temperature as well

Tsink _ psource *

as high sink temperature lead to a lower COP, which can cause a pro-
nounced increase of the required power input or operational problems
for heat pumps; for instance, in cold winters when the energy source is
environmental air or when high supply temperatures are required. This
may apply to centralized heat pumps feeding into conventional district
heating networks, conventional radiator-based domestic distribution
systems, or domestic hot water supply, which requires a certain
minimum temperature to prevent legionella bacteria.
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Table 3
Nomenclature: most important abbreviations, variables and parameters for modeling heat
pumps, electric boilers, and heat storage.

Symbol Unit Technology" Explanation
Selected abbreviations
DHW Domestic hot water
EB Electric boiler
HP Heat pump
SH Space heating
Variables
P kw Heat pump Electrical power input
Q kw Heat transfer rate
o¢ kw Heat storage Energy per period charged to storage
9P kw Heat storage Energy per period discharged from storage
Q'EB kw Electric boiler = Heat output
o' kw Heat pump Heat output
S kWh  Heat storage State of charge
Parameters
A m?2 Heat storage Exposed surface
C kWh Heat storage Heat capacity of storage medium (e.g.
K water)
c kwh Heat storage Specific heat capacity of storage medium
kgK
cop >0 Heat pump Coefficient of performance
[dynamic [static [0;1] ~ Heat storage Storage losses (dynamic, static)
Pl kw Heat pump Maximum electrical power input
"QFBT kw Electric boiler = Maximum heat output
QPP kw Heat pump Maximum heat output
Qc kw Heat storage Maximum charging restriction
QD1 kw Heat storage Maximum discharging restriction
ST kWh  Heat storage Maximum stored energy
T K Temperature
T4 K Ambient temperature
TS* K Heat storage Temperature of storage medium
Tsink K Heat pump Temperature of the energy sink
Tsource K Heat pump Temperature of the energy source
AT K Temperature difference
U kw Heat storage Heat transfer coefficient
K m2
Vi m3 Heat storage Physical storage volume
Il [0;1] Efficiency, e.g. of electric resistance
heaters
¢ [0;1] Heat pump Quality grade as ratio of real COP to
Carnot COP
P kg Heat storage Density of storage medium (e.g. water)
3
m

Notes: Variables and parameters used only in specific modeling approaches are explained
in the text upon appearance.

* Blanks indicate relevance across technologies.

 Can also be a variable in investment models.

* Can also be a variable, depending on the specific context.

Formulation (1b) aims to capture this temperature dependence.

copreal
Topamer Can account for

technical progress, where COPf*™" expresses the theoretically achiev-
able COP according to the temperature conditions and COP/*® the
technically feasible COP. By 2014, such quality grades amounted to 0.24
to 0.45 [72].

Furthermore, a quality grade defined as ¢ :=

Tsink
t

sink source vi
LT

COPreal= ~COPmm0t= .
" ¢-COP; ¢ (1b)

Several reviewed models [28,60,61,64] apply such formulations.
Accounting for temperature dependence, relation (la) transforms to
(10).
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< HP « HP
po Q7 4 v
[ copred - 7pink
t

P g s 10
However, this formulation represents only an approximation; in
reality, the supply temperature of a heating system, T, is affected by
the heat output Q™" Treating COP™ as an endogenous variable instead
of an exogenous parameter leads to a non-linearity and, thus, to con-
siderably higher computational effort. Verhelst et al. [73] suggest to
pre-calculate COP™® as a parameter by assuming an expected value for
Tk and given values for T;°*", as done in all cases found here applying
a temperature dependent COP. Alternatively, Heinen et al. [25] suggest
assuming a linear relationship between the hourly COP and the ambient
temperature T, according to (1d), where empirical data determines the
slope parameter m. Furthermore, they fit this relation to a fixed COP as
input, COP"™P4 at a specific reference temperature of 7 °C (280.15K).

COR(T?) = m-(T*—280.15[K]) + COPinput ad)

In order to capture higher efficiency in part-load mode and larger
flexibility for load following of variable-speed heat pumps, Georges
et al. [40] suggest a piece-wise linearization of the non-linear problem
described by Verhelst et al. [73]. Salpakari et al. [68], who analyze the
use of large-scale heat pumps in district heating networks, constrain
heat pump use on the network’s exogenous supply temperature and
allow operation only below 90 °C. The COP is then treated as a constant
parameter, which might be a justified assumption in the context of
large-scale heat pumps with a stable heat energy source. Appendices
A.1 and A.2 present detailed formulations for both suggestions.

5.2.2. Heat pumps with auxiliary electric boilers

Several articles provide formulations for the use of auxiliary electric
boilers (EB). For instance, Patteeuw et al. [61] augment the standard
approach (1a) to formulation (1e) and additionally distinguish between
space heating (SH) and domestic hot water (DHW) applications. Heat
output is limited through further constraints on maximum power con-
sumptions of the heat pump and electric boiler.

< HP,SH < EB,SH 2
t t

Q Q Q

HP,.DHW -
= + + =
~ copsH COPPHW

L0

EB,.DHW
L Vit

B EB EB

7 7 (1e)

Waite and Modi [71] integrate the performance of an auxiliary
electric boiler into the COP pre-calculation. Its operation is triggered by
help of a minimum design temperature; Appendix A.3 provides further
details. Also Hedegaard and Balyk [42] assume that the heating capa-
city of heat pumps is generally complemented with some electric boiler
capacity for peak loads, which reduces investment costs. In their in-
vestment model, they specify a fixed ratio of heat pump capacity, QFF,
to auxiliary electric boiler capacity, QF, imposed by constraint (1f).
Parameter cs/’ specifies this relationship; they suggest values between
0.72 and 0.82. For instance, if cs™? = 0.8, then for each 100 kW of heat
pumps, 25 kW of auxiliary electric boilers must be installed.

an

5.3. Formulations for modeling heat storage

Technologies for heat storage are subject to different layouts, de-
pending on their specific use. They may require different minimum
temperature levels, which can have an impact on storage losses or on
whether heat pumps can be connected to the storage. For instance,
domestic hot water storage generally requires higher temperature le-
vels, due to hygienic standards, than buffer tanks for conventional in-
dividual space heating. Floor heating systems require even lower tem-
peratures.
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5.3.1. Basic model

Most models implement such different kinds of storage according to
a standard formulation (2), as found in [25,41,45,56,64,68]. It com-
prises a state-of-charge Eq. (2a), with storage energy level S and peri-
odically charged and discharged energy, Q¢ and Q°, as well as a con-
straint on maximum storage energy S (2b). Some analyses specify the
maximum storage capacity using the storage volume V in cubic meters
as limiting parameter (2c), [25,45], where c, p, and AT represent the
specific heat capacity of water, its density, and temperature difference,
respectively. Charging and discharging capacity constraints, (2d) and
(2e), are rather found for larger heat storages for district heating. An
alternative to energy levels is the use of temperature levels [38,45].

Spp1 = (1—1%a0). S, 4 QF —1dmamic. 3P vt (2a)
S <S8 Vit (2b)
S =cp-AT-V Vit (2¢)
o< Qe Vi (2d)
o’< QP Vi (2e)

There are different ways to account for storage losses; either only
stationary losses [ are considered [25,38,41,42,64], or stationary as
well as dynamic losses I?"9™i¢ [45], Patteeuw et al. [64] separate sta-
tionary heat losses in two parts: one proportional to the energy actually
stored, the other one proportional to the storage size. In case of large
heat storage devices for district heating, stationary losses are sometimes
neglected [56,68].

Alternatively, Henning and Palzer [44,45] apply a differential
equation for the storage energy content (3a) and its stationary losses
(3b). The storage energy level is represented by the product of the
storage’s constant total heat capacity CS and its temperature change
over time T Stationary heat losses Q' depend on the temperature

difference between storage and environment, T5—T¢. Furthermore, they
define a time lag 7, which is rather long (180 days) for large centralized
seasonal storage and small for decentralized short-term storage (72 h),
to replace the constant heat loss coefficient U-A consisting of the heat
transfer coefficient U resulting from the storage’s insulation material
and its exposed surface A.

s T

ldynamlc loss
i Q°-Q"-q

< (3a)

Sloss S ay _ cs S a
Q" = U-A(T5-T%) = —(T5-T?)
T

(3b)

5.3.2. Heat storage in district heating systems

For district heating, different network levels can be considered.
Nielsen et al. [56] apply the standard formulation (2) for two types of
heat accumulation tanks in district heating: one on the transmission,
the other on the distribution level with lower supply temperature. The
former is connected to CHP plants and electric boilers with charging
and discharging constraints according to (2d) and (2e), the latter can be
charged by the transmission network, heat pumps or electric boilers and
has no charge or discharge constraints for storages. Salpakari et al. [68]
additionally consider the storage capability of the network. They in-
troduce a heat demand surplus, which allows for heat accumulation by
increasing the storage level in the following time step.

5.3.3. Passive heat storage

Hedegaard et al. [41] apply the standard approach (2) to passive
building mass storage and formulate the charging and discharging re-
strictions depending on a pre-specified temperature delta ATP*" for
the building mass (4). This ATP5"¢ captures the maximum temperature
difference between the inside air temperature and the temperature of
the building shell. Multiplied with the heat transfer coefficient U and
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the exposed surface A, this renders the maximum storage charging and
discharging capacity. Moreover, this maximum capacity is restrained by
the state of charge: in case the storage state of charge of the previous
time step is at its maximum level, S;_; = S, the storage charging vari-
able Q,C is restricted to zero, which is achieved by constraint (4a). In
this case, the discharging variable Q,D is not further restricted, as con-
straint (4b) prescribes. Conversely, if the passive storage level is zero,
S;_1 = 0, then no heat can be discharged, and charging is possible at the
maximum rate. For instance, if % = 0.9, only this share of heat can be
discharged in a time step, and only ten percent of the maximum ca-
pacity can be charged.

Si-1

0f < U~A-ATP‘“S"W‘(1— 5 vt

(4a)

< U-A-ATPpassive. Sl_—l
S

)]
Q vi (4b)

Flexibility can also be provided by a room temperature target
window. The formulation by Hedegaard et al. [42] comprises radiators
and floor heating and accounts for another degree of flexibility pro-
vided by the passive energy storage capacity of the building mass. The
temperature window is modeled by (5a) and (5b), where the actual
room temperature T} is a variable that may deviate from a reference
[0[ " of the re-
sidential building stock is equipped with control equ1pment to make use
of this flexibility source. Egs. (5¢)—(5f) model the influence of exo-
genous shocks, such as heat from inhabitants or electrical appliances
P+A, ventilation Q',Vg", ambient temperature T, and endogenous de-

Q
. The lower the ambient tempera-

temperature T'" within an interval [ T/, T]. A fraction

cisions on heating technologies Q,HT
ture T/, the more heat Q,BO escapes from the passive building storage
(5e), thus reducing its temperature level T2. In turn, more heat Q[Bl is
transferred from the interior into the building mass (5d). Parameters
A, C, and U render the exposed surface, the heat capacity and the heat
transfer coefficient for inner masses (I) and building mass (B).

HS i
[ > TLref T 1,ref
T > Tl 4 (1T ) vt (5a)
I < TlLref Tl I,ref
T < TV + (T'-T" ) sz vVt (5b)
- . l .
TI o N Q[HT + Q1P+ + le oss QtVen_ Q[IB i
t+1 CI' (SC)
QF = Um-A(T-1)) Vi (5d)
< BO BO B a
Q= UPA(T"-TH Vit (5¢)
B B Qt Qt

Chen et al. [34], Patteeuw et al. [61], and Papaefthymiou et al. [60]
also apply this concept. Specifically, the latter synthesize a virtual
electric storage in a power system based on the aggregated building
mass equipped with heat pumps. To this end, they derive room tem-
peratures from a building simulation and use those as reference room
temperatures T, in an electricity market model without building mass
storage. In a second step, they introduce a comfortable room tem-
perature window (6b), taking into account passive building mass sto-
rage. The temperature delta AT, between T/ and T, in the second cal-
culation is limited through a linear relationship with the power input
delta AR in Eq. (6a) and its capacity constraint (6¢). The demand re-
sponse operation of heat pumps is thus modeled as equivalent energy
storage. This two-step approach offers two advantages: (i) advanced
models for thermal behavior of buildings can be applied as the re-
ference operation is computed separately and (ii) linear models can be
used to incorporate this type of demand response, which is defined as
deviation from the reference case, allowing the use of typical dispatch
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models.

A= Gacop ™t 7Y (62)
T, <G<T Vit (6b)
o<PY+ARLP vt (6¢)

5.3.4. State-space model

With varying co-authors, Patteeuw developed a state-space re-
presentation of residential heating demand that can be integrated into
economic system optimization models [61-65]. The vector Ty, captures
the temperature state of the indoor air, floor, walls, and the roof for
each building (class) s in period t. Temperatures in the next period
depend on the temperatures in the current period, where thermal
conductances and capacities are summarized in matrix A. Moreover,
vector Qs,, contains all heat inputs to the system, consisting of solar
irradiation, internal heat gains, outside and ground temperature as well
as heat gains from heating devices, transmitted with factors summar-
ized in matrix B. Heat dynamics are thus given by (7).

Ti1 = AT + BQs,t vt (2]

Together with constraints on the thermal comfort level T < TSI < T,
where the indoor air temperature T;, is an element of vector Ty, this set
of linear equations can be plugged into dispatch and investment opti-
mization models of the energy system to capture relevant interactions.

6. Research questions and findings
6.1. Overview

The reviewed articles on power-to-heat not only differ with respect
to technologies, research scopes, and methodologies, but also aim to
answer distinct research questions. Most papers provide evidence on
the potential of residential power-to-heat options for the system in-
tegration of variable renewable energy sources. A closely related re-
search focus is the contribution to decarbonizing the energy sector. Cost
effectiveness is another research focus and an important criterion to
judge different technologies or policies; in fact, the majority of analyses
are optimization exercises aiming to reduce overall system costs of
operation and, partly, investments. It is difficult though to disentangle
these three objectives because they mutually influence each other. For
instance, cost effectiveness can be seen both as a primary goal under
constraints on renewable energy use or decarbonization, and as a cri-
terion to compare different scenarios of renewable energy integration.
Beyond that, some analyses investigate the structure of heat supply,
additional electricity demand of power-to-heat applications, and the
impact on power prices. Moreover, some of the articles put emphasis on
the development and presentation of a model or particular model fea-
tures.

Table 4 summarizes the research questions. It indicates for all se-
lected papers whether there is a distinct emphasis on particular re-
search questions; parentheses indicate a secondary focus.

6.2. Cost effectiveness

A common finding of many reviewed articles is that power-to-heat
applications have the potential to cost-effectively integrate high
shares of variable renewable electricity into the energy system. Cost
reductions are driven by (i) the substitution of fossil fuels
[25,27,35,41,43,58,60,67,69], (ii) better use of capital invested in
renewable assets by means of reduced curtailment
[25,34,49,50,64,66,71], (iii) less need for costly auxiliary technolo-
gies such as peak-load capacity [43,63] or power storage [48], (iv)
more efficient operation of thermal power plants because of less need
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for cycling and part-load operation [65,70], and (v) the use of existing
district heating infrastructure [33,34,44,45,50,55].

For instance, Teng et al. [70] conclude from long-term analyses for
the United Kingdom that flexible heat pumps could significantly lower
the costs for integrating renewables and reducing carbon emission,
particularly if heat pumps can provide frequency response. This is,
among other factors, driven by improved efficiency of thermal gen-
erators due to smoother residual load and less need to run generators in
part-load mode. Overall savings in renewable integration costs fa-
cilitated by flexible heat pumps are composed of lower costs for both
backup and balancing (CAPEX and OPEX) and amount up to 6.5 Pound
Sterling per MWh in a 2050 scenario. In an stylized Belgian setting,
Patteeuw et al. [65] provide a related finding.

With different co-authors, Hedegaard [41,43] simulates the Danish
energy system with complementary models. Here, heat pumps and
passive heat storage are found to be low-cost options for reducing re-
newable curtailment and fossil fuel consumption. In 2030, decen-
tralized heat pumps could save more than 10% of system costs com-
pared to a reference without heat pumps [43]. Yet additional active
heat storage decreases overall system costs not at all [41] or only to a
minor extent [43] as this would incur relatively large capital costs. This
finding is corroborated by Patteeuw and Helsen [64] for Belgium who
find that high investment costs and losses make active thermal storage
inefficient. Likewise, Papaefthymiou et al. [60] find significant cost
reductions when large-scale deployment of decentralized heat pumps in
Germany is combined with passive thermal storage in the building
mass. The analysis shows a growing potential for system cost savings
with higher renewables penetration, indicating a future key role for the
flexibility provided by passive thermal storage.

Taking on a broader perspective, Conolly et al. [35] point to a
general transformation of the cost structure of energy systems, that is, a
shift from fuel to investment costs. Comparing scenarios with very high
renewable shares up to 100% and more fossil-based reference scenarios,
several analyses show that renewable-dominated systems that make use
of power-to-heat may incur equal or only slightly higher total costs
while achieving larger emission reductions [35,44,45,57]. Yet external
costs of fossil fuel use are often not properly considered in such ana-
lyses.

Comparative analyses on sector coupling conclude that it is first and
foremost cost-effective to couple the power and heat sectors [48,52,69].
Schaber et al. [69] argue that cost savings related to fuel consumption
would be similar for coupling the power and hydrogen sectors; how-
ever, this would require higher investment costs compared to power-
heat-coupling. Likewise, Mathiesen and Lund [52] concede that some
types of electrolysers could supply larger operational flexibility than
heat pumps, but are at the same time considerably less efficient and
hence uneconomical. Kiviluoma and Meibom [48] find that power-to-
heat options coupled with thermal storage can be more cost-effective
than the grid integration of electric vehicles — yet both options com-
bined would be even better.

6.3. Integration of variable renewable electricity

To be precise, we understand “renewable energy integration” as a
higher utilization of renewable energy sources to meet final energy
demand. Power-to-heat can contribute to such integration with re-
spect to both a better utilization of existing assets and additional re-
newable capacity expansion. In particular, power-to-heat allows
making better use of temporary renewable surplus generation. This
may already apply (i) without the use of additional heat storage
[63,71], particularly in case district heating systems can be used
[32,33,43,50,51,57,68]. Utilization of renewable surpluses generally
improves if (ii) additional active or passive heat storage is available
[27,34,35,39,44,48,59,60,63,65,66,69], or if (iii) flexible fuel
switching facilitated by hybrid heating systems enables “virtual” en-
ergy storage [25,38].
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Table 4
Research focus and research questions.

Applied Energy 212 (2018) 1611-1626

Paper Cost RES integration Decarbonization Power Electricity demand  Structure of heat Methodological
effectiveness prices for P2H supply contribution
Arteconi et al. 2016 [27] v v - 4 - - -
Bach et al. 2016 [28] ) ) - 2] - v )
Barton et al. 2013 [29] - ) - - -
Bauermann et al. 2014 [30] - - - - v v
Blarke 2012 [31] ) ) ) - - - -
Bottger et al. 2014 [32] - v - - )
Béttger et al. 2015 [33] v ) v ) - - v
Chen et al. 2014 [34] v v v - W) - -
Connolly et al. 2016 [35] ) v v - v ) -
Cooper et al. 2016 [36] - - - - v/ ) .
Dodds 2014 [37] W) - ) - - 4 v
Ehrlich et al. 2015 [38] - ) - ) - - v
Fehrenbach et al. 2014 [39] ) ) ) - - )
Georges et al. 2014 [40] - - - - - - v
Hedegaard et al. 2012 [41] ) v ) - - - )
Hedegaard, Balyk 2013 [42] ) ) - ) - - 4
Hedegaard, Miinster 2013 [43] v v ) - - - -
Heinen et al. 2016 [25] v ) ) - - v
Henning, Palzer 2014 [44,45] v %4 ) - - - 4
Hughes 2010 [46] - %4 ) - - - -
Kirkerud et al. 2014 [47] - - - - -
Kiviluoma, Meibom 2010 [48] v v v - - -
Li et al. 2016 [49] 4 ) - - - - 4
Liu et al. 2016 [50] v v ) - - - v
Lund et al. 2010 [51] ) v 4 - - - -
Mathiesen, Lund 2009 [52] v v ) - - W)
Merkel et al. 2014 [53] ) - - - - v v
Merkel et al. 2017 [54] W) - - v -
Miinster et al. 2012 [55] ) ) - - - v 4
Nielsen et al. 2016 [58] - - - ) - ) v/
@stergaard et al. 2010 [57] ) - - ) -
@stergaard, Andersen 2016  [58] %4 - - - ) ) )
@stergaard, Lund 2011 [59] ) v ) - - v -
Papaefthymiou et al. 2012 [60] v ) v - - - v
Patteeuw et al. 2015 [61] - - - - - v
Patteeuw et al. 2015 [62] ) - - ) v v
Patteeuw et al. 2015 [63] v v v - v - -
Patteeuw, Helsen 2016 [64] v ) v - - v 4
Patteeuw et al. 2016 [65] v v ) ) - - v
Pensini et al. 2014 [66] v v ) - v -
Petrovié, Karlsson 2016 [671 v ) ) - - v )
Salpakari et al. 2016 [68] - v - - - - v
Schaber et al. 2013 [691] v v ) - - -
Teng et al. 2016 [70] v v v - - - -
Waite, Modi 2014 [71] ) v ) - W) - W)

Note: Parentheses indicate a secondary consideration.

Patteeuw and co-authors highlight the value of additional flexibility
for renewable energy integration in studies for Belgium: they find
substantially reduced renewable curtailment in case of system-optimal
use of decentralized heat pumps [64], in particular compared to in-
flexible heat pump use [63]. This allows reducing curtailment by
around 50%; participating households, however, would have to receive
appropriate incentives [65].

Hedegaard et al. [43] bring forward that the large-scale installation
of heat pumps is a key strategy for increasing the share of wind power
in total Danish primary energy consumption. Investments into addi-
tional auxiliary control equipment, which would render individual heat
pumps more flexible, are found to be socio-economically feasible, yet
related benefits are only moderate. Further papers on Denmark apply
the energy system model EnergyPLAN, which explicitly targets max-
imizing renewable energy use: Mathiesen and Lund [52] conclude that
centralized heat pumps are by far the most suitable technology to save
non-renewable primary fuels by 2030. Combined with electric boilers,
centralized heat pumps help minimizing excess wind electricity.
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Hedegaard et al. [41] derive similar conclusions for a 2020 setting with
a 50% wind power share. They identify reduced excess electricity
production by 8% in case of a large-scale roll-out of decentralized heat
pumps. While active heat storage only moderately increases this figure,
passive thermal storage in buildings reduces curtailment by up to 19%.
In two studies on municipal energy systems [57,59], @stergaard ana-
logously derives a key role for centralized heat pumps in a renewable-
dominated future system.

The literature provides similar findings for other energy systems:
Kiviluoma and Meibom [48], for Finland, find that power-to-heat op-
tions with active storage lead to a higher optimal wind power capacity.
Likewise, Waite and Modi [71], for New York City, argue that a mass
roll-out of individual heat pumps enables greater expansion of wind
power. While the overall utilization of wind power increases, the share
of wind generation to cover conventional power demand decreases. In a
study for Beijing in 2020, Chen et al. [34] determine an effective re-
duction of wind power curtailment through both the large-scale roll out
of heat pumps and SETS. Under 20% wind penetration, passive heat
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storage suffices; with 40% wind, however, SETS are more effective to
reduce wind curtailment due to additionally available active heat sto-
rage capacity. Also for the Beijing region, Liu et al. [50] determine a
reduction in wind power curtailment from 7.5% to below 2% for an
optimal roll-out of centralized electric boilers. Hughes [46] simulates
the potential of SETS with different storage sizes for wind power in-
tegration in a Canadian island setting. Here, increasing numbers of
SETS systems as well as increasing storage capacities of SETS reduce
wind power surpluses, but may also diminish heating security due to
(exogenously) limited wind power availability.

Two papers devise a framework of a fully renewable electricity
supply: For Helsinki, Salpakari et al. [68] conclude on a significant
reduction of excess electricity due to different centralized power-to-
heat options — excess decreases from 40% to about 10%; the effect of
additional thermal storage would be comparatively small. Pensini et al.
[66] study the Pennsylvania-New Jersey-Maryland (PJM) market area
in the US. Here, excess electricity could be reduced by almost 90% if
decentralized resistive heaters with active storage were installed. A
system with centralized heat pumps and active thermal storage could
reduce curtailment by only 50%, however at considerably lower costs.

6.4. Decarbonization

Power-to-heat contributes to decarbonization if the substitution of
fossil fuels for heating yields greater emission reductions than a po-
tential emissions increase due to additional electricity demand [cp. also
74]. As reduced CO, emissions are a corollary of a higher utilization of
renewable energy sources, in principle, the same channels as laid out in
Section 6.3 apply. Beyond that, some of the reviewed works explicitly
derive figures. Specifically, ceteris paribus analyses that compare op-
timal system configurations (or paths) with and without particular
power-to-heat technologies can shed light on decarbonization poten-
tials.

For Beijing, Chen et al. [34] conclude on significant emission re-
ductions, around 30-40%, in a scenario where heat pumps partly dis-
place coal boilers. Similarly, Waite and Modi [71], for New York City,
assess CO, reductions up to about 10% when heat pumps replace 20%
of natural gas-fired boilers. In an analysis for Finland in 2035, Kivi-
luoma and Meibom [48] conclude on a 30% emission reduction if heat
pumps, electric boilers, and thermal energy storage are available
compared to a baseline without these options. Likewise, studies for
Belgium derive a substantial decarbonization potential for households.
Here, decentralized heat pumps can save between about 10% and 75%
of CO, emissions compared to a baseline with natural gas-fired boilers,
depending on the electricity mix [64]. Focusing on consumer behavior,
it was found that emission savings are up to 7% higher if households do
not behave myopically, but dispatch their heat pumps in a system-op-
timal way [65].

Several analyses find additional decarbonization benefits related to
increased power-to-heat flexibility, facilitated in particular by heat
storagef’ Patteeuw et al. [63] underline that CO, emissions for re-
sidential heating would decrease by between 15% and 55% after re-
placing natural gas-fired boilers by heat pumps in a Belgian setting with
40% wind and PV; an additional flexible use of these heat pumps would
contribute another 15% to decarbonization. Likewise, Papaefthymiou
et al. [60] determine notable CO, savings if a given residential heat
pump fleet is operated flexibly, enabled by passive storage. In contrast,
Hedegaard and Miinster [43] see only minor carbon benefits from
flexible operation of power-to-heat devices. In a study for Denmark in
2030, they find about 40% lower CO, emissions from large-scale heat
pump deployment compared to a case without heat pumps. Additional
flexibility from active or passive heat storage would only add a minor
2% to this figure. A possible emission increase due to thermal losses of

S For emission effects of other thermal energy storage applications, see [75].
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active heat storage is highlighted by Chen et al. [34] who analyze the
roll-out of SETS in Beijing in 2020. Analogously, Patteeuw and Helsen
[64] argue that thermal energy storage could increase CO, emissions of
buildings due to higher energy demand arising from standby losses; for
space heating, the storage capacity of the building mass would be suf-
ficient.

Focusing on system services, Bottger et al. [33], for Germany, de-
termine lower CO, emissions, by 0.4-0.9%, when centralized electric
boilers participate in control power supply. Teng et al. [70] provide a
related finding for the UK: they conclude that the flexibility provided by
heat pumps enables substantial CO, emission reductions, up to 30%,
compared to a case with non-flexible heat pumps, particularly if heat
pumps can provide frequency response.

6.5. Power prices and electricity demand for power-to-heat

Some papers explicitly consider the impact of power-to-heat appli-
cations on electricity prices. If electricity substitutes other fuels in re-
sidential  heating, demand for electric power increases
[27,29,35,36,47,54,62,63,69], and, in turn, power prices may rise
[27,30,47]. However, the high efficiency of heat pumps and the flex-
ibility of new loads may counteract this effect to some extent.

Arteconi et al. [27] and Patteeuw et al. [62] explicitly address this
effect in studies for Belgium, loosely calibrated to 2030 parameter
projections. They conclude that the additional electricity demand for
residential heat can cause substantial price spikes if inflexible, that is, if
it must be served within the hour of demand. If active and passive heat
storage is available for a quarter to half of this load, price spikes largely
vanish, also leading to a reduced consumer bill; the additional price
effect of an entirely flexible demand is rather small.

For the United Kingdom, Cooper et al. [36] argue that peak demand,
defined as the minute with the highest residual load, increases sub-
stantially in case of a large-scale roll-out of heat pumps. In 2030 sce-
narios without thermal storage except for the building mass, heat
pumps in 80% of all buildings increase peak demand by about 30%,
compared to a baseline without heat pumps. However, a more mod-
erate heat pump roll-out, their flexible operation, and both active and
passive thermal storage can mitigate the increase to between 7% and
16%. Likewise, Barton et al. [29] state that the additional peak load
from heat pump electricity demand can be significantly reduced
through flexible operation.

For Germany, Bauermann et al. [30] argue that heat pumps would
only have a minor impact on power prices. Rather, they contribute to
the power system’s flexibility and, thus, help smoothing prices. In a
counterfactual analysis for Norway, whose power system is dominated
by hydro power, Kirkerud et al. [47] come to a related conclusion:
currently installed auxiliary electric boilers in district heating networks
have a significant upward impact on power prices in a wet year but
little impact in a dry year, where they are used only to a minor extent.
Conversely, if heat pumps or electric boilers substitute fossil fuels in
decentralized residential heating, price impacts in dry years would be
substantial.

6.6. Structure of heat supply

Studies on the structure of heat supply shed light on trade-offs be-
tween power-to-heat technologies [28,52,57]. Specifically, several
analyses endogenously determine an optimal capacity mix of heating
technologies [25,30,37,39,48,54,55,64,66,67]. Most papers see a future
central role for heat pumps in low-carbon energy systems.

Dodds [37] analyzes the residential heat supply in the United
Kingdom until 2050 under an overall 80% decarbonization constraint.
Until 2030, fossil fuel-fired boilers still dominate with 90% of the heat
supply; by 2050, decentralized heat pumps prevail and supply around
60% of residential heat. Specifically, a range of boundary conditions
restrict heat pump deployment below the economic optimum. These
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comprise consumer preferences, space requirements, the presence of
existing long-lived infrastructures, and regulatory inertia favoring in-
cumbent technologies.

Likewise, Petrovi¢ and Karlsson [67] see a central role for ground-
sourced heat pumps in Denmark by 2050, however also constrained by
the available ground area. Other analyses for different Nordic countries
also include a future switch from natural gas to heat pumps and, to a
lesser extent, to electric boilers [48] for decentralized heat supply,
alongside continued district heating [55]. Miinster et al. [55] project
that electric heating will have fully replaced natural gas and oil in in-
dividual heating by 2025 whereas electric heating will play only a
minor role in district heating supply. In a study on the district heating
system of Copenhagen in 2025, Bach et al. [28] stress a com-
plementarity between heat pumps and CHP plants: while the former
produce heat in hours with low electricity prices, the latter, conversely,
do so in high-price hours. In any case, heat pumps would replace some
CHP production. Moreover, the heat pumps’ full-load hours would be
highest when connected to the heat distribution grid, since the lower
supply temperatures compared to the transmission grid significantly
increase their COP.

For Belgium, Patteeuw and Helsen [64] provide more differentiated
results. Specifically, the optimal technology mix of decentralized heat
technologies differs by house types. Especially rural and detached
buildings rely on heat pumps with complementary electric resistive
heaters. Active heat storage is never part of the optimal supply mix.
Heinen et al. [25], in their study for Ireland in 2030, also stress that
active heat storage is deployed to a larger extent only in a setting where
the heating system is based on heat pumps and resistive heating to
avoid price spikes. Otherwise, a mix of heat pumps or resistive heaters
with natural gas boilers (and without active storage) would achieve the
same goal efficiently. Moreover, the authors explicitly analyze the
substitution between fuels for heating: in a hybrid system consisting of
natural gas boilers and heat pumps, the latter would contribute around
50% of heat generation in a low-natural gas-price scenario. This share
increases to 70% in a high-natural gas-price scenario. In combination
with heat storages, these shares rise to 85-90%. In a hybrid natural gas-
electric system, resistive electric heating achieves only a maximum
share of 30% in heat generation. However, compared to a heating
system only based on natural gas boilers, reductions in CO, emissions in
the different hybrid systems are negligible.

Fehrenbach et al. [39] model the development of residential heat
supply for Germany until 2050. Across all scenarios, oil-based heating is
phased out until 2050. Likewise, the share of natural gas-fired boilers
decreases. Both technologies are replaced by a renewable energy mix
including heat pumps, which earn a considerable market share, espe-
cially in case of high fuel and CO, prices as well as ambitious renewable
energy targets. Besides that, higher fuel prices favor energy efficiency
measures. A more moderate fuel and CO, price development rather
fosters the expansion of micro-CHP. In the most transformative sce-
nario, assuming high fuel prices and decreased investment costs for
heat pumps, the share of natural gas-based heat generation decreases
from 46% in 2010 to 14% in 2050. In turn, heat pumps dominate heat
supply with a share of 46%. In this case, the CO, emissions of re-
sidential heat supply decrease from around 140 million tons in 2010 to
about 45 million tons in 2050. In all scenarios, heat pumps and, to a
somewhat lesser extent, thermal storage also provide a significant load
management potential. These findings are in line with those by Merkel
et al. [54] who also identify high renewable energy targets as drivers
for heat pumps as well as a strong impact of CO, and fuel prices on
micro-CHP deployment. In a scenario with ambitious energy efficiency
and renewable heat targets, oil- and natural gas-based heating is nearly
phased out by 2030. Instead, heat pumps and electric boilers dominate
heat supply by 2050, triggering a CO, emission reduction of 98%
compared to 2015. In contrast, Bauermann et al. [30] conclude for
Germany that, despite major differences in scenarios, natural gas
heating systems would keep their leading market position.

1623

Applied Energy 212 (2018) 1611-1626

6.7. Methodological contributions

Besides deriving results on the potentials of power-to-heat, several
of the reviewed articles distinctly discuss model formulations
[25,30,33,37,38,40,42,45,50,53,55,56,60-62,64,65,67,68]. Section 5
provides some specific examples in more detail.

Comparing results for heat pumps either modeled with a fixed or a
temperature-dependent COP does not yield unanimous conclusions:
Petrovi¢ and Karlsson [67] argue that the assumption of a fixed COP
underestimates costs and CO, emissions substantially, especially for air-
sourced heat pumps, due to underrated electricity demand at low am-
bient temperatures. On the contrary, Bach et al. [28] bring forward that
the application of a variable or fixed COP for centralized heat pumps
has little influence on model results. However, it is important to dis-
tinguish for centralized heat pumps to which level of the district
heating network they supply. For the distribution level, they are subject
to a lower supply (i.e., sink) temperature and, thus, exhibit a sub-
stantially higher COP than heat pumps on the transmission level.

Patteeuw et al. [65] compare different approaches of modeling
demand-side behavior; specifically, household incentives to use their
flexible heat pumps in a system-friendly manner. They conclude that
time-of-use pricing yields poor incentives for system-friendly behavior
because a large fleet of heat pumps does not anticipate its impact on
dispatch. If price forecasts that take into account an integrated and
optimized dispatch are communicated to households, their heat pump
dispatch is much more system-friendly.

7. Conclusions

Achieving medium- and long-term climate targets calls for dec-
arbonization not only of electricity generation, but also of the space
heating sector. At the same time, the power system integration of variable
wind and solar energy sources requires additional flexibility. A flexible
coupling of power and heat sectors appears to be a promising strategy to
address both of these challenges. Several power-to-heat technologies are
available that may contribute to both decarbonizing heat supply and, if
sufficiently flexible, integrating variable renewable electricity.

The reviewed literature provides a rich set of analytical approaches
how to implement power-to-heat technologies in power system and
market models. Numerical findings are generally idiosyncratic to geo-
graphical contexts, time horizons as well as assumptions on costs, po-
licies, and technology availability. Yet some common findings can be
synthesized. The consolidated evidence at hand suggests that power-to-
heat can cost-effectively contribute to renewable energy integration.
This is driven by the substitution of costly fossil fuels, reduced need for
expensive peak load and power storage technologies, more efficient
operation of thermal plants, synergies of using existing district heating
infrastructures, and a better use of invested capital from reduced re-
newable curtailment. In turn, lower curtailment corresponds to a better
integration and higher utilization of renewable energy sources. In a
dynamic perspective, additional power demand for heating can also
induce a further expansion of variable renewable generation capacity.
Consequently, several analyses reviewed here indicate that power-to-
heat decreases overall CO, emissions compared to scenarios without
power-to-heat options. In contrast, the effect of additional heat storage
on carbon emissions is ambiguous and depends on the power plant
portfolio. If power is used for heating, electricity demand and power
prices ceteris paribus rises. This does, however, not have to result in
extreme price spikes if the heating sector is sufficiently flexible, for
example enabled by flexible operation of power-to-heat options or
thermal storage.

The reviewed articles analyze a range of different power-to-heat
technologies. Specifically, many of the studies see a central role for heat
pumps - be it decentralized or connected to district heating grids —
because of their beneficial effects on system costs, renewable energy
integration, and decarbonization (compare Sections 6.2, 6.3, 6.4).
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Electric boilers are likewise identified as a relevant — and often sup-
plementary — option. In contrast, smart electric thermal storage hardly
plays a role in the reviewed analyses. Passive heat storage in well in-
sulated buildings can help to tap additional low-cost flexibility poten-
tials. Yet model formulations often appear to be rather stylized and may
not take the residents’ behavior properly into account. The reviewed
papers do not come to unanimous conclusions of the future relevance of
active heat storage technologies; most analyses conclude on a rather
subordinate role.

While power-to-heat plays a major role in many articles reviewed
here, it can still be considered a niche in most markets by 2017. Heating
technologies not directly based on fossil fuels globally account for
around a quarter of heat end energy use, over 95% of which are based
on biomass and only around 1.5% on electricity [76]. Global statistics
on power-to-heat technologies are largely missing. For Europe, market
trends indicated increasing yearly sales volumes of heat pumps (largely
air-to-air) between around 500,000 and 1 million units in recent years,
totaling to a European stock of around 9.5 million units in 2016 [77].”
Yet this number is still small compared to the overall stock of dwellings
in Europe [79]. As regards ground-sourced heat pumps, only around
50 GWy, were installed world-wide in 2014, mostly in the US, China,
and Europe [80]. Overall, heat pumps and other power-to-heat tech-
nologies are quantitatively still a small segment — but also a growing
one, in part driven by tighter regulations on building energy standards
and partly also by direct support measures [76]. Accordingly, the
power-to-heat industry would have to scale up substantially in order to
achieve the high future deployment levels projected in many of the
articles reviewed here.

Concerning avenues for future research, there is a growing body of
evidence on the future role of power-to-heat technologies in low-carbon
energy systems, but there is much scope for further insights. First, our

Appendix A. Further formulations to model heat pumps

A.1. Formulation by Georges et al. [40]
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analysis of the reviewed articles’ scopes indicates that most papers focus
on European case studies — complementary evidence on Asia, the
Americas, and Africa, would be desirable. It would also be valuable to
analyze power-to-heat options in specific settings of developing coun-
tries, where both heat and power system infrastructures are often less
developed compared to most analyses reviewed here. Second, while
some of the articles explicitly consider other sectors of the energy
system, like mobility, broadening the scope of sector coupling could
provide further insights on alternative or complementary dec-
arbonization and flexibility potentials. Specifically, combined analyses
of power-to-heat and other options referred to as power-to-x, for in-
stance electrolytic hydrogen generation, may shed light on the com-
parative attractiveness of power-to-heat. In this context, it would fur-
ther be desirable to include other, non-electric renewable heating
options. Third, our methodological survey shows that most reviewed
papers are based on optimization models. Future research could enrich
the focus by explicitly considering behavior and incentives of involved
parties, be it consumers, regulators or policymakers.
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Egs. (8a)—(8c) are based on [81]. Eq. (8d) determines the maximum power consumption for time slice t; Eq. (8e) computes the actual power
consumption in part-load mode. Note that part-load mode does not relate to the maximum installed capacity here, but to what is maximally possible
under the temperature circumstances in a particular time step. Specific parameters c, d, and f are based on manufacturer data and n indicates “under
nominal conditions.” Georges et al. [40] apply the same model for space heating and DHW heat pumps, with different supply temperatures.
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A.2. Formulation by Salpakari et al. [68]

(8a)

(8b)

(8a)

(8d)

(8e)

Using constraint (9a), Salpakari et al. [68] allow supply of heat pumps to the district heating network only below supply temperatures of 90 °C
(with M as sufficiently big number). Likewise, heat accumulation in the piping network is only allowed for a temperature increase up to 15 K within

each period (9b).

7 When also including air conditioning devices whose primary use is cooling, the number accounts to more than 28 million units [78].
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5 M if TS" < 90[°C]
0 if T > 90[°C] (9a)

B-COP™®rge < c.yip-max(min (T + 15[K],90[°C])-T5"%0) V1t (9b)

where ¢ and 1 represent the specific heat capacity of water and its mass flow respectively.
A.3. Formulation by Waite and Modi [71]

Waite and Modi [71] use data from heat pump manufactures for P#P and Q™" at different ambient temperatures to compute a temperature
dependent COP (10a). They augment their formulation to include an auxiliary electric boiler, whose use is triggered when the ambient temperature
falls below a pre-determined design temperature T9%€" according to Eq. (10b). HD(T) renders the heating degree at temperature T and 7"® the
electric boiler’s efficiency.

Q'HP(Tsource) + Q'EB(Tsourcc)

COP(TSOWM) = PHP(TsDurce) + PEB (Tsource) (loa)

if Tsource > Tdeszgn

0
~EB
Q (T) = HD(TSDWCE).Q'HP(Tdesign)_QHP(Tsource) if Tsource Tdesign

HD(Tdesign) (10b)
PEB(Tsource) = nEB,Q'EB(Tsource) (10C)
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